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I. Introduction
A.

Historical

The literature relating to the importance of lichens in the disintegration
and decomposition of rocks (commonly referred to as weathering) and in
soil formation (pedogenesis) is replete with contradictory statements. While
it may be true that the role of lichens in rock weathering and pedogenesis
was exaggerated by eighteenth- and nineteenth-century naturalists, it
appears that this role has been underestimated by many twentieth-century
ecologists.
Linnaeus (1762) discussed the ability of crustose lichens to colonize unweathered rocks and to accumulate windblown material. According to
Linnaeus: "Crustaceous lichens are the first foundation of vegetation."
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Lindsay (1856) considered lichens to represent a group of plants:
. . . humble and insignificant though it appear to be, are of infinite importance as hand
maids of Nature in operating her changes on the face of our globe, in softening down
the pointed crags of our mountains, in covering with fertile soil alike the bare surface
of the volcanic lava and the coral islet, in a word they are the basis of soil and con
sequently of vegetation.

Based largely on the observations of Salter (1856), Goeppert (1860), and
Bachmann (1911), which will be discussed in the appropriate sections,
Smith (1921) also considered that lichens were important agents in rock
weathering and soil formation.
More recently, there has been much controversy concerning the pedogenetic significance of lichens. Cooper and Rudolph (1953) questioned the
classical role of lichens in soil formation, and Beschel (1965) stated that:
"Ecesis on rock surfaces . . . is so insignificant... that only crass ignorance
can propagate the fairy tale of lichens being important pioneer plants."
In contrast, Schatz and Martin (1960) considered that lichens were among
the primary biochemical weathering agents involved in the conversion of
bare rock into soil.
That the role of lichens in rock weathering and soil formation should
evoke such discordant statements is at first surprising. Evaluation by early
workers of the role of lichens in the weathering of rocks was based on field
observations, whereas in the latter part of the nineteenth century major
emphasis was placed on the ability of carbon dioxide and oxalic acid pro
duced by lichens (Uloth, 1861) to function as "corrosive agents" of the sub
stratum. Although the mechanical action of lichen hyphae and rhizines
was recognized by early workers (Smith, 1921), subsequent studies (Fry,
1922, 1924, 1927) provided a rational explanation of the mechanisms in
volved and the effects on the substratum. More recently, the ability of many
lichen compounds to function as metal-complexing agents and thus pro
mote chemical weathering of minerals and rocks has received attention
(Schatz et al., 1956; Syers, 1969; Iskandar and Syers, 1972). Because evalua
tion of the role of lichens in soil formation has been based largely on field
observations, the interpretations of research workers have tended to be
influenced by the physical nature of the substratum on which the lichen
is growing.
B. General Review

At this stage it is necessary to define "weathering" and "soil formation."
Weathering may be loosely defined as the total effect of all processes in
volved in the disintegration (physical processes) and decomposition (chemi
cal processes) of rocks. Soil formation is defined as the transformation of
rock material into soil. The fact that the soil is a product of weathering
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modified in a particular way by "living nature" was emphasized by Nikiforoff (1935) who considered that the biosphere was the dominant factor in
soil formation. Joffe (1949) maintained that although there was no distinct
demarcation between weathering and soil formation, they should be examined in their historical sequence, namely, weathering as the first phase
and soil formation as the second phase. If the term weathering is restricted
to processes brought about by inorganic agencies, then the onset of biological weathering could be regarded as constituting soil formation. Since
this review is concerned largely with the effect of lichens on their substrata,
it is more convenient to evaluate the pedogenetic significance of lichens
in terms of the physical (biogeophysical) and chemical (biogeochemical)
processes involved in the weathering of rocks. In addition, the role of lichens
in plant succession and soil development will be discussed.

II. Biogeophysical Weathering

The physical weathering of the substratum on which saxicolous lichens
grow can be described conveniently in terms of the mechanisms involved.
Of these, rhizine penetration and thallus expansion and contraction are
the most important.
A.

Mechanisms

1. RHIZINE PENETRATION

Rhizines are bundles of fungal hyphae that can penetrate the rock on
which the lichen is growing. The extent (depth) of penetration is thought
to be influenced by the chemical and physical composition of the rock
(Smith, 1921) and by the nature of the thallus (Syers, 1964). The ability of
rhizines to penetrate the substratum and cause mechanical disintegration
was recognized by several early workers. Guembel (1856) considered that
the disintegration of granite was caused by the mechanical action of rhizines, and Goeppert (1860) suggested that rhizine penetration caused the
disintegration of rock below several foliose species. Similar observations
were reported by Polynov (1945).
Many crustose lichen species that grow on limestone, particularly the
obligate calcicoles, have thalli which are partly or wholly embedded in
the substratum (Fry, 1922). Rhizines, originating from the medulla, may
penetrate down to 15 mm in the limestone (Smith, 1921). The high solubility
of calcium carbonate, compared to that of the minerals of other rocks,
facilitates this deep penetration (Fry, 1922; Syers, 1964). Dissolving the
underlying limestone in dilute hydrochloric acid revealed a network of fine
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rhizines of different density, the length of individual hyphae varying ac
cording to the species of lichen (Fry, 1922). The length of the rhizines ranged
from 400 μνα to 2.8 mm in the three species investigated. Using thin sections
and the staining technique proposed by Jones (1959), Syers (1964) reported
that the depth of penetration of the rhizines of a range of lichens growing on
limestone varied from 300 μνα to 16 mm. This study also showed that thalli
of endolithic and pioneer species had poorly developed rhizines. The
thicker thalli of epilithic crustose lichens had a more extensive network of
rhizines which achieved a deeper penetration.
The penetration of rhizines into the substratum does not seem to occur
in a random pattern. Bachmann (1904) found that rhizines penetrated mica
crystals in granite and followed the lines of cleavage. In contrast, feldspar
or quartz crystals in granite were not penetrated by the rhizines. Similarly,
Yarilova (1950) reported that lichen hyphae penetrated and disintegrated
plagioclase feldspar crystals in syenite; chlorite and feldspar were attacked
to a much smaller extent. Rhizines penetrated the cleavage planes in calcitic
fossil debris in limestone (Syers, 1964) and caused mechanical disintegration
of glass surfaces (Mellor, 1923).
2. THALLUS EXPANSION AND CONTRACTION

Fry (1927) has indicated that epilithic crustose lichens growing on rocks
have a medullary zone that is attached directly to the substratum. Accord
ing to this study, when the cortical tissue at the marginal fringe of the
thallus contracts during drying it creates a pulling strain which may tear the
thallus and leave the extreme margins attached to the substratum. In species
with thicker thalli, the hyphal tissue may be torn from the substratum
detaching rock fragments. Thus, small-scale disintegration of the sub
stratum occurs at the margin of thalli. Lichen thalli contain a high propor
tion of gelatinous or mucilaginous substances which expand and contract
on wetting and drying, as does gelatin when subjected to the same condi
tions (Smith, 1921; Fry, 1924). The development of a laminated structure
in the shale substratum, particularly below highly gelatinous apothecia,
and the incorporation of shale fragments into the hyphal tissue of thalli
were demonstrated in detailed studies of the mechanical action of crustose
lichens on their substrate (Fry, 1927). Schist, gneiss, and obsidian showed
less disintegration below lichen thalli and fewer mineral fragments were
incorporated into the thalli.
The role of rhizines and haptera (suckerlike sheaths) in the attachment
of the thalli of foliose and fruticose lichens to the substrate was described
by Smith (1921) and by Poelt and Baumgartner (1964). Rhizines are abun-
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dant but not universal in foliose species and are either scattered or confined
to special areas of the lower thallus surface. A mucilaginous enlarged tuft
of loose hyphae at the apex provides a strong attachment to the substratum.
Following attachment to the substratum, the hapterum increases in size
and strength (Smith, 1921). Fry (1924) showed that the haptera in Xanthoria
parietina were concentrated closely behind the growing margin of the
thallus. The greater contraction of the upper surface of the thallus on drying,
coupled with the firm attachment of the haptera to the substratum, caused
either (1) detachment of particles of the substratum, (2) removal of a very
thin film of substratum, or (3) tearing of the thallus. This work also showed
that expansion of the thallus occurred on rewetting. The presence of shale
fragments in the haptera of Xanthoria parietina growing on shale (Fry,
1924) and on glass (Mellor, 1922) suggests that haptera can reattach themselves to the surface. Detachment of particles of the limestone substratum
by haptera and the separation of the thallus from haptera which remained
in the limestone rock were reported by Syers (1964). Limestone fragments
were occasionally observed in the interior of the haptera.
B. Effect on Substratum

The disintegration of the rock surface below the thalli of saxicolous
lichens has been reported frequently in the literature (Lindsay, 1856; Goeppert, 1860; Smith, 1921; Fry, 1922, 1924, 1927; Levin, 1949; Syers, 1964).
The extent to which this disintegration is the result of biogeophysical as
compared to biogeochemical processes is not clear. Perez-Llano (1944) concluded that mechanical action, resulting from drying, was more important
than the effect of chemical reactions. Mechanical disintegration, according
to Fry (1927), precedes chemical decomposition.
The effect of the surface area of the solid phase on the rate of chemical
weathering is well established. It is probable that the chief contribution of
biogeophysical processes is to increase the surface area of the mineral or
rock and thereby render it more susceptible to biogeochemical weathering.
Brammall and Leech (1943) found that the mechanical disruption of crystals
along weakly bonded planes in the structure, as reported when lichen
rhizines penetrate minerals (Bachmann, 1904; Yarilova, 1950; Syers, 1964),
accelerates chemical decomposition. In addition, the detachment of fragments of the substratum (Fry, 1924; Levin, 1949; Syers, 1964) isadirectand
readily observable example of biogeophysical weathering brought about
by lichens.
The extent of biogeophysical weathering below lichen thalli appears to
be influenced strongly by the nature of the thallus and by the chemical and
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physical composition of the rock substratum. It is possible that mechanical
disintegration of the substratum below crustose lichens is caused largely
by rhizine penetration and expansion and contraction of the thallus because
haptera are invariably absent (Smith, 1921). Because of the nature of attach
ment and the greater freedom of movement of the thallus, foliose species
are probably more effective in the biogeophysical, but not in the biogeochemical, weathering of the substratum. Expansion and contraction
are considered to be more pronounced at the periphery of the thallus, where
rhizines or haptera are more abundant (Fry, 1924). The work of Fry (1924,
1927) suggests that the physical composition of the substratum, particularly
the hardness and degree of cleavage, determines the extent of biogeophysical
weathering. Fry showed also that the extent of disintegration and incorpora
tion of mineral fragments decreased in the order, shale > gneiss > obsidian,
although some fracturing of obsidian was noted. Because of the compara
tively high solubility of calcium carbonate, calcareous rocks are more
susceptible to biogeochemical weathering than siliceous rocks (Syers, 1964),
and it is possible that biogeophysical weathering is of lesser importance.

III. Biogeochemical Weathering

Lichens produce a variety of chemical compounds which are of potential
importance in the biogeochemical weathering of minerals and rocks. Of
these compounds, carbon dioxide (C0 ), oxalic acid, and a large group of
substances frequently referred to as lichen acids, but called lichen com
pounds herein, are the most significant.
Because water is essential for chemical reactions to take place, a knowl
edge of the ability of lichens to absorb and retain water is important to an
understanding of the role of lichen compounds in biogeochemical weather
ing. Lichens are able to absorb water from either the liquid or vapor phase
and can withstand extremes of desiccation (Smith, 1962). Early work by
Bachmann (1923) indicated that crustose thalli and, in particular, endolithic species absorb more water, on a weight-for-weight basis, than foliose
thalli. Ried (1960) showed that the saturated water content of most lichens
ranged from 100 to 300% of dry weight. The suggestion (Smith, 1961) that the
medulla of a thallus may act as a primitive water reservoir for the metabolically more active algal layer is particularly significant. The medulla in
crustose lichens is in direct contact with the substratum, and this increases
greatly the possibility of chemical dissolution reactions. Because lichen
thalli can retain water against drying, chemical weathering reactions can
proceed for longer time periods than on rock surfaces without a lichen
cover.
2
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Mechanisms

1. CARBON DIOXIDE

The C 0 produced by lichens frequently has been implicated in the de
composition of minerals and rocks (Guembel, 1856; Uloth, 1861; Smith,
1 9 2 1 ; Paine et al., 1 9 3 3 ; Kononova, 1 9 6 6 ; Jackson and Keller, 1970), al
though the precise role of biogenic C 0 as a chemical weathering agent
has not been evaluated. Interest in the role of C 0 in biogeochemical
weathering arises from the fact that this compound dissolves in water and
furnishes hydrogen ions (H ) according to the following equations:
2

2

2

+
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C0 (aq) + H 0 2 H C 0
H CQ 2 H + H C 0 2
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where (g) is gaseous and (aq) is aqueous. The ability of Η to promote the
decomposition of minerals and rocks is well established in the literature
relating to mineral weathering (Keller, 1957). In particular, the solubility
of carbonate minerals is highly dependent on the H concentration (pH)
of the aqueous system.
The relative rates of respiration and photosynthesis of lichen thalli are
dependent on temperature and water content (Smith, 1 9 6 2 ; Lange, 1969).
Lichen tissue usually has an appreciably lower photosynthetic rate per
unit surface area than the leaves of higher plants although the respiration
rates may be of a comparable order (Smith, 1962). Consequently, lichens
are characterized by a very low net assimilation rate. The work of Gannutz
( 1 9 7 0 ) suggests that high respiration rates may be obtained at night in early
spring following photosynthesis during the previous daylight period. Ac
cording to Adams ( 1 9 7 1 ) , Cladonia rangiferina showed a net C 0 loss at all
levels of hydration at 40° C and at low levels of hydration at 30° C. In a study
of the aftereffects of drought upon the rates of respiration and photosyn
thesis of lichens, Ried ( 1 9 6 0 ) concluded that at the end of a drought period
the rate of respiration increased rapidly whereas the rate of photosynthesis
gradually increased to the normal rate, resulting in a net loss of C 0 . The
C 0 produced by respiration, when dissolved in water, would furnish H
ions which could participate in chemical reactions with minerals of the
substratum. The importance of biogenic C 0 in chemical weathering is
not known, but it probably is of much less significance than lichen com
pounds which act as metal-complexing agents.
+

+

2

2

+

2

2

2 . OXALIC ACID

The importance of oxalic acid in the chemical weathering of minerals and
rocks was emphasized by several early workers. Salter ( 1 8 5 6 ) suggested
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that the oxalic acid produced by lichens was the principal agent in the
disintegration of rocks, and Zopf (1907) considered that this compound was
an
. . efficient solvent of argillaceous earth and iron oxides." Other
workers (Uloth, 1861; Smith, 1921) indicated that oxalic acid was impor
tant in rock decomposition.
The association of oxalic acid with calcium in lichens, particularly in
species inhabiting limestone, has long been recognized (Braconnot, 1825;
Zopf, 1907; Smith, 1921). The fact that calcium oxalate occurs on the outer
surface of the fungal hyphae in the lichen thallus or on the surface of the
upper cortex (Smith, 1921) suggests that oxalic acid is excreted and that
calcium oxalate forms as an insoluble, extracellular deposit (Syers et al,
1967). Appreciable amounts of calcium oxalate, up to 60% of the dry weight
of Rhizocarpon calcareum (Mitchell et al., 1966) and 66% of the dry weight
of Lecanora esculenta (Euler, 1908), have been reported. Results of a recent
study (Syers et al., 1967) suggest that the production of appreciable amounts
of calcium oxalate (more than 5% of dry weight) may be characteristic of
obligate calcicolous lichens, rather than all species growing on limestone.
It would be expected that the formation of calcium oxalate would decrease
the concentration of calcium in solution in immediate contact with a lichen
thallus growing on limestone, thus facilitating further dissolution of the
calcium carbonate. The fact that calcium oxalate has a very low solubility
in water, however, implies that this compound is largely immobile in the
biogeochemical weathering environment. In addition, water in contact with
and flowing over a limestone surface is probably rich in calcium, and the
removal of a small amount of calcium from solution due to calcium oxalate
formation could have only a small effect on the overall soluble calcium
level in the system. Calcium oxalate formation is, consequently, of relatively
minor significance as a factor in biogeochemical weathering.
3. COMPLEXING ACTION OF L l C H E N COMPOUNDS

a. WATER SOLUBILITY OF COMPOUNDS AND COMPLEXES. It is commonly
considered (Smith, 1921; Smith, 1962; Haynes, 1964; Culberson, 1970) that
lichen compounds are insoluble in water. Because of this, the role of lichen
compounds in biogeochemical weathering has largely been discounted.
Many of these compounds have high molecular weights (Asahina and Shibata,
1954; Culberson, 1969), which would argue against their solubility in water.
The presence in many of the compounds of polar groups such as —OH,
— CHO, and—COOH(Fig. 1), however, would argue against complete water
insolubility. The ability of lichen compounds to function as metal-complexing agents and thus promote biogeochemical weathering ultimately depends
on whether these compounds are soluble in water under natural conditions.

FIG. 1.

Structural formulas of depsides and depsidones of the orcinol and /3-orcinol type. (From Culberson, 1969.)
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Several lines of evidence indicate that lichen compounds are sufficiently
soluble in water to behave as metal-complexing agents. The antimicrobial
properties of many lichen species are well established (Burkholder et al.,
1944; Stoll et al., 1947; Bustinza, 1951; Henningsson and Lundstrom, 1970);
usnic acid has been implicated frequently as the active component. Laakso
et al. (1952), however, isolated several lichen compounds which showed
antimicrobial properties and concluded that all lichen species which did not
give a color reaction with ferric chloride (a qualitative test for the phenolic
group) had low antimicrobial activity. The fact that lichen compounds
exhibit antimicrobial properties suggests that they are not insoluble in water.
It is probable that the antibacterial action involves a metal-complexing
mechanism in view of the remarkable correlation which exists between anti
bacterial properties and metal-complexing ability for synthetic organic
compounds (Martell and Calvin, 1952).
The formation of soluble complexes when solid lichen compounds
(Schatz, 1963; Syers, 1964; Syers, 1969; Iskandar and Syers, 1972) or water
solutions of lichen compounds (Iskandar and Syers, 1972) are allowed to
react with suspensions of minerals and rocks shows that lichen compounds
are to some extent soluble in water. Recently, the water solubility of four
depsides and six depsidones, commonly occurring lichen compounds, was
determined by microgravimetric and spectrophotometric techniques
(Iskandar and Syers, 1971). This study showed that the lichen compounds
had a low but significant solubility in water; values ranging from 5 to
57 mg/liter were obtained. There was no obvious relationship between water
solubility and the structural classification of the lichen compounds. Water
solubility was influenced by the nature and number of polar groups in the
molecule. The solutions of all compounds absorbed radiation in the ultra
violet region and the absorbance was related to the water solubility deter
mined by microgravimetric analysis. The finding that lichen compounds are
slightly soluble in water is consistent with the work of Malicki (1965), who
showed that usnic acid could be extracted from Cladonia spp. by water
sprayed in the field or by soaking thalli in water for 18 hours in the laboratory.
The more water-soluble phenolic units from which depsides and depsidones
are synthesized (Wachtmeister, 1958) could be expected to occur in lichens
under field conditions. According to Henriksson (1957), ammonia and
other alkaline nitrogenous products derived from lichen phycobionts could
increase the water solubility of lichen compounds.
The fact that soluble metal complexes are formed when lichen compounds
react with minerals and rocks in the laboratory is particularly significant.
If these complexes are formed under field conditions, and there is no obvious
reason to believe that they should not, then being soluble, the products of
biogeochemical weathering can be removed from the site of weathering.
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Kononova (1966) emphasized the importance of the formation of watersoluble complexes in the biogeochemical weathering of rocks.
b. RATE AND EXTENT OF COMPLEX FORMATION. Only in recent years
has metal-complex formation been recognized as a biochemical weathering
factor in pedogenesis (Bloomfield, 1951; Swindale and Jackson, 1956;
Davies et al., 1960). Additional studies have suggested that microbial
products (Duff and Webley, 1959; Henderson and Duff, 1963; Kononova,
1966), particularly lichen compounds (Schatz etal., 1954,1956; Schatz, 1963;
Syers, 1969; Iskandar and Syers, 1972), can function as metal-complexing
agents.
Rapid formation of soluble colored complexes when lichen compounds or
ground lichen thalli were shaken with water suspensions of minerals and
rocks was reported by Schatz (1963) and Syers (1969); no information was
obtained, however, for the amounts of cations complexed. Of the six lichen
compounds investigated by Iskandar and Syers (1972), four formed soluble,
colored complexes with biotite. The extract obtained from the interactions
of lecanoric acid, a depside of the orcinol type, and biotite was reddishyellow in color. The formation of a reddish-yellow complex when lecanoric
acid is allowed to react with calcium salts is used as a specific color test
for this acid (Culberson, 1969). Because a complex may be colorless or
adsorbed by the silicate phase, the fact that a lichen compound does not form
a colored complex does not necessarily indicate that complex formation has
not occurred. Iskandar and Syers (1972) showed that significant amounts of
Ca, Mg, Fe, and Al were complexed by lichen compounds. In general,
greater amounts of divalent than trivalent cations were complexed. For a
particular cation, a similar amount was released from the silicates by solutions of the lichen compounds and by solid lichen compounds. These findings
suggest that lichen compounds are sufficiently soluble in water to form
soluble metal complexes.
Lichen compounds frequently contain polar donor groups in ortho
(adjacent) positions (e.g., — OH and — COOH in evernic and lobaricacids;
— OH and — CHO in salazinic acid and atranorin, Fig. 1) which favor the
complexing of cations (Syers, 1969). Ginzburg et al. (1963) commented
on the importance of ortho — OH and — COOH groups in the decomposition of nepheline, chlorite, and kaoliniteby organic compounds. In addition,
water-soluble phenolic units may be important in metal-complexing reactions (Culberson, 1969). The low solubility and weak acidity of lichen
compounds largely preclude their effectiveness as biogeochemical weathering agents if these compounds were to function solely as acids (Hale, 1961).
Several studies (Schatz, 1963; Syers, 1969; Iskandar and Syers, 1972)have
shown that the release of cations is not caused by reactions directly involving
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hydrogen ions. Metal-complexing reactions provide a more satisfactory
explanation for the decomposition of minerals and rocks by lichen com
pounds in laboratory studies.
A metal-complexing action may be involved in the accumulation by
lichens of radioactive cations such as Sr. Subbotina and TimofeevResovkii (1961) reported high accumulation coefficient values for crustose
lichens suspended in aqueous solutions of the radioactive isotopes of
several metals. Schulert (1962) suggested that a chelation mechanism was
involved in the accumulation of Sr by lichens and Tuominen (1967) showed
that the uptake of Sr by Cladonia alpestris was a physicochemical process
and was not metabolically controlled.
It is dangerous to extrapolate experimental findings obtained in the
laboratory to the conditions which exist in the field. As pointed out by Smith
(1962), no evidence has yet been presented to show that lichen compounds
form soluble complexes in the field. Lichen compounds are extracellular
and are usually present in the medulla (Smith, 1921), which in crustose
lichens is in direct contact with the substratum and may act as a primitive
water reservoir (Smith, 1961). Depsides and depsidones, similar to the com
pounds used by Schatz (1963), Syers (1969), and Iskandar and Syers (1971,
1972), are the most abundant lichen compounds (Smith, 1962). Thus in
crustose lichens, a reserve of slightly soluble lichen compounds that may
form soluble complexes with cations is in direct contact, or in close proximity,
to the rock substratum.
90

90

90

B. Effect on Substratum

Smith (1962) suggested that lichens cause little change to their substrata
after initial colonization. The results of several studies, however, indicate
that chemical and mineralogical changes do occur in the composition of the
rock below lichen thalli and that these changes could not be accomplished
in the relatively short time period required for colonization. Because the
calcium carbonate of limestones is slightly soluble in water, the effects of
biogeochemical weathering are readily seen below the thalli of many lichen
species growing on limestone. Many calcicolous lichen species become
immersed in the limestone substratum and develop an endolithic thallus;
several early workers considered that a chemical reaction between the lichen
and the limestone was involved (Sollas, 1880; Smith, 1921; Fry, 1922,1924;
Bachmann, 1928; Schmid, 1929). The development in limestone of perithecial
pits, sometimes referred to as "foveolae" (Smith, 1921), provides further
evidence of biogeochemical weathering caused by lichens. A thin section
of the endolithic thallus of Verrucaria sphinctrina with a flask-shaped
perithecium immersed in the limestone substratum is shown in Fig. 2a.
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F I G . 2. (a) Thin section of the endolithic thallus of Verrucaria sphinctrina growing on limestone showing a partly immersed perithecium with ablack carbonaceous lid. (b)Thin section of
a pit in the limestone substratum previously occupied by a perithecium. Both sections stained
with chlorazol black. (From Syers, 1964).

When the perithecium dies, a hemispherical pit is left in the limestone
(Fig. 2b). Various explanations have been offered to account for the origin
of these pits, but other than to suggest that a solution process is involved,
none is convincing. Carbon dioxide dissolved in water (Fry, 1922) and lichen
compounds (Smith, 1921; Syers, 1964) have been implicated.
Jackson and Keller (1970) found that the weathering crust of lichencovered basalt was thicker than that of lichen-free basalt which indicates
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that chemical weathering is more intense in the presence of lichens. They
showed also that the lichen-covered weathering crust was much richer in
Fe and poorer in Si, Ti, and Ca, as compared to the lichen-free weathering
crust whose composition was much closer to that of the unaltered basalt.
The authors concluded that lichens played an important role in the chemical
weathering of basaltic lava flows in Hawaii.
Information on the synthesis of new mineral phases as a result of biogeo
chemical weathering caused by lichens has been presented in the literature.
Russian workers have pioneered this field (Jacks, 1953, 1965). Polynov
(1945) suggested that authigenic (secondary) quartz, montmorillonite, and
illite formed during the mineralization of lichen residues by synthesis from
the elements absorbed by the lichen. The colloid fraction of the weathering
crust below lichens, referred to as lichen dust by Russian workers, was found
to have a cation exchange capacity of 70-110 mEq/lOOgm, similar to that of
montmorillonite (Aidinyan, 1949). The identical silica:sesquioxide ratio
(1.3) of the colloid fraction and of the lichen ash, which was about half that
of the original rock, was indicative of a biological origin for the colloid
fraction (Aidinyan, 1949). The layer of lichen dust resulting from the action
of lichens apparently may be several millimeters in thickness (Polynov,
1945), suggesting that lichens are active agents in the accumulation of soilforming materials (Jacks, 1953). A rapid weathering of plagioclase feldspars
and the slight weathering of chlorite below lichens on syenite have been
reported by Yarilova (1950), who concluded that acid excretions from the
hyphae were largely responsible for the decomposition of the rock. Bachmann
(1904, 1907, 1911) and Jackson and Keller (1970) have demonstrated the
formation of authigenic oxides and hydrous oxides of Fe below lichen thalli.
Amorphous Fe compounds were formed by the decomposition of the garnet
of micaceous shales by Rhizocarpon geographicum (Bachmann, 1904).
Whereas hematite, a crystalline Fe oxide, was thought to be the only form of
Fe oxide present in a lichen-free weathering crust on basalt, a very poorly
crystalline Fe oxide gel was identified Γη lichen-covered weathering crusts
(Jackson and Keller, 1970). The fact that the latter mineral was associated
exclusively with lichens implies that it is biogenic.
In discussing the chemical and mineralogical changes in the substratum
caused by lichens, it is important to realize that dust particles from external
sources can be trapped by lichen thalli (Emerson, 1947), thus complicating
the interpretation of the data. Sufficient evidence has been presented, how
ever, to indicate that, in certain situations, lichens have a considerable effect
on the substratum and that this is due largely to biogeochemical weathering.
This process probably is accelerated by biogeophysical weathering which
increases the surface area of the substratum.
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IV. Plant Succession and Soil Development
A. Plant Succession

The classical concept of the role of lichens in plant succession envisages
the colonization of bare rock surfaces by crustose species which are replaced
by foliose species (Linnaeus, 1762; Clements, 1916; Braun, 1917; Plitt, 1927;
Weaver and Clements, 1938) and/or by mosses (Cooper, 1912; Braun, 1917;
Weaver and Clements, 1938; Kubiena, 1943). Emerson (1947) has asserted
that:
The crustose forms are the world's greatest pioneers. N o organism other than a crustose
lichen can maintain itself on a perfectly plane, clean rock surface
Without the
pioneering activities of crustose lichens other plants could b e c o m e established slightly
or not at all in many places.*

Other investigators, however, have concluded that lichens do not play a
significant role in plant succession (Oosting and Anderson, 1937; Keever
et al., 1951; Cooper and Rudolph, 1953; Winterringer and Vestal, 1956;
Palmer and Miller, 1961; Tezuka, 1961). Keever et al. (1951) indicated that
crustose and foliose lichens were always the first plants to colonize granite,
but in no case were they found to be essential to further plant development.
Similarly, Cooper and Rudolph (1953) reported that the presence of lichens
does not always indicate the beginning of plant succession and concluded
that the importance of lichens in plant succession has been exaggerated.
Many of the workers who consider that lichens play an insignificant part
in plant succession (and often soil development) have been concerned with
unconsolidated, transported geological material, such as volcanic ash,
glacial moraine, and tallus or scree. Cooper and Rudolph (1953) indicated
that volcanic ash from Mt. Ngauruhoe, New Zealand, could possibly act
as a substratum for vegetation " . . . without the necessary lichen-moss
stage." Palmer and Miller (1961) also found that gravel deposited by the
recession of the Rotmoos Gletschen, Austria, was colonized by dwarf
willow after one year of exposure of the gravel, whereas lichens were absent
for 13 years. Similar findings have been reported by Leach (1930) for the
colonization of unstable tallus slopes. Because the physical nature of unconsolidated materials is more favorable for the root development and
growth of higher plants than is a plane rock surface, it is not surprising that
lichens do not initiate plant succession on these materials (Syers, 1964). In a
study of the vegetation of the Faroe Islands, Ostenfeld (1906) distinguished
*From "Basic Botany" by F. W. Emerson. Copyright 1947, Blakiston. Used with the
permission of McGraw-Hill Book Company.
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between a lithophyte sere on bare rock surfaces, initiated by lichens and
mosses, and a chomophyte sere in rock crevices and scree, pioneered by
certain angiosperms. These two distinct habitats are often confused in the
literature relating to the role of lichens in plant succession and soil develop
ment. Although the role of lichens in plant succession remains a controversial
issue, consideration of the physical and perhaps the chemical nature of the
substratum may help to resolve much of the contradictory information
reported in the literature.
B. Nutrient

Accumulation

The ability of saxicolous lichens to accumulate nutrients is well established
in the literature (Lindsay, 1856; Smith, 1921; Polynov, 1945; Jacks, 1953,
1965; Smith, 1962), although the extent to which these nutrients are derived
from the substratum, rainwater, or atmospheric dust is not always clear.
Smith (1961) suggested that, because lichens frequently live in barren
habitats where the supply of nutrients is expected to be poor, the nutrition
of lichens must be a particularly important part of their physiology. He also
pointed out that it would not be surprising to find that lichens possess highly
efficient mechanisms for the accumulation of a range of elements from dilute
solutions. Available data indicate that lichens may accumulate large
amounts of several major (Polynov, 1945; Jacks, 1953,1965; Syers 1964) and
minor (Lounamaa, 1956; Maquinay et al., 1961) essential elements and
radioactive fallout cations (Gorham, 1958,1959; Tuominen, 1967,1968) (see
Chapter 6).
Although the chemical composition of the substratum exerts considerable
influence on the lichen species, the concentration by lichens of "organo
genic" elements, such as P, S, and K, was found to occur on acidic, basic, and
calcareous rocks (Bobritskaya, 1950). According to Smith (1962), lichens
may obtain nutrients from water that passes over the thallus. The greater
accumulation of radioactive fallout by lichens, compared to that by mosses
and angiosperms, was attributed (Gorham, 1959) to the greater surface area
per unit dry weight of lichen thalli.
Nitrogen fixation has been demonstrated in a few lichen species (Bond
and Scott, 1955; Scott, 1956; Millbank and Kershaw, 1969, 1970) which
contain blue-green algae. Because most lichens do not contain blue-green
algae, it is reasonable to assume that Ν is obtained from sources other than
Ν fixation (Smith, 1962). An early study (Salomon, 1914) showed that several
lichens could absorb both ammonium and nitrate Ν from culture media,
and Smith (1960) reported that simple organic Ν compounds were absorbed
rapidly by Peltigera polydactyla (see Chapter 9). Lichens may provide a
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TABLE I
ACCUMULATION OF N I T R O G E N ( N ) , PHOSPHORUS ( P ) , POTASSIUM
(K),

A N D IRON (Fe)

BY LICHENS G R O W I N G ON

LIMESTONE*

Ν

Ρ

Κ

Fe

Lichen species

(%)

C"g/gm)

C"g/gm)

C"g/gm)

Verrucaria sphinctrina
Caloplaca citrina
Aspicilia calcarea
Physcia caesia
Xanthoria
parietina

0.72
2.42
1.31
1.90
1.98

486
2000
695
1800
1320

1140
3990
1530
3250
3950

810
5020
2680
4140
3210

Limestone rock

trace

48

120

230

"Data of Syers (1964).

habitat for a group of oligonitrophile microorganisms involved in the Ν cycle
in primitive soils (Evdokimova, 1957; Stebaev, 1963). Shields (1957) reported
an average value of 4312 ^g/gm for the total Ν content of lichen crusts from
volcanic soils, the bulk of the Ν being in the amino form. Values for the total
Ν content of several lichen species growing on limestone are given in Table I.
The finding that lichens accumulate Ρ and transform the primary calcium
phosphate mineral, apatite, into forms which are available for the growth
of subsequent colonizing plant species has been reported by several Russian
workers (Bobritskaya, 1950; Lazarev, 1945; Polynov, 1945). Lazarev (1945)
studied the accumulation and transformation of Ρ on miaskitesandgneissic
granites and obtained a 400-fold increase in the Ρ content of Parmelia spp.
over that of the unweathered rock. The accumulation of Ρ by lichens growing
on limestone ranged from 10- to 400-fold relative to the unweathered sub
stratum (Table I). Lazarev (1945) also reported about 90-fold enrichment
of phosphorus in the fine-earth fraction below lichen thalli and concluded
that Ρ in this fraction occurred mainly as organic and Fe-bound phosphate.
In the "series of biological absorption" of nutrients constructed by Polynov
(1945), P, and possibly S, were regarded as being absorbed predominantly
during the lichen stage of plant successsion and soil development. Russian
workers (Jacks, 1953, 1965) have indicated that other elements, such as Mg,
Ca, K, and Fe are accumulated by lichens and converted to forms which are
available to higher plants. These studies have assumed that the elements are
derived from the substratum. The ability of lichens to accumulate Κ and Fe
is evidenced by the data in Table I. Bobritskaya (1950) also found that
Parmelia spp. accumulated large amounts of Fe.
The occurrence of high concentrations of Zn, Cd, Pb, and Sn in lichens
is particularly interesting since higher plants have a low tolerance of these
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elements. Lounamaa (1956) found exceptionally high concentrations of
these elements in several lichens but less Mn and Β than in higher plant
species collected from the same area. The unusually high content of Zn
(3300//g/gm) in Stereocaulon nanodes (Maquinay et al., 1961) suggests that
this metal exists in a complexed, less toxic form within the thallus.
Whether or not nutrients are derived from the substratum, rainwater,
or atmospheric dust, it is apparent that lichens can accumulate several
elements that are probably essential for the growth of mosses and higher
plants. The accumulation of Ρ by lichens is significant, because of the
elements present in soil organic matter (C, Η, Ο, N, S, and Ρ), Ρ frequently
limits organic matter accumulation during soil development (Walker, 1965).
C. Soil

Development

The accumulation of primitive or "lithomorphic" soils below saxicolous
lichens is well documented (Linnaeus, 1762; Lindsay, 1856; Clements, 1916;
Plitt, 1927; Weaver and Clements, 1938; Polynov, 1945; Emerson, 1947;
TarguPyan, 1959). Microorganisms and insects feed on living and dead
lichen thalli and utilize the solar energy stored by the lichens during photo
synthesis (Jacks, 1965). Organic acids produced during the decomposition
of the organic material are probably also involved in the attack of primary
minerals (Kononova et al, 1964; Ilyaletdinov, 1969) and this accelerates
biogeochemical weathering. The ability of lichens to trap atmospheric dust
has been observed by several workers (Salomon, 1914; Trumpener, 1926;
Weaver and Clements, 1938; Emerson, 1947). It has been suggested that the
atmospheric dust which lodges on the surface of the thallus becomes mixed
with organic matter produced by decomposition of the thallus (Emerson,
1947) and with particles of the underlying rock which are detached by
biogeophysical and altered by biogeochemical weathering processes (Syers,
1964). Polynov (1945) discussed the formation of organomineral particles
below lichens; a process which, according to Jacks (1965), may be the first
manifestation of the unique and most characteristic feature of soil formation.
The formation of a primitive soil below lichens has several significant
consequences. Nutrients, particularly P, S, Mg, Ca, and K, which are fre
quently essential to other plants that may replace lichens, are stored in an
available or potentially available form (Syers, 1964; Jacks, 1965). The
development of cation exchange capacity and the production of exchange
able cations, such as Ca, has been reported by Aidinyan (1949). The retention
of cations and anions by the exchange complex should retard losses by
leaching. Water-holding capacity should increase because of the accumula
tion of organomineral material and this may provide a more favorable
habitat for the development of plants such as mosses.
The slow growth rate and longevity of lichens are frequently held as
objections to their role in soil development (Cooper and Rudolph, 1953;
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Hale, 1961). If it is held that lichens initiate plant succession and soil
development in certain situations, such as plane rock surfaces, the slow rate
of growth of lichens does not preclude their ability to function as biogeo
physical and biogeochemical weathering agents, to accumulate nutrients,
and to be responsible for the accumulation of organomineral material. In
such situations soil formation is itself a rather slow process.
V. Conclusions

Lichens can be important agents in the biogeophysical and biogeochemical
weathering of minerals and rocks and, in certain situations, may play an
important role in plant succession and soil development.
Rhizine penetration and thallus expansion and contraction cause
mechanical disintegration of the substratum. Biogeophysical processes
influence biogeochemical weathering by contributing to an increase in
the surface area of the substratum.
The significance in biogeochemical weathering of hydrogen ions furnished
by the dissolution of C 0 in water is unknown but is expected to be small.
Similarly, oxalic acid produced by lichens is probably of minor importance
in biogeochemical weathering. Lichen compounds have a low but significant
solubility in water, consistent with the antimicrobial properties of certain
compounds. Soluble metal complexes are formed when lichen compounds
are allowed to react with minerals and rocks in the laboratory. The forma
tion of such complexes does not appear to have been demonstrated in the
field. Chemical and mineralogical changes in the substratum below lichen
thalli indicate that biogeochemical weathering occurs under field conditions.
These effects are readily seen below lichens on limestone.
Consideration of the physical nature of the substratum is essential to an
evaluation of the contradictory information in the literature on the role of
lichens in plant succession and soil formation. Lichens accumulate several
elements, frequently in large amounts. The accumulation of Ν, P, and S is
particularly significant because these elements are stored in an available or
potentially available form and can be used by mosses and higher plants which
may replace lichens during soil development.
The mixing of organic matter from the decay of the thallus, mineral
particles detached from the substratum, and atmospheric dust trapped by the
thallus may produce a primitive or lithomorphic soil.
2

Acknowledgments
Our research has been supported by the College of Agricultural and Life Sciences, University
of Wisconsin, Madison. The cooperation of Professor N . A . Krassilnikov, Institute of Micro
biology of the U.S.S.R., Moscow, in providing microfilms of many of the Russian scientific
articles is greatly appreciated.

244

J. Κ. SYERS AND I. K. ISKANDAR

References
Adams, M. S. (1971). Effects of drying at three temperatures on carbon dioxide exchange of
Cladonia rangiferina (L.). Photosynthetica 5, 124-127.
Aidinyan, R. Kh. (1949). Exchange of substances and the formation of mineral colloids in the
primary stages of soil formation on massive-crystalline rocks. Dokl. Akad. Nauk SSSR
67, 7 2 9 - 7 3 1 .
Asahina, J., and Shibata, S. (1954). "The Chemistry of Lichen Substances." Ueno, Tokyo.
Bachmann, E. (1904). Die Beziehungen der Kieselflechten zu ihrem Substrat. Ber Deut. Bot.
Ges. 22, 101-104.
Bachmann, E. (1907). Die Rhizoidenzone Granitbewohen der Flechten. Jahrb. Wiss. Bot.
44, 1-5.
Bachmann, E. (1911). Die Beziehungen der Kieselflechten zu ihrem Unterlage. III. Granit und
Quartz. Ber. Deut. Bot. Ges. 27, 2 6 1 - 2 7 3 .
Bachmann, E. (1923). Untersuchungen uber den Wasserhaushalt einiger Felsenflechten.
Jahrb. Wiss. Bot. 62, 2 0 - 6 4 .
Bachmann, E. (1928). Die Beziehungen der Knochenflechten zu ihrem Unterlage. Ber. Deut.
Bot. Ges. 46, 291-297.
Beschel, R. E. (1965). Epimetric succession and lichen growth rates in the eastern Near Arctic.
Abstr. Int. Quaternary Congr., Denver, Colorado, p. 25.
Bloomfield, C. (1951). Experiments on the mechanism ofgley formation. J. Soil Sci. 2 , 1 9 6 - 2 1 1 .
Bobritskaya, M. A. (1950). Absorption of mineral elements by lithophyllic vegetation on
massive crystalline rocks. Tr. Pochv. Inst., Akad. Nauk SSSR 34, 5-27.
Bond, G., and Scott, G. S. (1955). An examination of some symbiotic systems for fixation of
nitrogen. Ann. Bot. (London) [N.S.] 19, 6 9 - 7 7 .
Braconnot, H. (1825). De la presence de l'oxalate de chaux dans le regne mineral; existence
du meme sel en quantite enorme dans les plantes de la famille des Lichens, et moyen
avantageux d'en extraire l'acide oxalique. Ann. Chim. Phys. [2] 28, 318-322.
Brammall, Α., and Leech, J. G. C. (1943). Rock weathering: Main processes and end-products.
Sci. J. Roy. Coll. Sci. 13, 4 6 - 5 8 .
Braun, E. L. (1917). The vegetation of conglomerate rocks of the Cincinnati region. Plant
World 20, 380-392.
Burkholder, P. R., Evans, A. W., McWeigh, I., and Thornton, Η. K. (1944). Antibiotic activity
of lichens. Proc. Nat. Acad. Sci. U.S. 30, 250-255.
Bustinza, F. (1951). Antibacterial substances from lichens. Endeavour 10, 9 5 - 9 9 .
Clements, F. E. (1916). "Plant Succession." Carnegie Institute, Washington, D. C.
Cooper, R., and Rudolph, E. D. (1953). The role of lichens in soil formation and plant succesion.
Ecology 34, 805-807.
Cooper, W. S. (1912). The ecological succession of mosses as illustrated upon Isle Royale,
Lake Superior. Plant World 15, 197-213.
Culberson, C. F. (1969). "Chemical and Botanical Guide to Lichen Products." Univ. of North
Carolina Press, Chapel Hill.
Culberson, W. L. (1970). Chemosystematics and ecology of lichen-forming fungi. Annu. Rev.
Ecol. Syst. 1, 153-170.
Davies, R. L, Coulson, C. B., and Lewis, D. A. (1960). Polyphenols in soil profile development.
Proc. Roy. Dublin Soc, Ser. A.I, pp. 183-189.
Duff, R. B., and Webley, D. M. (1959). 2-Ketogluconic acid as a natural chelator produced by
soil bacteria. Chem. Ind. (London) pp. 1376-1377.
Emerson, F. W. (1947). "Basic Botany." McGraw-Hill (Blakiston), N e w York.
Euler, H. (1908). "Grundlagen und Ergebnisse der Pflanzenchemie." Vieweg, Braunschweig.

7. P E D O G E N E T I C S I G N I F I C A N C E O F

LICHENS

245

Evdokimova, Τ. I. (1957). Soil formation processes on metamorphic rocks of Karelia. Pochvovedenie 9, 6 0 - 6 9 .
Fry, E. J. (1922). Some types of endolithic limestone lichens. Ann. Bot. (London) 36, 541-562.
Fry, E. J. (1924). A suggested explanation of the mechanical action of lithophytic lichens on
rocks (shale). Ann. Bot. (London) 38, 175-196.
Fry, E. J. (1927). The mechanical action of crustaceous lichens on substrata of shale, schist,
gneiss, limestone, and obsidian. Ann. Bot. (London) 4 1 , 4 3 7 - 4 6 0 .
Gannutz, T. P. (1970). Photosynthesis and respiration of plants in the Antarctic Peninsula
area. Antarctic J. 5, 4 9 - 5 1 .
Ginzburg, I. I., Yashina, R. S., Matveyeva, I. Α., Beletskiy, V. V., and Nuzhdelovskaya, T. S.
(1963). Decomposition of certain minerals by organic substances. Chemistry of the earth's
crust. I. Trans. Geochem. Conf. 100th Ann. Acad. V. I. Vernadskiy Izd. Akad. Nauk SSSR.
Goeppert, H. R. (1860). Uber der Einfluss der Pflanzen auf FelsigerUnterlage.F/orfl(7^fl) 11,
161-171.
Gorham, E. (1958). Accumulation of radioactive fall-out by plants in the English Lake
District. Nature (London) 181, 1523-1524.
Gorham, E. (1959). A comparison of lower and higher plants as accumulators of radioactive
fall-out. Can. J. Bot. 37, 327-329.
Guembel, G. W. (1856). Cited by Smith (1921).
Hale, Μ. E., Jr. (1961). "Lichen Handbook." Smithsonian Institute, Washington, D . C.
Haynes, F. N . (1964). Lichens. Viewpoints Biol. 3, 6 4 - 1 1 5 .
Henderson, Μ. Ε. K., and Duff, R. B. (1963). The release of metallic and silicate ions from
minerals, rocks and soils by fungal activity. J. Soil Sci. 14, 2 3 6 - 2 4 6 .
Henningsson, B., and Lundstrom, H. (1970). The influence of lichens, lichen extracts, and
usnic acid on wood destroying fungi. Mater. Organismen 5, 19-31.
Henriksson, E. (1957). Physiol. Plant. 10, 943 (cited by Schatz, 1963).
Ilyaletdinov, A. N . (1969). Participation of microorganisms in the weathering of rocks. Izv.
Akad. Nauk SSSR, Ser. Biol. 3, 4 2 0 - 1 2 7 .
Iskandar, I. K., and Syers, J. K. (1971). Solubility of lichen compounds in water: Pedogenetic
implications. Lichenologist 5, 4 5 - 5 0 .
Iskandar, I. K., and Syers, J. K. (1972). Metal complex formation by lichen compounds.
J. Soil Sci. 23, 255-265.
Jacks, G. V. (1953). Organic weathering. Sci. Progr. (London) 41, 301-305.
Jacks, G. V. (1965). The role of organisms in early stages of soil formation. In "Experimental
Pedology" (E. G. Hallsworth and D . V. Crawford, eds.), pp. 219-226. Butterworth,
London.
Jackson, Τ. Α., and Keller, W. D . (1970). A comparative study of the role of lichens and
"inorganic" processes in the chemical weathering of recent Hawaiian lava flows. Amer.
J. Sci. 269, 4 4 6 ^ 6 6 .
Joffe, J. S. (1949). "Pedology." Pedology Publications, N e w Brunswick.
Jones, R. J. (1959). Lichen hyphae in limestone. Lichenologist 1, 119.
Keever, C , Oosting, H. J., and Anderson, L. E. (1951). Plant succession on exposed granite
of Rocky Face mountain, Alexander County, North Carolina. Bull. Torrey Bot. Club 78,
401-421.
Keller, W. D . (1957). "The Principles of Chemical Weathering." Lucas Brothers, Columbia,
Missouri.
Kononova, Μ. M. (1966). "Soil Organic Matter." Pergamon, Oxford.
Kononova, Μ. M., Aleksandrova, I. V., and Titova, N . A. (1964). Decomposition of silicates
by organic substances in the soil. Pochvovedenie. 10, 1005-1014.
Kubiena, W. (1943). Contributions to the science of soil development: Development and
classification of the Rendzinas. Bodenk. Pflanzenernaehr. 29, 108-119.

246

J. Κ. S Y E R S A N D I. K.

ISKANDAR

Laakso, P. V., Gustafsson, M., and Virtanen, Ο. E. (1952). The antibiotic activity and color
reactions with ferric chloride of some Finnish lichens. Suom. Kemistilehti Β 25, 10-14.
Lange, V. O. L. (1969). Experimentell-okologische Untersuchungen an Flechten derNegevWuste. I. C 0 - G a s w e c h s e l von Ramalina maciformis (Del.) Bory unter knotrollierten
Bedingungen im Laboratorium. Flora (Jena), Abt. Β 158, 324-359.
Lazarev, A. A. (1945). The accumulation and transformation of phosphorus on miaskites and
granite-gneisses in the earliest stages of soil formation. Pochvovedenie 7, 340-347.
Leach, W. (1930). A preliminary account of the vegetation of some non-calcareous British
screes. J. Εcol. 18, 321-332.
Levin, F. M. (1949). The role of lichens in the weathering of limestone and diorites. Vertin.
Mosk. Gos. Univ. 9, 149-159.
Lindsay, W. L. (1856). "A Popular History of British Lichens." Lovell-Reeve, London.
Linnaeus. (1762). "Amoenitates Academicae Holmiae," 2nd ed., Vol. 11, pp. 1-52 (cited by
Smith, 1921 p. 392).
Lounamaa, J. (1956). Trace elements in plants growing wild on different rocks in Finland,
a semi-quantitative spectrographic study. Arch. Soc. Zool. Bot. Fenn. "Vanamo" 39,
1-196.
Malicki, J. (1965). The effect of lichen acids on the soil microorganisms. I. The washing
down of the acids into the soil. Ann. Univ. Mariae Curie-Sklodowska,
Sect.
C20,239-248.
Maquinay, Α., Lamb, I. M., Lambinon, J., and Ramaut, J. L. (1961). Dosage du zinc chez
un lichen calaninaie Beige: Stereocaulon
nanodes tunk tyrolience (nyl) M. Lamb.
2

Physiol. Plant. 14, 284-289.
Martell, A. E., and Calvin, M. (1952). "Chemistry of the Metal Chelate Compounds."
Prentice-Hall, Englewood Cliffs, N e w Jersey.
Mellor, E. (1922). Les lichens vitricoles et la deterioration de vitraux d'eglise. Rev. Gen.
Bot. 4 0 1 ^ 0 2 .
Mellor, E. (1923). Lichens and their action on the glass and leadings of church windows.
Nature (London) 112, 2 9 9 - 3 0 1 .
Millbank, J. W., and Kershaw, K. A. (1969). Nitrogen metabolism in lichens. I. Nitrogen
fixation in the cephalodia of Peltigera aphthosa. New Phytol. 68, 721-729.
Millbank, J. W., and Kershaw, K. A. (1970). Nitrogen metabolism in lichens. III. Nitrogen
fixation by internal cephalodia in Lobaria pulmonaria. New Phytol. 69, 595-597.
Mitchell, B. D., Birnie, A. C , and Syers, J. K. (1966). The thermal analysis of lichens growing
on limestone. Analyst 91, 783-789.
Nikiforoff, C. C. (1935). Weathering and soil formation. Trans. Int. Congr. Soil Sci., 3rd, 1935.
Vol. 1, pp. 324-326.
Oosting, H. J., and Anderson, L. E.( 1937). The vegetation of a bare-faced cliff in western North
Carolina. Ecology 18, 280-292.
Ostenfeld, C. H. (1906). "Botany of the Faroes." Munksgaard, Copenhagen.
Paine, S. G., Lingood, F. V., Schimmer, F., and Thrupp, T. C. (1933). The relationship of
microorganisms to the decay of stone. Phil. Trans. Roy. Soc. London, Ser. Β 2 2 2 , 9 7 - 1 2 7 .
Palmer, W. H., and Miller, A. K. (1961). Botanical evidence for the recession of a glacier.
Oikos 12, 7 5 - 8 6 .
Perez-Llano, G. A. (1944). Lichens: Their biological and economical significance. Bot. Rev.
10, 2 - 6 5 .
Plitt, C. C. (1927). Succession in lichens. Bryologist 30, 1-4.
Poelt, J., and Baumgartner, H. (1964). Uber Rhizinenstrange bei placodialen Flechten.
Oesterr. Bot. Z. I l l , 1-18.
Polynov, Β. B. (1945). The first stages of soil formation on massive crystalline rocks. Pochvove
denie 7, 325-339.

7. P E D O G E N E T I C S I G N I F I C A N C E O F

LICHENS

247

Ried, A. (1960). Thallusbau und Assimilationshaushalt von Laub- und Krustenflechten. Biol.
Zentralbl. 79, 129-151.
Salomon, H. (1914). Uber das Vorkommen und die Aufnahme einiger wichtigen Nahrsalze bei
den Flechten. Jahrb. Wiss. Bot. 54, 309-354.
Salter, J. W. (1856). On some reactions of oxalic acid. Chem. Gaz. 14, 130-131.
Schatz, A. (1963). Soil microorganisms and soil chelation. The pedogenic action of lichens and
lichen acids. J. Agr. Food Chem. 1 1 , 1 1 2 - 1 1 8 .
Schatz, Α., and Martin, J. J. (1960). Destruction of bone and tooth by proteolysis-chelation.
Its inhibition by fluoride and application to dental caries. N.Y. J. Dent. 30, 124-134.
Schatz, Α., Cheronis, N . D . , Schatz, V., and Trelawny, G. S. (1954). Chelation (sequestration)
as a biological weathering factor in pedogenesis. Proc. Pa. Acad. Sci. 28, 4 4 - 5 1 .
Schatz, V., Schatz, Α., Trelawny, G. S., and Barth, K. (1956). Significance of lichens as
pedogenic (soil-forming) agents. Proc. Pa. Acad. Sci. 30, 6 2 - 6 9 .
Schmid, G. (1929). Endolithische Kalkflechten und Schneckenfrass. Biol. Zentralbl. 4 9 , 2 8 - 3 5 .
Schulert, A. R. (1962). Strontium-90 in Alaska. Science 136, 146-148.
Scott, G. D . (1956). Further investigations of some lichens for fixation of nitrogen. New
Phytol. 55, 111-116.
Shields, L. M. (1957). Algal and lichen floras in relation to nitrogen content of certain volcanic
and arid range soils. Ecology 38, 6 6 1 - 6 6 3 .
Smith, A. L. (1921). "Lichens." Cambridge Univ. Press, London and N e w York.:
Smith, D . C. (1960). Studies in the physiology of lichens. 2. Absorption and utilization of
some simple organic nitrogen compounds by Peltigera polydactyla. Ann. Bot. (London)
[N.S.] 24, 172-185.
Smith, D . C. (1961). The physiology of Peltigera polydactyla. Lichenologist 1, 209-226.
Smith, D . C. (1962). The biology of lichen thalli. Biol. Rev. Cambridge Phil. Soc. 37, 537-570.
Sollas, W. J. (1880). On the action of a lichen on limestone. Brit. Ass. Advan. Sci., Rep.
p. 586.
Stebaev, I. V. (1963). Cited by Jacks (1965).
Stoll, Α., Brack, Α., and Renz, J. (1947). Die antibakerielle Wirkung der Usinsaure auf
Mykobakterien und andere Mikroorganismen (Funfte Mitteilung uber antibakterielle
Stoffe.). Experientia 3, 115-116.
Subbotina, E., and Timofeev-Resovskii, Ν . V. (1961). The accumulation of some dispersed
elements in water solutions by scale lichens. Bot. Zh. (Leningrad) 46, 2 1 7 - 2 2 1 .
Swindale, L. D . , and Jackson, M. L. (1956). Genetic processes in some residual
podzolised soils of N e w Zealand. Trans. Int. Congr. Soil Sci., 6th, I960, Vol. 4, pp.
233-239.
Syers, J. K. (1964). A study of soil formation on carboniferous limestone with particular
reference to lichens as pedogenic agents. P h . D . Thesis, University of Durham, England.
Syers, J. K. (1969). Chelating ability of fumarprotocetraric acid and Parmelia conspersa. Plant
Soil 31, 205-208.
Syers, J. K., Birnie, A. C , and Mitchell, B. D . (1967). The calcium oxalate content of some
lichens growing on limestone. Lichenologist 3, 4 0 9 - 4 1 4 .
Targul'yan, V. O. (1959). The first stages of weathering and soil formation on igneous rocks in
the Tundra and Taiga zones. Pochvovedenie 11, 1287-1296.
Tezuka, Y. (1961). Development of vegetation in relation to soil formation in the volcanic
island of Oshima, IZV, Japan. Jap. J. Bot. 17, 3 7 1 - 4 0 1 .
Triimpener, E. (1926). Uber die Bedeutung der Wasserstoffionenkonzentration fur die
Verbreitung von Flechten. Beih. Bot. Zentralbl. 42, 321-354.
Tuominen, Y. (1967). Studies on the strontium uptake of the Cladonia alpestris thallus. Ann.
Bot. Fenn. 4, 1-28.

248

J. Κ. SYERS AND I. K. ISKANDAR

Tuominen, Y. (1968). Studies on the translocation of cesium and strontium ions in the thallus
of Cladonia alpestris. Ann. Bot. Fenn. 5, 102-111.
Uloth, W. (1861). Beitrage zur Flora der Laubmoose und Flechten von Kurhessen. Flora
(Jena) 44, 565.
Wachtmeister, C. A. (1958). Studies on the chemistry of lichens. Sv. Kern. Tidskr. 7 0 , 1 1 7 - 1 3 3 .
Walker, T. W. (1965). The significance of phosphorus in pedogenesis, in "Experimental
Pedology" (E. G. Hallsworth and D . V. Crawford, eds.), pp. 295-316. Butterworth,
London.
Weaver, J. E., and Clements, F. E. (1938). "Plant Ecology." McGraw-Hill, N e w York.
Winterringer, G. S., and Vestal, A. G. (1956). Rock-ledge vegetation in southern Illinois.
Ecol. Monogr. 26, 105-130.
Yarilova, E. A. (1950). Transformation of syenite minerals during the early stages of soil
formation. Tr. Pochv. Inst., Akad. Nauk. SSSR 34, 110-142.
Zopf, W. (1907). "Die Flechtenstoffe in chemischer, botanischer, pharmakologischer und
technischer Beziehung." Fischer, Jena.

