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I. Introduction

The subject of this chapter is the most imperfectly explored field of lichen
biology when compared with the huge amount of experimental facts published on metal cation uptake and translocation in vascular plants. The lack of
information in this area can perhaps be attributed to the dual nature of
lichens and to the lack of a highly differentiated internal organization similar
to that of higher plants. Further, there are experimental difficulties such as
the relatively slow rate of thallus growth and the instability of the symbiotic
state during long-term experiments in the laboratory. To a certain extent,
the small universal economic importance of these organisms has also
discouraged investigations in this area. The studies dealing with the uptake,
accumulation, and translocation of mineral elements or radioactive nuclides
have all used the composite thallus, living or dead. No studies have been
made on the mineral uptake properties of phyco- and mycobionts which
can be cultured separately.
Although the thallus must be viewed as a functional unit with properties
different from those of its components, it nevertheless can be understood
as a kind of vector sum of the components, so that the results of studies on
fungal and algal physiology are very valuable for the design of theoretical
models for experimental verification. On the other hand, the direct general-
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ization of results obtained with other plants can be misleading. For example,
Gerloff and Fishbeck (1969) have discovered interesting facts on the
quantitative cation requirements of some green and blue-green algae. They
showed that a critical cell concentration of Ca, i.e., the minimum cell content
of Ca which permits maximum or near maximum total growth of an orga
nism, was extremely low. The requirement for Ca of six species was 0.06%
from the oven-dry weight. This suggests differences in the physiology and
function of Ca in algae and in angiosperms. This observation may be im
portant in lichen physiology for some species of these algal groups are phyco
bionts of lichen thalli. Another problem has been the imperfect information
on the chemically complex composition of fungal cell walls (Aronson, 1965).
This has been due in part to a lack of analytical methods and in part to the
difficulties in preparing cell-wall samples. Many recent papers have indeed
clearly revealed the structural complexity of the cell wall. The significance of
the fungal cell wall, which is the main component of a composite thallus, in
the early phases of cation uptake has been recognized for a long time. An
unexpected fact, also mentioned by Aronson, is that uronic acids, which
evidently play an important role in the cation binding of most forms of higher
plants and mosses, have not been demonstrated conclusively in fungal cell
walls.
The most serious obstacle to the study of models of the uptake of metal
cations, in spite of the lively experimental activity, is probably the theoretical
difficulties in energetics and molecular structure at the cellular barrier
membranes, the chemistry of which seems to be unexpectedly complex. In
principle, the uptake of metal cations is divided into the passive, physicochemical phase and an active phase that depends on metabolic sources of
energy. The active uptake has been adequately demonstrated and the sites of
input for different groups of cations have been revealed by competitive ex
periments. In spite of many attempts, however, the active carriers of cations
have not been found. It is an appropriate time for new experimental and/or
theoretical ideas. For example, the new, developing thermodynamics of
irreversible processes has energetically outlined some very interesting
possibilities of the stationary state for the coupling of the processes which are
worthy of closer experimentation.
There was a new phase in the investigations of mineral accumulation by
lichens at the end of the 1950's when it was discovered that the radionuclide
contents of lichens and mosses were much higher than those of other plants.
At the beginning of the 1960's several investigations of environmental radio
activity in the arctic regions of Scandinavia and Alaska showed high body
burdens of strontium-90 and cesium-137 in animals and man due to the food
chain that leads from lichen through reindeer or caribou to Lapps and
Eskimos. These observations resulted in several studies on lichens, which
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are the first link of this food chain. Early investigations determined the
radionuclide contents of lichens and compared these to the concentrations
found in other plants. Later studies were concerned with the radionuclide
distribution in lichen thalli and the retention and elimination rate of radionuclides from thalli. These studies make it possible to predict the future
development of radionuclide levels in the biosphere and to evaluate the total
radiation dose for man through food chains starting with lichens.
The investigations of radioactive fallout nuclides have produced new
information about the interaction between metal ions and lichens, because
radioactive fallout acts like an extremely fine tracer under natural conditions. Radioactive nuclides also afford an excellent way to explore in the
laboratory or under field conditions the inherent turnover status of metal
cations.

II. Metal Content of Lichens
Inactive Nuclides

The determinations of inactive metal nuclides in lichen thalli provide
limited information on the physiology of lichens because they are based
almost exclusively on total ash analyses. A further drawback is the lack of
time dimension. The ash method also is sensitive to the fortuitous contamination of the samples by inorganic compounds. This source of error, however,
can be minimized by using the physiologically more natural dry weight as
a reference base instead of ash. On the other hand, the use of the ash method
can be readily understood from the chemist's point of view, for the aim of
these studies has mainly been biogeochemical prospecting without any
biological purposes. The published total amounts of metal nuclides in the
ash or in the mass unit of dry weight do provide a secure starting point for
future studies.
1. ATMOSPHERE AS A SOURCE OF METALS

Jenkins and Davies ( 1 9 6 6 ) showed a close correlation between metal
amounts in lichen ashes of Lecanora gangaloides and Parmelia omphalodes
and those in the ash of material deposited from the atmosphere. Their results
are based on a detailed statistical examination of the analytical data provided in part from an investigation on the role of saxicolous lichens in the
initial stages of pedogenesis and in part from a routine survey of the trace
element status of 127 mountain top soils. The concentrations of individual
elements in a particular lichen species tended to converge to a "preferred
value." Their conclusion was that some constant factor apparently domi-
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nates the metal composition of these lichens. For this reason, the correlation
of the trace-element content of a lichen with that of its rock substratum was
normally poor, except in the cases of rapidly weathering rocks like basic tuffs
and ultrabasic rocks. In particular they observed that the correlation of the
"preferred values" between different lichen species within one region was
better than that obtained between samples of the same species in different
regions. Thus, they concluded that the constant factor involved was external
and regional in nature rather than physiological. Jenkins and Davies showed
that the contents of trace elements in saxicolous lichens and in organic top
soils conformed surprisingly well to the trace element distribution of ashed
atmospheric deposits. They could not, however, judge how far the traceelement composition of lichens was controlled by atmospheric contamina
tion. They suggested that, because of the slow growth rate and the
hydrolability of thalli, the evidence for the dominance of atmospheric
sources in the trace element composition was strong.
Until recently, it was generally believed that lichens absorbed mineral
nutrients mainly from the poor ion content of the rainwater that passed
over the surface of the thalli. However, the substratum has also been shown
to function as a source of metal ions.
2. SUBSTRATUM AS A SOURCE OF METALS

Many studies have reported on the ability of lichens to take up and
accumulate metals and nutrient substances from the substratum, even
through the dead basal parts of the thalli. The accumulation of certain metals
is due primarily to the slow growth rate and longevity of lichens. However,
these studies have not revealed any clear physiological, taxonomic, or
morphological relationships between metal accumulation and lichens. Some
indirect evidence exists for such relationships, such as the preference of
certain lichens for special substrata and the ability to tolerate unusually high
amounts of certain metals. A rare example of the effect of structural proper
ties of thalli on the accumulation of metals is the observation by Hanson
et al. (1967), as a short comment in their paper, that t h e Cs amounts were
the greatest in those species characterized by a greater amount of surface
area (Cetraria richardsonii, Dactylina arctica, Nephroma arcticum) rather
than the branching types.
Lounamaa's (1956) large-scale study on the trace-element content of
lichens, mosses, ferns, conifers, deciduous trees, shrubs, dwarf shrubs,
grasses, and herbs allows for comparative studies of lichens with other
plants. According to Lounamaa, lichens differ considerably from higher
plants and mosses in trace-element concentrations. Most of the elements he
studied occurred in greater amounts in lichens than in any other plants.
137
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Manganese was the only trace element that was found in lower amounts in
lichens than in higher plants. Cobalt, Ni, Mo, and Ag occurred in the same
amounts in lichens as in other plants from corresponding habitats, whereas
Zn, Cd, Sn, and Pb were in much higher concentrations in lichens. Lounamaa
also showed that the effect of the substrata on the metal content of lichens
was revealed in the trace-element composition of species growing on silicic
and ultrabasic rocks. For example, the Cr, Mn, Co, Ni, Zn, Ga, Y, Zr, Sn,
and Pb contents of lichens on ultrabasic rocks were higher than those of
samples from silicic rocks.
Jaakkola et al. (1967) and Jaakkola (1969) reported results very similar
to those of Lounamaa (1965) with respect to Fe. They detected a higher
content of inactive iron in the dead basal parts of reindeer lichens than in
the living tops, i.e. about two to three times that of the top parts. In the case
of Cladonia alpestris, the thallus of which changes gradually to an organic
decomposed substratum, these high amounts of inactive iron apparently
arise from the substratum. In addition to this, according to Jaakkola, the
fallout iron Fe seemed to move relatively rapidly from the top part toward
the base of the thallus. This movement seems to be unidirectional, because
no comments on possible back diffusion exists. This kind of information
on the mobility of metal nuclides within a lichen thallus is rare in the present
literature.
The paper by Lange and Ziegler (1963) on the Fe and Cu content of lichens
is of interest from a physiological point of view. The lichens investigated
grew as extensive communities on the 400-year-old hills of slag in smeltingworks. This old industrial area in the Harz Mountains is of interest because
old floristic material is available so that the succession of lichen communities
can be reconstructed and the tolerance relationships of species with respect
to Fe revealed. Besides the usual determinations of Fe and Cu in dry weight,
Lange and Ziegler carried out large histochemical studies on the localization of Fe within thalli and compared the Fe and Cu contents of lichens with
the results of chemical analyses of the substrata. The amounts of Fe were
high and ranged from 6000 to 16,000 ppm in dry weight, the highest value,
55,000 ppm, being found in Acarospora sinopica. The same species growing
on substrata poorer in Fe showed smaller contents of Fe within its thalli.
The results were about the same for Cu. The amounts of Cu were in the
range of 37-1100 ppm in dry weight. The highest value, 1670 ppm, found
in Rhizocarpon oederi was doubtful because of the difficulties in separating
the thalli from the substrata, a difficulty that is true for many lichen species.
On the other hand, this species, which is known as an "iron-lichen," showed
very clearly the usual superficial deposition of Fe on the hyphal cell walls
within the thallus. Some of the Fe was bound in a manner that could be
detected only by ashing the samples.
55
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Lange and Ziegler noted that these lichens tolerated very high amounts of
Fe and Cu. On the other hand, these metals are used only in trace amounts
in the culture media of fungi and algae and the Cu tolerance of many algae
is especially low. The tolerable amounts of Fe and Cu for fungi and algae
were far below the amounts found in the lichens they studied. The following
explanations for this observation were suggested: (a) unspecified cyto
plasmic resistance of lichenized fungi and algae to metal cations; (b) some
kind of immobilization of the ions in the chelated form within the cytoplasm
of the symbionts; and (c) active and/or passive transport of the ions to
regions external to the plasma and cell wall and localization in the form of
insoluble salt on the surface of the thallus.
They considered the third explanation (c) to be the most plausible because
large amounts of Fe can be observed frequently on the cell walls, in inter
cellular spaces, and even as a coating over the outer surfaces of the thalli of
Acarospora sinopica, A. smaragdula f. subochracea, and Rhizocarpon

oederi.

Some authors have given amounts of the rare earths in lichens but the most
complete study on the contents of all the rare earths in lichens is that of
Erametsa and Yliruokanen (1971a). To evaluate the enrichment of the rare
earths they compared the mass spectrographically measured values with
the crustal averages of these elements. The ratio was usually between 0.3
and 2.0, but in samples collected from places with higher than average rare
earth contents, the ratio was 2-5. The amounts found are separately sum
marized in Table I.
3. DIVERGENCES IN METAL AMOUNTS

In general, the amounts of trace elements between different species show
high variability. For example, Co, which has a concentration range in lichens
of 3-30 ppm in ash (Lounamaa, 1956), occurs in greater amounts in Umbilicaria pustulata (10-30 ppm) than in Stereocaulon paschale (max. 10 ppm)
which both grow on silicic rocks. Lounamaa found exceptionally high values
of Mn (10,000 ppm in ash) in Cladonia alpestris and Parmelia saxatilis while
the same species collected and studied in Norway (Solberg, 1967) had values
of about 2500 ppm in ash. Presumably, according to Solberg, differences in
the composition of the substrata have a decisive role. Solberg's Mn values in
Cladonia deformis 12,600 ppm), Evernia prunastri (6100 ppm), Usnea dasypoga (13,750 ppm), and U longissima (8000 ppm) in the ash were similar to
those found by Lounamaa.
The results of Zn accumulation studies by Lambinon et al. (1964) revealed
clearly differences in the physiology and tolerance of several lichen species
with respect to Zn. The lichens were divided into four groups: (a) species
that displayed high accumulation of Zn without harmful effects, i.e.,Diplo-
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var. bryophilus; (b) species whose Zn content varied in
successive samples (Stereocaulon nanodes); (c) species which possessed high
amounts of Zn but showed pathological changes, i.e., Cladonia arbuscula,

schistes scruposus

C firnbriata, C furcata, C implexa, C rangiformis,
var. cervicornis, and Stereocaulon dactylophyllum.

C tenuis, C

verticillata

Several species accumulate exceptionally high amounts of Zn. For
example, in the saxicolous lichen Umbilicariapustulata,Zn
is accumulated up
to 1.67% of the ash (Lounamaa, 1965). This indicates an efficient mecha
nism for the selective uptake of Zn. A careful analysis of thermodynamic
data of the Zn binding, compared with the many papers on the combination
of proteins with metal ions, might reveal an uptake component based on
proteins instead of carbohydrate polymers.
Another example of the differences between lichens is Thamnolia vermicularis which accumulates only Ag (Sainsbury et al., 1968). The other elements
these investigators found in the lichen ash were less than corresponding ones
found in the substrata.
LeRoy and Koksoy (1962) suggested the use of lichens for biogeochemical
prospecting. However, because of the differences between lichens in ac
cumulating metals, they emphasized that the final recommendations for the
use of certain lichens in prospecting must be based on the total status of
metal composition of the species rather than only one or two divergences.
The lichen species they studied (Caloplaca elegans, Lecanorarubina, Parmelia
conspersa, and Umbilicaria hyperborea) in the Turkey Creek in Colorado
showed high concentrations of Sr, Ti, V, Y, appreciable amounts of Cu, Cr,
Pb, Mo, and Zn, and the presence of Be.
Along with many other authors, LeRoy and Koksoy have drawn-atten
tion to a common source of error in the studies of the mineral content of
lichens. It is difficult to avoid the contamination of the samples by the
substratum, because of the close contact of the species with it and even the
decaying of the lower parts of the thallus. Other sources of error that they
mentioned are the composition of surface and near-surface water, age of the
thalli, the contamination from the atmosphere, and soil that was not re
moved from the thalli during cleaning for the experiments. Radioactive
fallout, also mentioned as a possibility, is of secondary importance with
respect to inactive nuclides, because the absolute mass of a certain radio
nuclide representing a rather high radiation effect is usually vanishingly
small compared with the inactive mass of that element.
Czapek (1920) and Boresh (1935) reviewed the earlier investigations and
gave amounts of Ca, Mg, K, Na, Fe, Mn, and Al. Tables II and III contain
more recent values of published amounts of inactive nuclides in lichens.
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III. Concentration and Retention of Radionuclides
A. Artificial

Radionuclides

The nuclear weapons tests carried out in the atmosphere, nuclear reactor
operations, and space applications of nuclear energy are the main sources of
artificial environmental radioactivity. The nuclear weapons tests, due to the
widespread environmental radioactivity they produce, have been the most
important source of the radionuclide content of lichens.
Most of the radionuclides produced by nuclear detonations are fission
products. In addition, radioactive nuclides are formed by the interaction of
released neutrons with soil, air, water, and parts of nuclear devices. The
amount of different radionuclides produced depends on the detonation
yield, the fission to fusion ratio, and the height or depth of burst over sea or
land as well as on the elemental composition of the environment of the
detonation. Radionuclides enter the atmosphere in a fireball formed by
nuclear detonations. All material in the fireball is vaporized because of
the high temperature. When the fireball cools, condensation of material as
particles of different sizes occurs. When the detonation yield is of kiloton
range practically all the radionuclides remain in the troposphere and are
deposited in about two months. The deposition of radionuclides depends on
the distance from the detonation site, on the size of particles, and on direc
tions and velocities of winds. In the nuclear detonations of megaton range,
the fireball rises into the stratosphere. The tropospheric component of
megaton surface explosions is only about 5%. The radionuclides in the
stratosphere are so finely divided that they do not fall down by gravitation
only, but through so-called injections of the stratospheric air. These injec
tions into the troposphere are strongest in spring and between 30°-60° Ν
latitude. The mean residence time of radionuclides in the stratosphere has
been evaluated to be about 8 months for radionuclides injected in arctic
latitudes and about 18 months for those injected near the equator. Thus, the
nuclear detonations of megaton range are the main source of the worldwide
contamination by long-lived radionuclides. The dependence of global strato
spheric fallout on latitude is a very important factor to consider when
comparing the radionuclide contents of lichens collected at different loca
tions. The latitudinal distribution of the deposition of radionuclides has been
considered usually on the basis of the distribution of Sr by latitude. This
is a radionuclide whose behavior in the environment is best known. In 1963,
the year with maximum fallout, the average Sr deposition in 80°-90° Ν
latitude band was 4.9 mCi/km (year total). This value increased with the
decrease in latitude and reached the maximum of 18.9 mCi/km in
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T A B L E III
CONTENTS OF UNBIOLOGICAL M E T A L S IN LICHENS**

Reference
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V
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literature review in 1971.
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40°-50° N. The minimum value in 10°-20° S, small maximum in 40°-50° S
and values in the latitude band of 80°-90° S were 0.9, 1.8, and 0.2mCi/km ,
respectively (Hardy, 1971). In any given latitude the amount of deposition is
fairly well correlated with that of precipitation.
In addition to the latitudinal distribution of fallout the sampling date must
be taken into consideration when comparing the results of different lichen
2
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TABLE III
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studies because the content of a given radionuclide depends on the time that
has elapsed between production and radioactivity determination.
1.

137
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90

Sr

IN LICHENS

Among the artificial radionuclides, Cs and Sr are the most harmful
long-term contaminants to man. This is due to the high yield of these radio
nuclides in fission and to long physical half-life ( Cs, 30.2 years; Sr, 28.9
years). In addition, they are absorbed efficiently by living organisms because
they are chemically related to the physiologically important elements potas137

90

137

90
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sium and calcium. They are the most studied radionuclides in lichens. The
more important is Cs because it is readily transported to man by the
lichen-reindeer (caribou)-man food chain. Strontium-90 is located almost
exclusively in the bones of reindeer. Therefore, a break for Sr occurs in
this food chain. Large numbers of Cs investigations are also facilitated
by the ease of its radioassay.
137

90

137

a. THE CONTENT OF C S AND Sr. The first Cs and Sr deter
minations in lichens were made at the end of the 1950's. In 1959, Gorham
reported that the lichens in the English Lake District contained three times
more radionuclides than higher plants. Hvinden and Lillegraven (1961) gave
an average Cs content of 36 nCi/kg dry weight for three lichen samples
collected in northern Norway in the autumn of 1959. They also collected all
lichens in a small, specified area and calculated the Cs concentration of
lichen per square meter. Comparing these results to the cumulative amount
of Cs deposited per the same area unit, they found that lichens have a
very high efficiency for the retention of fallout C s .
At the beginning of the 1960's the first values of Cs and Sr in lichens
of the arctic region were published (Liden, 1961; Weichhold, 1962). These
investigations have now been going on for over 10 years in the United States
(Alaska), Sweden, Finland, and the Soviet Union, and they form the most
essential part of the information about radionuclide contents in lichens.
Tables IV, V, and VI present the Cs and Sr contents of lichens, mainly
of the genus Cladonia, determined in these four countries during 1959-1970.
Although the determinations were made with different species of Cladonia,
they can be regarded as comparable because investigations of the samples
collected at the same location show no significant difference between Cs
contents of the most commonly analyzed Cladonia species, i.e., Cladonia
9()
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137
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137

alpestris, Cladonia rangiferina, and Cladonia sylvatica (Kreuzer and Schauer,

1971). When the results of different investigators given in the tables are
compared it should be noted that the figures are affected by sampling tech
niques, growth environment, and number of samples used for each value of
radionuclide content. From Tables IV and V it can be seen that the maxi
mum Cs and Sr contents in lichens (30-70 and 10-13 nCi/kg dry weight,
respectively) occurred during 1964-1965. The levelof Sr and especially that
of Cs has decreased slowly after 1965 when the annual deposition of radio
active fallout has been only a few percent compared with the total amount
accumulated in lichens. Thus, lichens act as a substantial reservoir of C s
and Sr radionuclides for a long period of time. In 1960 the Cs and Sr
contents of lichens in Finland were about five to ten times higher than in
vascular plants (Salo and Miettinen, 1964). In the year with maximum
fallout the Cs concentration in lichens was only three to six times higher
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T A B L E IV
7

C s CONTENT IN LICHENS FROM F I N L A N D ,
DURING

U.S.S.R,

1 9 6 0 - 1 9 7 0 . SAMPLES O F A N A K T U V U K

LICHENS, O T H E R SAMPLES ARE Cladonia

AS nCi

, 3 7

A N D ALASKA

(U.S.A.),

PASS, ALASKA, A R E

LICHENS ( A L L RESULTS H A V E BEEN G I V E N

C s / k g D R Y WEIGHT)
U.S.S.R.*

Sampling
year/half-year
1960
1961
1962/1
1962/11
1963/1
1963/11
1964/1
1964/11
1965/1
1965/11
1966/1
1966/11
1967/1
1967/11
1968/1
1968/11
1969/1
1969/11
1970/1
1970/11

Finland*
28 ( 6 )
22 (2)

c

d

—
22 (15)'
—
37 (3)

e

—
64 (3)'

—
56 ( 3 ) '
—
43 ( 5 /
—
44 ( 5 /
31 ( 2 /
—
39 ( 6 /
—
36 ( 5 /

COLLECTED

Cladonia-Cetraria

Murmansk
region*

U.S.A. (Alaska)*

Other arctic
regions*

_

Anaktuvuk
Pass

_

26±7*
—
—
48± 10*
—
—

17-19*
17*
—
—

50+ I*
27±4*
34± 4*
33± 7*
—
—

—
74± 6*
—
43*
24± 7*
—
—
—
21±4*

27± 3*
—
—
—
—
—

13*
—
—
—
—
—

—

PalmerAnchorage
region

_
—
—

—

—

11 (2)
—
17(3)

—

A

—

Λ

30 (7)
25 (26)
26 ( 2 )
32 (10)
30'
25''
14-2 Γ'
14-25'
13-17'
15-20'
Λ

A

—

A

2V
iy
—

—
—
—

Λ

—
—

—
—
50*
—
33
—
—
24'
—

^Number of samples has been given in parentheses.
^Standard deviation of the mean value ( ± ) indicated.
P a a k k o l a and Miettinen (1963).
^Salo and Miettinen (1964).
^Miettinen and Hasanen (1967).
^Rahola and Miettinen (1971).
*Niznikov et al (1969).
H a n s o n et al (1967).
'Hanson (1971).
^Hanson and Eberhardt (1971).
*Koranda et al (1969).
'Martin and Koranda (1971).
c

A

than in vascular plants. In 1969 the Cs content of Cladonia alpestris in
Finnish Lapland was about 20 times higher than that of Deschampsia flexuosa
137

199

200

Y. TUOMINEN AND Τ. JAAKKOLA
TABLE

V

Sr CONTENT OF LICHENS IN N O R T H E R N REGIONS, FROM ANAKTUVUK PASS, ALASKA
( U . S . A . ) , U . S . S . R . , SWEDEN, A N D F I N L A N D DURING
ARE CLADONIA

nCi

9()

1959-1970. M O S T SAMPLES

SPECIES

Sr/kg dry weight

0

Sampling time
Year/half-year
1959/11
1960/1
1960/11
1961/1

Alaska (U.S.A.)

U.S.S.R.

3.3(1)*
—

2.3(1)'
—

2.0 (5)*

4.7(1)'
—

1.7 (6)*
5.3 (8)*

1961/11
1962/1

—

1963/1
1963/11
1964/1
1964/11

8.3 ( 2 6 )

1966/1
1966/11

9

1967/1

5
9
6
2.5
5
3.5
A

c

d

%

d

d

1967/11
1968/1
1968/11

9.9 (If

—

3.9 (2)

h

—

—

5.5/
—
13/
12/

—
—

13/

—

—

—

—

11/

—

8(7)'
—
—

—

—

6/
—

—
—

4/
—
4.5/

—

—

—

—

—

4/

—

—

—

—

—

d

1970/1

6.8 (sy

10'

—

d

—
—

6-17(11)'

d

d

1969/11

9(5)'
—

d

d

1969/1

The

7(6)'
—

7.0 (4)'
6.4 ( 1 0 f

1965/1
1965/11

fl

3-4 (7)'

6.7 (3)'
11 ( 7 ) '

Finland

4/

12(1)'
3 - 7 (37)'

3.5 (2)'
—

1962/11

Sweden

—

—
—

number of samples are in parentheses.

^Watson et al. (1964).
'Hanson et al. (1967).
"Hanson and Eberhardt (1971).
'Ramzaev et al. (1967).
/Persson (1971).
g

P a a k k o l a and Miettinen (1963).

''Salo and Miettinen (1964).

and Equisetum sylvaticum samples (Rahola and Miettinen, 1971). In 1967
the Cs concentration in Cladonia lichens of Alaska (Anchorage Area)
averaged 54 nCi/kg dry weight and in perennials and herbs from 9 to 38 and
from 0.1 to 3.4 nCi/kg dry weight, respectively (Koranda et al., 1969).
The C s / S r ratio, which in the atmospheric fallout ranges from 1.4
to 2.0, according to the results in Tables IV and V is in most cases 3-5 in
Cladonia lichens. Thus, the retention of Sr by lichens is lower than that of
Cs.
1:17
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Table VI presents the Cs content of lichens in Anaktuvuk Pass (Alaska)
and Sweden. The results have been calculated as nanocuries per square meter
and are in good agreement. This observation and the small variance of results
from Sweden (Liden and Gustafsson, 1967) show why this form is preferred
in studies of radionuclide concentration in lichens. Furthermore, the
results calculated per unit area make it possible to consider the lichens as
meters of cumulative fallout.
Two to three times higher Csand Sr concentrations have been reported
137

137

90

for Cetraria richardsonii, Cornicularia divergens, and Nephroma

arcticumtham

for Cladonia species sampled at the same locations (Salo and Miettinen,
1964; Hanson et al., 1967). The higher concentrations of radionuclides of the
species mentioned are mainly due to the character of the growing site. For
instance, Cornicularia divergens grows usually on ridgetops, where winds
reduce snow cover and expose the lichen to direct atmospheric deposition
almost throughout the year. Lower Cs and Sr concentrations have been
found for Stereocaulon paschale than for Cladonia species.
The highest radionuclide values were found in Parmelia conspersa in the
Georgia Piedmont (U.S.A.) by Plummer and Helseth (1965) and Plummer
(1969). The Cs content was 150 nCi/kg dry weight in 1962. The maximum
value, found in 1966, was about 450 nCi. In 1968 the Cs content was
230 nCi/kg dry weight. The Sr content of Parmelia conspersa was, in 1962
and 1963, 10 and 19 nCi/kg dry weight, respectively. The radionuclide content of Cladonia lichens was also high at the Georgia Piedmont. The maximum average value of Cs in 1964 was 71 nCi/kg dry weight (Plummer,
1969). The amount of fallout in the Georgia Piedmont region, according to
the Sr determinations in precipitation, has been almost twice as high as
137

90

137

137

90

137
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T A B L E VI
1 3 7

C s CONTENT OF LICHENS IN A L A S K A , U . S . A . ( A N A K T U V U K P A S S ) , SWEDISH

LAPLAND,

A N D SOUTHERN SWEDEN D U R I N G

Cs/m )

Sampling time
(year/half-year)

Alaska, U . S . A .
(nCi/m )
2

0

1 9 6 1 - 1 9 6 5 ( V A L U E S A R E G I V E N AS nCi

Swedish Lapland*
(nCi/m )
Mean

No.

(nCi/m )
Range
No
2

Range

Mean

c

1961/11

—

19.6

(1)

1962/11

18

19.7

(5)

18.1-24.2

20.5

(4)

18.0-25.1

1963/11

28

27.3

(4)

25.5-29.9

35.5

(3)

34.8-35.9

1964/1

41

35.9

(4)

29.5-45.8

38.5

(4)

31.6^6.0

1964/11

—

42.0

(5)

33.8-54.8

44.6

(3)

43.4^6.4

1965/11

48

44.1

(4)

34.5-59.7

a

Hanson et al

—

2

Southern Sweden*

2

c

i : , 7

(1967)

* Liden and Gustafsson ( 1 9 6 7 )
c

N u m b e r of samples has been given in parentheses.

—
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that at most locations of the 40°-50°N latitude belt. The main factor, how
ever, for the high radionuclide concentrations in Parmelia conspersa was that
this lichen grows on granitic outcrops and rainwater which enters the out
crop flows through the lichen carpet which retains and filters the radio
nuclides.
b. DISTRIBUTION IN LICHEN THALLI. The distribution of
Cs and
Sr in lichen thalli has been the object of radionuclide investigations since
the beginning of the 1960's. Usually, the radionuclides Cs and Sr have
been analyzed separately in the upper part of the thallus that consists of
green, living tissue and in the lower part of the thallus that contains slimy,
grayish, and mostly dead tissue. The first observations showed that the
Cs content, calculated as nCi/kg dry weight, was two to fourteen times
higher in the top part than in the lower part (Paakkolaand Miettinen, 1963;
Salo and Miettinen, 1964; Hanson et al, 1967). The Sr content was about
the same in both parts. Nevstrueva et al. (1967) divided Cladonia lichens
sampled during the winter of 1964-1965 into four 1-cm parts. If the radio
activity of the top part was considered to be 100%, the results of these four
parts for Cs were 100,56,37, and 27%. Corresponding results for Sr were
100, 91, 82, and 91%. The authors assumed that the higher concentration of
C s in the top part was due to contamination during the period of intensive
fallout and thus the tendency of the equalization of the Cs content along
the height of lichens should appear during the years of low fallout. The
analyses of Cs in samples collected in the same location in 1968 indicated,
however, that distribution of Cs in the lichens had remained practically
unchanged (Niznikov et al., 1969). The relative C s activities of the five
parts (1 cm) from top to bottom were 100, 60, 43, 23, and 25%.
Kreuzer and Schauer (1971) reported a smaller difference in the C s
content between the upper and lower parts of Cladonia sylvatica and Cladonia
rangiferina than for Cladonia alpestris. This is probably due to the different
textures of the upper parts and different relations between the algae and
fungal cells within the lichens. The factors affecting the distribution of Cs
a n d S r in lichen thalli are discussed later in the subsection on translocation.
The investigations on distribution of radionuclides in lichens indicated
the tenacious binding of fallout radioisotopes, Cs especially, in lichens.
However, the seasonal cycling of radionuclides was suggested as a possibility
(Longhurst et al., 1967). Hanson and Eberhardt (1971) collected lichens from
the same locations in Alaska during summer and winter and divided samples
(Cladonia species) into upper 6 cm of thallus, lower 6 cm of thallus, 4-cm
layer of humus, 6-cm layer of organic-mineral soil, and mineral soil at 30 cm
below the soil surface. The Cs concentration was about four times higher
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in the upper part than in the lower part of lichens. They found a seasonal
cycle of radionuclides in lichens. There were maximum values in late summer
and minimum values in midwinter. The Cs content was relatively stable
in the upper part of the lichens and showed cycling between lower portions
and the humus layer. Cesium-137 moved more readily into soil layers than
Sr. According to Niznikov et al. (1969), 2% of the Cs in soil penetrates
into the lichen.
The exchange of Sr between humus and the lower portions of lichens
resulted in seasonal changes of concentrations (Hanson and Eberhardt,
1971). The S r content of the soil beneath the lichens was very low, which
indicated that Sr was tightly bound in the humus layer. The total amount
of Sr increased in the lower part of lichens during the winter period at
the expense of amounts above and below the stratum (Hanson and Eberhardt,
1971). Because changes in radionuclide concentrations due to seasonal
cycling are relatively slight, the difficulties of evaluating accurately the
amount of fresh fallout during investigations may result in considerable
errors.
137
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c. THE HALF-LIFE OF C S AND Sr IN LICHENS. TO predict the ra
diation exposure to man due to the accumulation of radionuclides along
the food chain lichen-reindeer-man it is essential to know the elimination
rate of radionuclides in the first link, lichen. The residence time is also
important for mineral cycling studies in natural plant communities. The
effective half-life ( r ) , which is the result of biological and physical loss,
has been commonly used as the unit of the elimination rate. For r
the
following equation is valid:
90

1 3 7

eff

e f f

Τ
1

—

eff

_

^phys *
rj-,
1

T

b

phys +

rji
1

b

= biological half-life

= physical half-life (30.2 years for C s and 28.9 years for Sr)
The first estimations for r of Cs in lichens at the beginning of the 1960's
were about 1 year. Later investigations have indicated this value to be much
longer.
Accurate values of deposition of radionuclides near the sampling loca
tions are required to determine the mean residence time or effective halflife of radionuclides in lichens. Liden and Gustafsson (1967) obtained in
Cladonia lichens the value of 17 ± 4 years for 7b and 11 years for T ff. They
made Cs determinations in Swedish Lapland in 1962-1965. Near the
sampling location there was an observation station where C s has been
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measured in precipitation since 1957. Thus, it was possible to calculate the
integrated deposition of Cs. Miettinen (1967) included in the effective
half-life the factor of consumption of lichens by grazing reindeer. The
estimated value of r
was 11 years. Using this value and the value of 17
years for biological half-life obtained by Liden and Gustafsson, he calcu
lated the value of 5.5 years for effective half-life o f C s in lichens (Cladonia
species). Niznikov et al. (1969) reported the value r = 2.5 years for
lichens. This value must be compared with the value T = 5 . 5 years reported
by Miettinen, for Niznikov et al. calculated this value on the basis of the
results of reindeer-meat analysis. They suggested that with increasing time
from the moment of fallout T ff of lichens will increase.
Until 1966 the annual fallout has been so significant, compared to the
cumulative fallout, that considerable corrections had to be made when the
residence time of radionuclides was investigated. These corrections decrease
the accuracy of half-life determinations. Martin and Koranda (1971)
followed the Cs level of lichens at different locations in Alaska during
1967-1970. During this time the fallout was only a few percent from the
cumulative fallout. The biological half-life in Cladonia lichens collected
in central Alaska was 8.1 years (T ff = 6.4 years). For lichens collected in
coastal areas of Alaska and on Amchitka Island in the Aleutians the T\>
values were 3.7 and 3.0 years, ( r 3.3 and 2.7 years), respectively. For
evergreen vascular plants collected in the central area of Alaska, Martin and
Koranda obtained the effective half-life of 1-2.7 years. The shorter halflife found in the coastal and marine regions is probably due to the larger
amount of precipitation which may cause some kind of washout in lichens.
Another possible reason for the shorter half-life obtained in the coastal
area compared to lichens of central Alaska is the higher growth rate of lichens
which results in higher production of biomass and thus the dilution of Cs
concentration.
The effective half-lives of Cs and Sr in lichens have been studied
also by applying radioisotopes to natural lichen communities (Hanson and
Eberhardt, 1971) and with laboratory experiments (Witkamp and Frank,
137
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e
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1967).

Hanson and Eberhardt (1971) used C s , Cs, Sr, and Sr isotopes.
In an experiment where Cs was applied as single droplets to lichen podetia
the radioactivity remained practically the same during the first year. During
the subsequent three years, the Cs content decreased corresponding to
the biological half-life of 6.7-9.9 years ( r = 5.5-6.9 years). The results
from the experiment where
Cs isotope was sprinkled on lichens and
washed by a heavy rain after application showed no significant decrease in
Cs concentration during the period of four years.
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Witkamp and Frank (1967) placed lichen samples (Cladonia subtenuis)
with and without soil in special plastic boxes (9.5 cm diameter). Cesium-137
was added with simulated rain during 3 months. Then the samples were
washed during 10 weeks. They obtained 1.8 years for the effective half-life.
However, the presence of soil decreased this value to 0.9 year. This halflife is much shorter than the values of 2.7-11 years given earlier. To deter
mine the contribution of biological uptake to the total retention Witkamp
and Frank (1967) sterilized some lichen samples with 12% ethylene oxide
(16 hours at 9 psi) before adding Cs. The retention of the sterilized samples
was only 4-8% less than that of living lichen samples. They concluded that
the 4-8% represented the biological uptake.
The different results of the studies where radionuclides were applied to
lichens indicate that it is difficult to simulate radioactive fallout. In addition,
factors like temperature, pH value, and chemical form of applied radio
nuclides affect the results significantly.
The effective half-life of Sr is much shorter than that of Cs and the
range of values reported is small. Hanson and Eberhardt (1969) obtained for
Sr the biological half-life of 1.2-1.6 years ( r = 1.2-1.5 years) using
Sr and Sr labelling for natural lichen communities. Persson (1971) has
reported for T of Sr the value of 2.5 ± 0.8 years. The shorter half-life of
Sr compared to that of Cs is in agreement with the earlier mentioned
observation of the higher value of C s / S r ratio in lichens than in fallout.
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2. OTHER ARTIFICIAL RADIONUCLIDES IN LICHENS

a. FISSION PRODUCTS. In addition to C s , many other γ emitting
radionuclides produced by fission have been determined in lichens. The
most significant ones are Zr (T = 65.5 days), Ru (T = 368 days), Sb
(T
= 2.7 years, and C e (T = 284 days). The percentages of these
nuclides in fresh fallout are high. Owing to the short physical half-life com
pared with Cs and Sr and the fact that considerable migration through
food chains to man has not been found, these radionuclides are of slight im
portance. The maximum values in lichens were found during 1963. Hanson
et al (1967) reported in Cladonia-Cetraria lichens values of 86, 32, and 200
nCi/kg dry weight for Z r - N b , R u , and C e , respectively. Plummer
(1969) found in Cladonia species 8 nCi Sb/kg dry weight in 1964. In 1970
Koranda et al (1971) obtained in Cladonia lichens collected in Alaska the
values 0.7-4.1,2.8-7.9,0.8-1.8, and 7.6-28.3 for Z r - N b , Ru, S b , and
C e , respectively. Especially high concentrations of these radionuclides
were reported again in Parmelia conspersa in the Georgia Piedmont, U.S.A.
(Plummer, 1969). The maximum value for Ce was 2094 nCi/kg dry weight in
137

95

106

135

m

1/2

144

]/2

x/2

137

90

95

95

106

144

125

9 5

144

144

9 5

1 0 6

125

206

Y. TUOMINEN AND Τ. JAAKKOLA

1963. This seems to be the highest radionuclide value found in lichens. At the
same time the maximum value of Ru'mParmeliaconspersav/2iS
1061 nCi/kg
dry weight. For Z r - N b and Sb Plummer reported maximum values of
567 and 74 nCi/kg dry weight, respectively, in the autumn of 1962.
Cesium-144 was nearly uniformly distributed in lichen thalli and moved
deep into the soil (Plummer, 1969; Hanson and Eberhardt, 1971). The lowest
retention occurred for Ru which moved rapidly through the lichens into
the soil (Hanson and Eberhardt, 1971). This indicates the nonselective nature
of lichens for R u .
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b. ACTIVATION PRODUCTS. The radioactive activation products found
in lichens were produced mainly by nuclear tests. Small amounts of some
radionuclides are, however, continuously produced in the atmosphere by
interactions with cosmic rays. Iron-55 and M n are the most investigated
activation products in lichens.
The accumulation of Fe has also been observed in the lichen-reindeer
(caribou)-man food chain. Palmer and Beasley (1965) reported 14nCi/kg
dry weight in Alaska in 1964. Persson (1967, 1969) gave the maximum value
of 44 nCi/kg dry weight in Sweden in 1965. According to Jaakkola (1969),
the maximum value of F e in Cladonia lichens in Finland was 96 nCi/kg
dry weight in 1964. The maximum level in vascular plants in 1963, the year
of maximum fallout, was about the same as the level in lichens at the same
time, but one year later the Fe content of lichens was 5-20 times higher
than in vascular plants and this ratio has increased during the subsequent
years. According to Jaakkola, Fe was distributed between the upper and
lower parts of lichens in 1966 so that the specific activity (pCi Fe/mg
stable iron) was approximately equal in the two parts. But when calculated
in relation to dry weight t h e Fe content of the lower part, which contains
considerably more inactive iron, was about three times that of the top part.
In 1968 the specific activity o f F e was about twice as high in the lower
part as in the top part. This means that the behavior of Fe in lichens is
very different from that of Cs. Iron-55 was leached relatively rapidly
from the top part toward the lower part. Jaakkola (1969) obtained an effective
half-life of 1.4 years f o r Fe in lichens, which corresponds to the biological
half-life of 2.9 years. This is very similar to the values obtained for Sr.
The maximum Mn concentration observed in arctic regions has been
15 nCi/kg dry weight in 1964 (Hanson et al., 1967). In Georgia (U.S.A.)
Plummer (1969) in 1963 found maximum concentrations of 406 nCi and
33 nCi/kg dry weight in Parmelia conspersa and Cladonia species, respec
tively. According to investigations in Alaska, Mn concentrations were
slightly higher in the upper part than in the lower part of lichens (Cladonia
species). During the winter, Mn appeared to move from the upper layers
of soil into the lower part of the lichens (Hanson and Eberhardt, 1971).
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The behavior of Z n in Cladonia lichens was very similar to that o f R u .
There was a rapid loss of Z n from lichen communities and a rapid movement of this radionuclide into the soil (Hanson and Eberhardt, 1971).
Some values are reported also for N a , C o , N i , Y , A g , C s , and
Eu in lichens (Jenkins and Hanson, 1967; Hanson et al, 1967; Persson,
1968; Koranda et al, 1969, 1971; Plummer, 1969; Beasley and Held, 1969).
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3. THE LICHEN-REINDEER(CARIBOU)-MAN FOOD CHAIN

The determinations of radionuclides in the biosphere have indicated that
the exceptionally high concentrations in people of some arctic population
groups are not a result of the high local amount of fallout but are due solely
to ecological factors. The efficiency of the food chain lichen-reindeer
(caribou)-man in accumulating radionuclides is caused mainly by the
following factors. First, lichens grow in large populations in cold and
nutrient-deficient arctic regions. They grow slowly and have a long lifetime.
Lichens have a high capacity to absorb nutrients from the air, rain, and
snow. Second, lichens are the major food source of reindeer (caribou) in
the winter season (about 8 months long). Third, Lapps and Eskimos eat
large quantities of meat and edible organs of reindeer and caribou.
In addition to the previously mentioned artificial radionuclides the accumulation of natural radionuclides of P o and P b has been observed in
this same food chain. The occurrence of these radionuclides in lichens will
be described later.
The maximum radiation dose rate of Cs to man, 560 mrad/year, was
reported for reindeer herders of the Murmansk region (U.S.S.R.) in 1966
by Niznikov et al. (1969). In Finnish Lapland the main source of irradiation
for the present generation of reindeer herders is P o (3 rem/30 years). The
second in importance is the natural external radiation (1.7 rem/30 years)
and the third is the fallout nuclide Cs (1 rem/30 years). The value of
Cs was estimated assuming no significant changes in the fallout situation.
The radiation dose to the reindeer herders due to the radionuclides transported along the food chain lichen-reindeer-man is about double compared
to the radiation dose due to the natural external radiation.
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4. LICHENS AS RADIOACTIVE FALLOUT METERS

Investigations that applied
Cs to Cladonia lichens have indicated a
nearly quantitative absorption of the isotope (Hanson et al., 1967; Witkamp
and Frank, 1967; Plummer, 1969). Plummer used 500 nCi Cs/m for
Cladonia lichens and found no significant loss of radioactive cesium after
a heavy rainfall. Svensson and Liden (1965b) and Hanson (1967) compared
the Cs concentrations of natural lichen communities with the Cs deposition values obtained near the sampling locations and found good
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agreement. These observations support the use of lichens as meters of cu
mulative fallout. There are, however, some reports of considerably lower
Cs concentrations in lichens (nCi/m ) than the estimated cumulative
amount of fallout. These divergent results are probably mainly due to the
different effective half-lives of Cs in various growing sites and partly
due to sampling. The measurement of cumulative amount of radionuclide
deposition calls for special care in selecting sampling sites and in collecting
samples. Furthermore, to get reliable results it is necessary to have an estima
tion for the effective half-life of radionuclides in lichens. Uncertainty about
this quantity decreases the accuracy in estimating the amount of cumulative
fallout.
Because lichens can absorb, in a fairly quantitive manner, some radio
nuclides, they can be used as indicators of the age of the debris in the case
of local or intermediate (tropospheric) fallout. This method is based on
changes of ratio of relatively short-lived radionuclides. Svensson and Liden
(1965a) obtained good results using the ratios of (Ba + La)/ (Zr + Nb)
and Ru/ (Zr + Nb) in lichens. The estimated age of debris varied from 23
to 170 days in their studies and the deviations between test times and dates
calculated on the basis of the radionuclide analyses of lichen were from 0 to 7
days.
137

2

137

140

103

95

95

B. Natural

Radionuclides

Although the existence of natural radionuclides has been known for many
decades, the determination of these radionuclides in plants was started in the
1960's along with the studies of artificial radionuclides.
One of the first investigations on natural radionuclides in lichens was con
ducted by Grodzinsky (1959). He stated that lichens and mosses contained
high radioactivities compared with other plants. He found also that the
natural radioactivity in lichens was mainly due to the accumulation of heavy
radioactive elements. The contribution o f Κ was only 2-5% of the total
β activity.
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Because of the accumulation of P o and P b in the arctic food chain,
these isotopes are the most commonly studied natural radionuclides in
lichens. Radium, which is formed by radioactive decay of uranium, decays
in the soil to gaseous R n . This escapes into the atmosphere and decays
there, forming a chain of solid radioactive daughter nuclides. The mean
residence time of the atmospheric Rn is about 15 days and it is long
enough to produce a detectable amount of P b , the long-lived descendant
(T = 22 years) of R n . P b returns to the earth's surface. Before de210
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position, which occurs mainly with rainfall, some P o (T = 138 days),
a descendant of P b , also is formed. The P o / P b ratio in rainwater is
about 0.1. After deposition, Po continues to grow until radioactive equi
librium is reached.
The results reported f o r Po and Pb in lichens are given in Table VII.
In general, the concentrations are very similar for all samples collected in
various countries. Most analyses have been made in Cladonia species. In
Cornicularia divergens Holtzman observed 26 and70pCiof Pb/gmfortwo
samples. These concentrations are much higher than values reported for
Cladonia lichens. Also, the P b values reported for Cetraria islandica are
higher than the values for Cladonia species. The Po and P b concen
trations in vascular plants in Finland were about one-twentieth and oneseventh of the contents in lichens. The ratio of P o to Pb in lichens was
0.92 in Lapland and 0.85 in southern Finland. In vascular plants this ratio
was 0.26 (Kauranen and Miettinen, 1969). In lichens Blanchard (1967) re
ported the value 0.96 for this ratio. Thus, the ratio of Po to P b is
consistently close to, but somewhat below, one (0.1 in rainwater). This
indicates that the residence time of both polonium and lead in the slowly
growing lichens is long. Jaworowski (1966) has observed the dependence
of P b concentrations on sampling year in lichens collected at Spitsbergen
(77°N, 20°E) and in Middle Europe. The P b concentrations were con
siderably higher after 1957 than during preceding years. He suggested that
this enhancement was partly due to the tetraethyl lead introduced into the
atmosphere and partly produced by nuclear detonations. The significance
of these sources is obviously very low, for according to most investigations
there is no systematic increase in the P b concentration with time (Litver
et al, 1969; Kauranen and Miettinen, 1969; Persson, 1970). Litver et al
(1969) analyzed P b in samples collected before 1900, in 1900-1945, and in
1958-1966 (Table VII).
No increased P b values were found either in sediment and soil samples
collected in the close proximity of the U.S. nuclear test sites (Beasley, 1969).
Persson (1970) estimated the effective half-life of Pb in lichen carpet to
be 7 ± 2 years.
The reported R a concentrations in lichens varied between 0.04-0.5
pCi/gm dry weight, values that are one-tenth to one-hundredth of the con
tents of Po and Pb. Consequently, R a cannot be the direct source of
these radionuclides.
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Κ IN LICHENS

Potassium-40, together with U and T h , is the main source of natural
ionizing radiation in the biosphere. The natural potassium contains 0.0118%
of radioactive K isotope. The total potassium content of lichens varies
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from 1 to 8 mg/gm dry weight. T h e Κ content in lichens in Alaska ranged
from 2.2 to 3.6 pCi/gm dry weight for Cladonia lichens and 7.9 pCi/gmdry
weight for Nephroma arcticum (Koranda et al., 1969). The Κ content of
lichens is low compared to that in humus and soil layers beneath the lichen.
According to Hanson and Eberhardt (1971), t h e Κ concentrations in soil
were 7-10 times higher than in lichens. This indicates the inability of lichens
to absorb potassium from the substratum. The efficient manner by which
lichens accumulate Cs, that is chemically related to potassium, can be
explained partly by the tendency of lichens to satisfy their potassium re
quirements.
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IV. Uptake and Translocation of Cations
A. Uptake

Mechanism

Only a few systematic studies have been made on the physiology of cation
binding by lichens. With all the reservations mentioned earlier, the following
assumptions can be considered as the starting point of the studies.
With respect to cation uptake and requirements, the lichenized algae and
fungi are at least approximately similar to free-living forms. The results
obtained with free-living algae and fungi could be extrapolated to the lichen
thallus. Further, the active phase of the cation uptake of all plant forms is
a membrane property and evolutionally so old that it can be considered to be
fundamentally similar in all plants. Possibly, the same is true with respect
to the passive phase of the cation uptake which is supposed to be based on
the physical chemistry of the cell wall. However, the mass of the prevailing
mycobiont with its chemically complex cell walls probably will make it dif
ficult to determine the role of the phycobiont in this regard. At present, the
experimental facts allow only an attempt to characterize the passive phase
of the uptake process.
1. THE MECHANISM OF PASSIVE UPTAKE

The passive phase of the cation uptake of lichens seems to be some kind
of cation-exchange process. This idea is supported by experiments describing
the inactive Sr and Cs binding of Cladonia alpestris and Ramalina reti
culata, respectively.
The results of the experiments on the inactive Sr binding of Cladonia
alpestris (Touminen, 1967) can be summarized as follows. When the living
tops of the thalli were immersed in a dilute solution of Sr, the equilibrium
between the thallus and the solution was rapidly established in a few minutes
and remained stationary for several hours. The effect of temperature on the
137

212

Y. TUOMINEN AND Τ. JAAKKOLA

equilibrium was very low. The binding of Sr was reversible and this allowed
the results to be interpreted thermodynamically. The Sr binding was strongly
dependent on the pH of the solution, the binding being undetectable under
pH 3 and then increasing to its highest value of about 0.3 mEq/gm dry weight
at pH 6-7. Further, the Sr binding seemed to follow the law of mass action.
The H dissociation of the Cladonia alpestris thallus also was reversible.
The cation selectivity of the thallus is similar to that of ordinary cation ex
changers, i.e., the thallus prefers bivalent ions to monovalent ones. All
these observations support as a first approximation the model of cation
exchange for the uptake mechanism.
Tuominen attempted to estimate the standard changes of heat, free energy,
and entropy of the binding process with the following results: AH° =
+ 2 kcal/mole, AG = - 4 kcal/mole, and AS = +26 eu, respectively, at
the normal temperature of 20° C. Because of the lack of other similar estima
tions of these quantities for plant material, the significance of these figures
can not be judged. However, in comparison with published data for a typical
chelate (Sr chelate of diaminotetraacetic acid = EDTA) and for a typical
cation exchanger (Ca and Dowex 50), the above values of C alpestris re
semble more closely those of the Sr-EDTA chelate. AS is similar to that of
the chelate, + 26 eu instead of + 2 eu of Dowex. AG is about half the value
of the chelate being also negative, but A H° of C alpestris is positive instead
of the negative value of the chelate. AG and AH of Dowex 50 are much
smaller than those of C. alpestris, being about - 0 . 4 kcal/mole and + 0.2
kcal/mole, respectively. In spite of the positive AH of Cladonia alpestris,
binding is still possible but very weak. This is advantageous because the
binding must be understood as a first catch of the cations at which the further
transport is possible without any great loss of energy. This similarity between
the C alpestris thallus and the Sr-EDTA chelate is probably not incidental
for it seems to be possible to design a binding model based on the assumption
that every binding site within the thallus consists of a pair of carboxyls or
other acidic groups (Tuominen, 1968, 1971).
The interesting study on the uptake of carrier-free Cs by Ramalina
reticulata (Handley and Overstreet, 1968) supports the uptake model out
lined above. Cesium-137 was employed at a concentration of 1.0 ^Ci/liter
and the living tissue samples were washed in running water for 5 minutes
just before immersion in the solutions. The uptake was determined by
counting the material with a well-type scintillation detector. It was shown
that the uptake of Cs was not directly linked to metabolism. The authors
also observed both the rapid establishment of the equilibrium and the low
temperature dependence of the uptake. The process was 70% complete
within half an hour. This time for the establishment of the equilibrium, in
contrast to Tuominen's few minutes, is obviously due to the use of a radio
isotope with a higher accuracy of detection compared with the inactive Sr.
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However, Tuominen began the measurements always after 2 hours from the
beginning of the experiments, so that this discrepancy in the equilibration
time hardly has any effect on the results.
Especially noteworthy is the statement by Handley and Overstreet that
the Cs uptake pattern of R. reticulata differs greatly from that displayed by
excised barley roots, the uptake rate of which remained constant for more
than 2 hours and was strongly temperature dependent. Further, their data
showed that monovalent ions (Li, Na, K, and Rb) reduced the Cs up
take in accordance with their position in the lyotropic series. At concen
trations below 10.0 ^uEq/liter neither Na nor Li had any significant effect
on the uptake of Cs, while 2.5 /xEq of Rb and stable Cs per liter were
sufficient to reduce the uptake 70-80%, resembling the behavior of excised
barley roots. However, the barley roots evidently have sites which strongly
prefer Κ and Rb to other monovalent cations and can bind Cs as well. They
could not observe this kind of effect in Ramalina.
Calcium seems to have a special role in the uptake of Cs by Ramalina.
First, its effect on the uptake was very small in spite of hints about the
presence of a barrier to entry of Cs, which seems to be stabilized by Ca.
Removal of Ca by pretreatment of the tissue in monovalent salt solutions
increased the uptake of Cs. Uptake under anaerobic conditions was also
greater than normal, but in this case Ca displaced from the barrier mem
brane was not lost from the tissue and thus the normal permeability was
rapidly reestablished when aerobic conditions were restored. For the
relatively small competitive ability of Ca they suggested that the spacing
of negatively charged exchange sites may prefer two monovalent cations
to a single one at each pair. Possibly this statement can be considered to be
equivalent with Tuominen's binding sites composed of two acidic groups.
Handley and Overstreet (1968) found Sr to be more effective than Cain
competitive experiments. This observation is also supported by the separation
factors of Cladonia alpestris (Tuominen, 1967): Sr/Ca = 1.5 compared,
for example, with Cs/K = 1.0. Further, the values Sr/K = 4.0 and Sr/Cs =
3.0 of C. alpestris show the preference of divalent cations to monovalent
ones. One possibility to explain these preference relations can be based
on the differences in the radii of the hydrated ions and the three-dimensional
structure of the binding site. For example, the Sr ion as a smaller one
compared with Ca could fit closer to the site, the structure of which has
possibly been solved by Sterling.
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2. THE NATURE OF BINDING SITES

The titration curves of some lichen thalli (Tuominen, 1967) show that
there are acidic groups within the thalli. This was also postulated by Handley
and Overstreet. These groups have different pK values. The groups of pK
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3.3 resemble the pectic carboxyls. According to Tuominen, there seems to be
a moderate correlation, with respect to certain species, to the uronic acid
content of the thalli hydrolysate determined by the carbazole method. This
method is well known and widely used, although it has drawbacks because
of the interferences. The early authors assumed that fungal cell walls con
tained pectic substances on the basis of results obtained primarily with
ruthenium red staining. However, these results are at present questionable
and uronic acids seem never to have been demonstrated conclusively in
fungal cell walls (Aronson, 1965). Aronson suggested the chromatographic
detection of uronic acids in cell-wall hydrolysates, but according to him
this has not been accomplished. Y. Tuominen has failed in this attempt with
lichens (personal communication). As a result there were only uncertain
spots on the chromatograms in spite of many attempts. Now we can think
that these spots were traces of uronic acids of the phycobiont so that the
lichenized fungi also do not seem to contain pectic substances. Thus, the
above identification of the pK 3.3 sites as pectic carboxyls is uncertain.
On the other hand, Y. Tuominen (personal communication) observed that
the lichen thallus is readily stained, reversibly, by ruthenium red, which
has been believed to be a specific indicator for polyuronic acids, but which
was later found to stain other substances. Now Sterling (1970) has possibly
found a new method to characterize the binding sites or at least to eliminate
some possibilities. He solved the crystal structure of ruthenium red
(— ammoniated ruthenium oxychloride) and revealed what exactly is being
stained by it. Using X-ray diffraction techniques he showed that the staining
groups of ruthenium red consisted of the ruthenium ion lying in the middle
of a square planar complex of four ammonia molecules. The stained sites in
the macromolecules have two negative charges, 4.2 A apart. The staining
group takes the position with its plane perpendicular to the axis between
the negative groups. In pectic acids such sites occur between each monomer
unit and its next adjacent neighbor. Sterling's work supports the abovementioned model with the sites consisting of a pair of acidic groups.
Puckett et al. (1973) have also confirmed the ion exchange model of the
cation uptake of lichens with a very interesting extension using eleven species
of Cladonia, Umbilicaria, and Stereocaulon. Employing both dilute and con
centrated solutions of Fe, Pb, Cu, Ni, Zn, and Co for the determination of
the uptake capacities and the competition studies for the cation selectivity
patterns of the thalli, they demonstrated that the ion exchange is modified by
metal complex formation and possibly chelation, even for alkali and alkaline
cations. This result supports the earlier assumption in this chapter that the
functional groups are composed of a pair of binding sites. According to
Puckett et al., the binding sites seem to be oxygen and oxygen-nitrogen
donors and the ion exchange is the strong-field type. The conclusions of the
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authors, based on the observed selectivity patterns, is further supported by
the remarkable similarity of the selectivity coefficients between the thalli and
the chelating resin Dowex A-I with the groups mentioned above. As an
interesting detail they again take up the possibility that the pectic substances
could be the chemical basis of the binding sites in the thalli, because they are
potential oxygen binding sites.
The experiments on the kinetics of the exchange reaction clearly support
the prediction of two functional binding groups with different reaction rates,
the slower one setting in when the uptake has reached 60-70% of its equilibrium value. The metabolic inhibitors had no effect on the metal uptake, in
spite of the fact that the samples were apparently alive, since they were dried
only at + 25°C and used within 48 hours.
3. THE EPIPHYTIC LICHENS

According to Tuominen (1967), of the lichen species he studied the
epiphytic ones had the greatest capacity of Sr uptake. Bearing in mind the
well-known sensitivity of some members of this ecological group, for
example Usnea sp., to atmospheric pollution, it seems worthy to study
whether the epiphytic species in general have a greater uptake capacity
than species growing on the earth. Clymo (1963) also observed high uptake
values for Usnea. Further, the results of studies (Micovic and Stefanovic,
1961) dealing with the chemical composition of some epiphytic lichens
(Evernia prunastri, Ramalina farinacea, and Usnea hirta) compared with the
ash analyses of Cetraria islandica, which grows on soil, revealed that the
ashes of these epiphytic species differed widely from the ash of C. islandica.
The chemical compositions of the ash of epiphytic species are rather similar
to one other but differ from the oak bark substratum on which they grew.
Also, Lounamaa (1965) observed differences in chemical composition
between epiphytic and epilithic species. Finally, of the four lichens in which
Solberg (1967) found an unusually high content of Mn, three were epiphytic.
These scattered observations show clearly that epiphytic lichens are an
interesting group with regard to metal uptake.
B.

Translocation

It is well recognized that the substratum has a certain effect on the metal
content of lichen thalli. However, thus far this conclusion is based on the
comparison of the analyses of both the lichens and the substrata. This subsection consists of more direct studies on the mobility of metal cations from
the substratum to the thalli and within it. In this discussion, simple diffusion
seems to have a central role.
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Barashkova (1963) studied to what extent the connection between the
living tops of Cladonia rangiferina thalli and the substratum is maintained
through the dead basal portion of the thalli. She conducted water-culture
and field experiments. The growth of thalli was faster on substrata rich in
nutrients and quantitative microscopic measurements revealed that the
enhanched growth was directly proportional to the amount of the phyco
biont. So there must exist translocation of nutrients within the thalli from
the base to the top.
A more detailed picture of the mobility of cations within the thallus was
obtained by Nevstrueva et al. (1967), who immersed the green tops of
Cladonia rangiferina in an aqueous solution of Cs or Sr chlorides of
2 nCi/ml at pH 7.0. After 4-11 days the distribution of the nuclides became
constant within the thalli. Strontium-90 was distributed in the lichen evenly,
measured per unit dry weight, both in the part which was immersed in the
solution and in the older part which was left in the air. On the contrary,
Cs was concentrated predominantly at the part of the thallus which was
in the solution. Only about 5% of the Cs was translocated to the older
part. Similar distribution was observed if the old part of the thallus was
dipped into the solution. When the whole lichen was immersed into the
solution, the two nuclides were distributed relatively evenly in the thallus
with a tendency to accumulate in the older part. All this means that Cs and
Sr can migrate relatively freely in the thallus from top to base and back
ward. Strontium-90 can also be washed out of the thallus more rapidly
than C s .
Without any suggestion for the binding mechanism, Subbotina and
Timofeeff-Ressovsky (1961) showed that certain crustaceous lichens treated
with Sr lost about 60% of the radioactivity during immersion in pure lake
water, whereas the loss of Cs was smaller, about 13%. So, Cs seems to be
bound more strongly than Sr. They studied the uptake of radionuclides of
Fe, Co, Zn, Sr, Ru, Cs, and Ce from dilute aqueous solutions using different
lichen species. After 11 days they checked the balance of radioactivity and
determined the distribution of the radioactivity between lichens, the
bacterial film formed on the surface of the solutions, and the water. A
portion of the radioactive lichens was transferred to pure lake water for 8
days for the determination of the percent deactivation. In general, the
uptake was about 50-62%, except for Zn and Ce, which displayed nearly
total absorption.
Hanson et al. (1967) performed similar experiments on the effect of
seasonal snow cover on the distribution of fallout radionuclides in Cladonia
alpestris and the movement of artificially applied radionuclides within the
thalli. Strontium-90 concentrations increased during summer months when
the lichens were exposed to atmospheric fallout deposition, stabilized at
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the onset of snow cover, and then decreased at the half-life rate of 120-220
days during winter periods. At the same time, the concentrations of Cs
in all the lichens investigated increased with time while no apparent de
creases occurred during periods of snow cover. This indicated that lichens
bind Sr less strongly than Cs.
Hanson et al. artificially applied Sr a n d Cs to the lichens both by drops
and sprinkling. There was practically no difference between the calculated
and measured amounts of Sr and Cs applied as single drops but the
amounts of C s / m measured in the sprinkled areas were about half the
amount calculated to have been applied. One obvious difference between
the treatment methods was the pH of the solutions, about 5.0-6.0 in the
sprinkled solutions and 3.0 in the solutions added dropwise. Unfortunately,
the experiment was complicated by a heavy rainfall for several hours im
mediately following application of the solutions. However, the greater
mobility of Sr compared to Cs was again illustrated by their loss of
65 and 22%, respectively, during 1 year after application.
The most interesting feature of all these experiments is that the Sr ions
applied to lichens were more mobile than the Cs ions similarly applied,
because the diffusion experiments described by Tuominen (1968, 1971)
display exactly the reverse order of the mobilities, i.e., Cs seems to move
rather freely within the thallus of Cladonia alpestris compared with Sr,
which displays rather strong interaction with the binding sites of the thallus.
The important difference between these experiments is that the previous
ones were performed in free-air using living thalli, whereas the later diffusion
experiments were carried out in the closed test tubes in the laboratory with
dead thalli. We can try to explain the discrepancy as follows.
Possibly the lower mobility of Cs within the thallus is due to immobiliza
tion based on the active uptake by cells of both the myco- and phycobiont.
However, it seems plausible that the mass of the mycobiont masks the effect
of the algal component. According to Rothstein (1965), the fungi follow the
common physiological fact that the uptake of monovalent cations is much
more efficient than that of bivalent ones. This effect is very clear between
Κ and Ca, which are the chemical homologues of Cs and Sr. The input site
of the Κ ions can also transport other alkali cations. For example, the
relative affinity of the Κ carrier of yeast cells for Cs is 1:15. This same
carrier can also transport Mg but the affinity is very low. In addition to this,
the small size of the Cs ion in spite of hydration possibly has a special
effect. The physiology of fungi shows further that the maximal rate of input
of the alkali cations is very strongly affected by pH, andpossiblyjustonthe
region of 3-6 which appeared in the above experiments, if we have courage
to generalize the results of the yeast studies. Thus, the mutual ratio of
mobilities of Cs and Sr can possibly have different values depending on the
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experimental conditions, because the intrinsic mobility of Cs within the
thallus of C. alpestris is high when the sites of input into the cells are out
of function. We see that it is useful to try the separation of the active and
passive phase of the uptake by using dead thalli. This seems to be reasonable,
especially in the case of lichens, in order to study the diffusive movement
of cations within the thallus, because both the appearance and the anatomy
of lichens appear to be independent of the physiological state of the thallus.
This physiological immobilization is supported by the results of the experi
ments made by Subbotina et aL In spite of the bacterial films in the flasks,
which indicated the decomposition of the thalli during the long experimental
periods, Cs ions were still strongly bound by the thalli. This fact can only
mean that Cs ions are actively translocated deep into the cells, obviously
using the energy of metabolism, and bound by the living cytoplasm. The
suggestion of the metabolic immobilization of Cs is also supported by
Kreuzer and Schauer (1971) who favor the assumption that Cladonia posses
ses a specific affinity for the Cs binding, this confirmed also by the more
general observation that fungi are specifically able to accumulate Cs.
The reason that Tuominen (1968, 1971) carried out the diffusion experi
ments in closed test tubes was that the thalli are totally hydrolabile. It was
impossible to maintain a constant water content of th^ thalli for diffusion
experiments in the free-air of the laboratory. The only way was to close
them in an atmosphere saturated with water vapor. However, he simulated
the effect of the wind by applying certain amounts of oven-dried silica gel
into the test tubes. The larger amounts of silica gel clearly affected the rates
of Cs and Sr diffusion, especially in the case of Cs. After 96 and 192 hours
the accumulation of Cs and Sr could be detected, respectively, at the
tops of the 7-cm-long thalli. The form of this "saturation curve" of Cs
seems to be theoretically predicted if the movement of ions is supposed to be
diffusive. In this case the form of the curve can be derived assuming the
reflection at the top of the thallus and the reflected curve superposed on
the first one. This is in accordance with the observation (Nevstrueva et al.,
1966) that cations can move within the thallus to the opposite directions,
even as trace amounts. With respect to Cs, Tuominen (1968) demon
strated this reflection phenomenon by performing a model experiment
with the cotton-wool simulation of the thallus. The cotton wool simulates
the thallus rather well for it has a similar "hyphal structure" and it pos
sesses acidic groups. The different shape of the reflection diffuse curves of
Sr shows the close interaction between Sr ions and the fixed sites within
the thallus. Further, this interaction is also seen from the different shapes
of C s and Sr diffusion curves, the later ones possessing characteristic
convexity compared with the Cs curves with normal diffusive shape. This
convexity seems also to be theoretically predictable using the diffusion
137
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model based on the reversible binding of Sr ions at the sites of a pair of
acidic groups (Tuominen, 1971).
The rate of diffusion is dependent on the total ionic strength of the solu
tion. The decreasing ionic strength will cause a decrease in the rate of
diffusion. However, in spite of the marked decrease of diffusion at lower
ionic strength, the trace amounts of cations can move in the thalli as
mentioned above. Of course, the diffusion is a slow process when a "new
cation" begins to diffuse, being proportional to the square root of time,
but it is very plausible that the diffusion equilibrium has already been
established at the beginning of thallus growth and then maintained during
the slow growth of the thallus. Thus, the small additional amounts of cations
are adequate to restore the cation status in the intermicellar spaces of cell
walls even at the top region of the thalli. In addition, it seems possible to
postulate, on the basis of the silica-gel effect described above, some kind
of pumping effect of wind when the thalli are wet.
Hanson and Eberhardt (1971) found the models of the cation binding
and diffusive translocation developed by Tuominen to be applicable to their
observations in natural lichen communities, when they tried to simulate
behavior of Cs in the lichen-caribou-Eskimo food chains. They postu
lated a very interesting seasonal cycle of Cs concentration in lichens as
described in more detail in the subsection on the radioactive nuclides. The
radionuclide cycling within natural arctic lichen communities seems to be a
more dynamic process than previously noted.
137
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