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I. Historical

It is over 100 years since Nylander (1866) suggested that the absence of
lichens in the outskirts of the Jardins de Luxembourg in Paris was due to air
pollution originating from the surrounding buildings. Since then similar and
increasingly extensive examples of lichen deterioration have been observed
around towns and industrial complexes all over the world.
The early work was done in Europe, especially Scandinavia, but since the
last war detailed accounts have come from cities as far apart as Montreal,
New York, Christchurch, Caracas, London, and Zagreb, indeed, wherever
damage has been looked for. The recent concern with all forms of pollution
has stimulated research into the use of lichens as indicators of air pollution
and there is now a large literature on the subject.
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The nineteenth-century observers simply noted a decline in the abundance
and luxuriance of epiphytic lichens as towns were approached. Early floras
and the journals of many local natural history societies in Britain carried
comments of which the following are typical. Grindon, writing about lichens
in his "Manchester Flora" (1859), stated, "the quantity has been much
lessened of late years through the cutting down of old woods and the influx of
factory smoke, which appears to be singularly prejudicial to these lovers of
pure atmosphere." In 1879 the Rev. W. Johnson visited Gibside woods 7.5 km
from Newcastle on Tyne and on his return wrote, "The lichens which flourished here in the fine condition spoken of by Winch (1831) have perished and
this obviously from the pollution of the atmosphere by the smoke and fumes
of Tyneside and the collieries of the surrounding district."
Sernander (1912, 1926) appears to have been the first worker to make a
critical study of the lichens around a town. Working in the Stockholm
region, chiefly on epiphytes, he recognized a central lichen desert (lavdken),
a struggle zone (kampzon) where lichens covered up to half the surface of the
trunks, and an outer normal zone (normalzon). Haugsja (1930) mapped
Sernander's zones in Oslo, but Vaarna (1934) working in Helsinki found it
necessary to divide the struggle zone into an inner stunted foliose lichen zone
(with Hypogymnia physodes marking its inner limit) and an outer stunted
fruticose lichen zone (with Evernia prunastri forming the boundary between
the two). So, by 1934, detailed maps had been prepared for the three
Scandinavian capitals Stockholm, Oslo, and Helsinki, which must be
regarded as forming the classic ground; this reflects the advanced state of
lichen ecology in those countries at that time.
Soon, similar maps and town studies were being produced all over Europe.
Vareschi in Zurich (1936) and Caracas (1953), Felfoldy in Debrecen (1942),
Sauberer in Vienna (1951), Barbalic in Zagreb (1953), Mattick in Danzig and
Dresden (1937), Almborn in Lund (1943), and many others all reported a
zoned pattern of deterioration similar to that in the type area.
Jones (1952), faced with the vast and poorly demarcated conurbation of
Birmingham, made a careful study of lichens along a 64-km transect cutting
through the center of the city. He found that the drop in diversity as the town
was approached started a long way out and was continuous and that extinction depended partly on features such as growth form and species of tree
examined. Fenton (1960) later used the same technique around Belfast in
Ireland.
By now workers were mostly confirming the same pattern and from a
research point of view the subject was not progressing. In 1958 Barkman
reviewed the subject and increased the scale of operations by producing a
map of epiphyte deserts throughout Holland which showed how much they
had increased in size this century. He used Vaarna's definition of a desert—
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an area from which foliose and fruticose lichens are absent—and was sur
prised at their size. The limits of the Scandinavian ones often lay in the outer
suburbs of the city, but in Holland they extended over large areas of rural
countryside. In 1958 Skye extended our knowledge by publishing the first
account from around an isolated factory, in this case an oil-shale works at
Kvarntorp, Sweden.
Throughout this period it was gradually becoming clear that sulfur dioxide
(S0 ) was the pollutant involved in the formation of lichen deserts, and an
important advance was made when Tallis (1964), Fenton (1964), Skye (1964),
and Gilbert (1965) felt able to attach tentative S 0 levels to some of the
boundaries they were mapping. Rydzak (1958, 1968) and Rydzak and
Krysiak (1970), however, maintained that drought, not toxic gases, was
responsible for the deserts. Surprisingly, most studies were still concerned
only with epiphytes where the pollution effect is seen at its most spectacular,
but Gilbert (1965) working in Newcastle and Laundon (1967) working in
London studied the entire lichen flora of their regions in equal detail.
By now important papers were coming thick and fast as authors started to
specialize in certain aspects of lichen/pollution relationships. LeBlanc (1969)
studied damage around the huge isolated point sources of S 0 represented
by iron- and nickel-sintering plants at Wawa and Sudbury in Canada. Skye
(1968), Laundon (1970), and Gilbert (1968a, 1970a) became interested in the
way the environment could apparently modify the effects of S 0 ; Martin and
Jacquard (1968) studied the effects of fluorine and calcium oxide dust on
lichens in the Romanche Valley; while on the other side of the Atlantic Nash
(1971) was examining the effects of ΗF in rural Pennsylvania. The first
accounts of the reinvasion of lichen deserts following declining S 0 levels
were prepared by Skye and Hallberg (1969) and Pyatt (1970), while Brodo
(1961), Schonbeck (1969), and LeBlanc et al. (1971) developed several types
of transplant experiment. At last detail was being filled in and questions
being answered by well-designed experiments instead of well-meaning
speculation. This prepared the way for the first biological scales for the
estimation of air pollution (Gilbert, 1970b; Hawksworth and Rose, 1970).
In the last few years papers reporting on the physiological and biochemical
effects of S 0 have appeared. A subject which has till recently been the pre
serve mainly of the field botanist and ecologist is now moving into the labora
tory.
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II. Lichen Deserts

The lichen deserts so far studied are broadly similar; therefore general
principles will be elucidated and followed by a comparison on a world scale
to highlight floristic variation.
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General

Features

A rapid method of investigating lichen deterioration around a town or
city is to examine a series of strictly standardized habitats along a belt
transect stretching upwind from the center of pollution. This enables species
to be placed in an approximate order of tolerance and at the same time the
effect of substratum on survival can be studied. The results of such a transect
(Fig. 1) shows the number of species of lichen gradually falling off in each
habitat with increasing pollution until in the city center only a few remain.
Though diversity in all habitats is strongly affected, sensitive species are seen
to disappear first from trees and then sandstone walls, while asbestos roofs
retain their flora the longest. Thus the behavior of lichens in polluted areas
is to some extent governed by the nature of the substratum. That the enhanced
survival on basic substrata such as asbestos is a product of the habitat rather
than innate in the species which colonize them is indicated by Physcia tenella,
Xanthoria parietina, and Lecanora dispersa coming in 10, 11, and 13 km
further on asbestos than on the boles of the ash trees.
Despite the variety of growth form displayed by lichens the process of
extinction is strikingly similar. Diminishing luxuriance is followed sooner

FIG. 1. Transect showing h o w the number of lichens growing on the top of sandstone
walls, on asbestos roofs and on "standard" ash trees decline as Newcastle is approached
from the West. (From Gilbert, 1965.)

447

13. LICHENS AND AIR POLLUTION

Distance (in miles)
FIG. 2. Some changes in the lichen cover of ash trees moving away from Newcastle to the
West. E(W), biomass (oven dry weight) of Evernia prunastri; E(c), cover of Evernia prunastri;
L. con.(c), cover of Lecanora conizaeoides. (From Gilbert, 1969.)

or later (Xanthoria parietina, Physcia
(LeBlanc and DeSloover, 1970) by a depression of fruiting. At
their inner limit all species are sterile, compact, and individuals tend to be
small with a low cover. The gradual suppression of Evernia prunastri is illustrated in Fig. 2, which shows how biomass and percentage cover start to
decrease long before the species is eliminated.
Centers of old industrial towns support very few species and in the areas
of highest pollution acid stone and trees remain completely uncolonized.
In Britain the only common town lichens are Lecanora dispersa, Candelariella
aurella, Lecania erysibe, and a few others, all on asbestos or similar calcareous
substrata; Lecanora conizaeoides (L. pityrea) on acid stone and tree bases;
and occasional Cladonia spp. in sheltered localities. These species which
show an enhanced resistance to air pollution are of great interest to lichenologists but remain little studied. Figure 2 shows how L. conizaeoides increases
in abundance as a town is approached. Where the last sensitive lichen becomes eliminated it reaches its maximum cover and its thallus is thicker and
more luxuriant than at any other point on the transect.
Around the edge of most habitat deserts is a zone in which certain species
show a mild form of this distribution; thus, in England, Parmeliopsisambigua,
Cetraria chlorophylla and Buelliapunctata appear to be enjoying an enhanced
abundance and ecological amplitude around the edge of towns compared to
unpolluted areas and compared with their distribution last century.
London and Stockholm probably possess the most exhaustively studied
lichen floras to date. Laundon (1970) included detailed habitat surveys in
his study and reports the following preferences for London's 71 lichens
(give in the tabulation on p. 448).
(Parmelia

millegrana

sulcata, Evernia prunastri)
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Substrata
Calcareous stone
Acid stone
Acid soil
Bark
Wood
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Total

Percentage

15

68
30
21

9
8

13
11

48
21

Habitats
Woods
Parks
Heaths and c o m m o n s
Churchyards and cemetries
Old brickwalls
Private gardens
Sewerage farms
Reservoirs
Bombed sites
Asbestos roofs

Total

Percentage

8
29
17

11
41
24

46
32
24
21
11
1
11

65
45
34
30
15
2
15

His substrate study supports the well-known fact that air pollution has
a much greater adverse effect on corticolous communities than those on
other types of substratum and confirms the relative tolerance of acid-soil
species. His list ascribing the present lichen flora to different habitats is so
far unique among city studies and has highlighted the importance of churchyards and cemeteries as refugia for lichens in the built environment.
Stockholm has lower levels of air pollution than London, and this enabled
Skye to carry out detailed work on the extinction of epiphytes. He found
that while most species decline steadily as the town is approached, there is
a ring around the heart of the city where Bacidia chlorococca, Hypogymnia
physodes, Lecanora conizaeoides, Lecidea scalaris, and Lepraria incana have
an enhanced abundance and then decline in frequency towards the outlying
districts. A little further out was another zone in which certain of the species
which penetrate only moderately deeply into the city also show an increased
frequency compared to rural areas. Among these are Cladonia coniocraea,
Cetraria glauca, C pinastri, Physcia dubia, and Parmeliopsis ambigua. This
type of distribution becomes apparent only after careful recording on
standard trees and is not shown by every species on all types of tree, e.g., it
is strongly displayed by Hypogymnia physodes on Fraxinus but not on Pinus

This is a classic example of how plant communities adapt to
adverse conditions by simplification and the selection of new dominants.
The size and shape of an area affected by pollution can be discovered
rapidly (and cheaply) by mapping indicator species. Ideally these should be
widespread, easy to recognize, have shown a sharp extinction point in
any transect studies. To obtain meaningful maps it is important to carefully
standardize the habitats examined as field observations suggest that sheltered
sites, sites subject to nutrient flushing, species of tree, and even position on
tree can have a pronounced effect on survival. By using different species and
varying the substratum it is possible to determine a boundary at almost any
sylvestris.
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FIG. 3 . Map of Lower Tyne Valley and adjacent areas showing the continuously built-up
area (gray) surrounded by concentric deserts. Wind star for Newcastle 1 9 6 0 - 1 9 6 4 . (From
Gilbert, 1 9 6 9 . )

distance from a conurbation. The pioneers usually mapped the inner limit of
foliose lichens on trees, but other parameters can be used as Fig. 3 shows.
Here the shape of the zones is of interest as they keep more or less parallel,
providing information on the steepness of the pollution gradient.
B.

Urban Areas: A World

Picture

A lack of data makes it impossible to compare lichen deserts on a truly
worldwide scale. There are, however, enough studies from Europe and
North America to make it clear that in these areas the zoning of epiphytes
(the only widely studied group) is outstandingly similar.
The biggest disparity in temperate latitudes is between cities with and
without Lecanora conizaeoides. Where it is well established this lichen is
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conspicuously more resistant than any other epiphyte and forms dense pure
stands. This species, which appears to have been first collected about the
middle of the nineteenth century in England (Laundon, 1967), is now
expanding vigorously to fill up the lichen deserts of Europe. Brightman
(1964) mentions it from Norway, Sweden, Germany, Holland, and Belgium
and it has recently been reported from New Zealand (P. W. James, private
communication), Newfoundland (Ahti, 1965), and Iceland (Bailey, 1968). In
areas where it is not yet known to occur, such as Montreal (LeBlanc and De
Sloover, 1970) and New York (Brodo, 1966), the small leprose lichen Bacidia
chlorococca often replaces it as the most resistant corticolous species, and in
the more continental parts of Europe Lecanora hageni has been reported as
filling this role, as in Oslo (Haugsa, 1930) and Austria (Beschel, 1958). There
is, however, some uncertainty about the exact identity of the latter species
(Skye, 1968).
Workers are agreed that over much of Europe the most resistant epiphytic
foliose lichen is Hypogymnia physodes, closely followed by Parmelia sulcata
and Physcia tenella (including P. adscendens). The upper end of a generalized
list of increasing sensitivity runs L. conizaeoides/Buellia punctata, Cladonia
coniocraea (tree bases), Lecanora expallens, Leparia incana, Bacidia chlorococca/Hypogymnia physodes, Lecidea scalaris, Parmelia saxatilis, P. sulcata,
Physcia tenella, Xanthoria parietina. There are local differences; for instance,
L. scalaris, Physcia dubia, and P. orbicularis have variously been reported
as highly resistant and in England B. chlorococca is not as resistant as else-

where. The orders of sensitivity described from Canada and New York are,
despite the presence of some different species, strikingly similar to the lists
from Europe. In Christchurch, New Zealand, Buellia punctata, Lecanora
varia, and Rinodina exigua have been reported as forming the inner limit of
epiphytic lichen vegetation (Daly, 1970).
It is generally agreed that on basic substrata Lecanora dispersa is the most
resistant lichen. It appears to be almost unaffected by urban levels of air
pollution and in this habitat it (and several other species) are conspicuously
more resistant than L. conizaeoides is on trees and walls. Laundon (1967),
who has worked on the phytosociology of urban lichen communities,
described the new federation Lecanorion dispersaefrom artificial calcareous
substrata in the center of London and observed that it was replaced by two
unions of the Xanthorion (Caloplacetum heppianae; Physcietum caesiae) in
the surburbs where levels of air pollution are lower. Acid saxicolous habitats
have also only been studied in Britain. Here pure stands of L. conizaeoides
are gradually replaced by communities of sterile white crusts and nitrophilous
species such as Acarospora fuscata, Lecanora intricata, L. polytropa, and
L. muralis as pollution levels fall. Parmelia saxatilis is the most resistant
foliose lichen in this habitat. An interesting recent development has been the
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spread of saxicolous Stereocaulon spp. into the lichen deserts of lowland
England.
At the other end of the sensitivity scale there is even closer agreement. All
lists highlight the sensitivity of Usnea, Ramalina, and Evernia spp., in spite of
different species frequently being involved. Other taxa widely accepted as
being highly sensitive are Anaptychia ciliaris, Physcia aipolia, Arthopyrenia
biformis, most Graphis and Opegrapha spp., and the majority of the Caliciaeceae. Sharp variation is shown in the position accorded to Cetraria glauca,
C chlorophylla, and Parmeliopsis ambigua, and as one approaches the Atlantic
seaboard of Europe it appears that Evernia prunastri and Ramalina far inacea
become less sensitive. Close agreement is, however, the general rule which is
remarkable as only rarely have tree species or sampling procedures been
standardized.
At present there is not much precise information on the sensitivity of
Peltigera spp. or the Collemataceae.
The size of lichen deserts differs greatly throughout the world but until
there are pollution-recording gauges in more cities the significance of this
can not be determined. It appears that those in the wetter, Atlantic parts
of Europe are larger for a given population and have more widely spaced

FIG. 4 . Epiphytic vegetation in the Netherlands. Black area, epiphyte deserts; white
area, epiphytic vegetation poor to locally subnormal (transitional zone); gray area, epiphytic
vegetation normal to rich and luxuriant. (Adapted from Barkman, 1 9 6 9 . )
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(A)

(Β)

FIG. 5. Zonation patterns around isolated industrial plants influenced ( A ) by the wind
(Wawa, Ontario, adapted from R a o and LeBlanc, 1967); (B) by local topography. (From
Rudnany, Czechoslovakia, adapted from Pisut, 1962.)

zones than ones in more continental climates. It has been estimated that in
the last 100 years Holland—the most densely populated country in the
world—has lost 27% of its epiphytic lichens (up to 1954) due mainly to the
spread of air pollution (Fig. 4) (Barkman, 1969). Lichen deserts are often
elliptical and elongated in shape downwind but local topography and the
pattern of town development can destroy this (Fig. 5).
C. Industrial

Areas

The effect industrial point sources of S 0 have on lichens is similar to that
of cities despite the different patterns of fumigation involved. Around an
oil-shale works at Kvarntorp in Sweden, Skye (1958) found certain epiphytic
lichens absent up to 8 km downwind and interpreted a zone of relative lichen
abundance at 2 km as lying between the active spheres of pollution origina
ting from slag heaps at ground level and from lofty chimneys. Rao and
LeBlanc (1967), investigating the effect of an iron smelter at Wawa, Ontario,
found that air pollution had killed all trees for 13 km downwind, the first
epiphytic lichens (Bacidia chlorococca, Cladonia coniocraea) coming in on
tree bases at 16 km and tree boles at 30 km (Fig. 5). Nickel smelters at
Sudbury, Ontario were having an equally devastating effect.
Richardson and Puckett (1971), who have also examined the Sudbury site,
report that the first macrolichens (Stereocaulon saxatile, Cladonia deformis)
are found at 6 km and receive 5-10 damaging fumigations a year. At 50 km
from the smelter, 25 macrolichens were present which are fumigated on
the average only once per year.
The only accounts we have of recovery following falling pollution levels
come from industrial areas. The oil-shale works at Kvarntorp closed in 1966
2
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and in the following year Hallberg visited the area and reported recovery in
the form of strong lobe growth leading to a definite difference in appearance
between the central and peripheral parts of single lichens (Skye and Hallberg, 1969). Pyatt (1970) has interpreted the numerous young (very small)
lichen thalli in parts of the steel town of Port Talbot as indicating that the
area is recovering from a previous period of more intense atmospheric pollution.
Observations around point sources in Britain suggest that they produce
lichen deserts, the margins of which are frequently characterized by
damaged thalli, e.g., chalky white L. conizaeoides, or Parmelia saxatilis and
P. sulcata, which show abnormal pink, white, or brown coloration in the
thallus. These colors which may to some extent be reversible are caused by
sublethal fumigations associated with abnormal weather conditions or an
unusually heavy exposition of pollutants. The edge of deserts associated
with powerful point sources are thus not in as complete a state of equilibrium as urban deserts where pollution levels are more stable.
III. Causes of Lichen Deserts
A.

Background

Strong views have been expressed over the cause of lichen deserts and
when Barkman reviewed the subject (1958) there was genuine controversy
between the drought and toxic-gas hypotheses. Since that date, however,
nearly all published work has upheld the air-pollution explanation, two
phytotoxicants (S0 and fluorine) have been identified, and the controversy
is now whether lichen distributions reflect their mean, seasonal, or peak
levels. A brief review of the growing weight of field, analytical, and experimental evidence which supports S 0 as the major "city influence" will be
given.
The size and shape of lichen deserts—elongated downwind and often
extending for many miles beyond the built-up area—clearly point to some
airborne influence and in all studies where measurements of S 0 have been
made the severity of damage correlates well with its distribution. Due to a
lack of recording apparatus not all workers have been able to make this
correlation, but in Britain results from the National Survey of Air Pollution,
which employs more than a thousand 24-hour sampling gauges for smoke
and S 0 , are available for all to consult. Having this detailed information
coupled with a generally wet climate is, perhaps, why British workers more
than any others are severely critical of the drought hypothesis.
Over many cities and industrial complexes an atmospheric soup of
pollutants exists which makes it difficult to separate the effects of any one,
2

2

2

2
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and here S 0 can be implemented only by analogy with areas where the
situation is simplified. One of the best areas for collecting primary data has
been the coal-burning cities of northern England where most of the industry
is constructional or textile. Here the problem is smoke or S 0 , and when their
relative toxicity is compared by means of transplants to parts of the conurbation which have different ratios of smoke: S 0 , it is seen that deterioration is
rapid at sites with high levels of S 0 but damage correlates poorly with
smoke. In Newcastle upon Tyne this has been confirmed by observing the
natural colonization of asbestos roofs close to pollution gauges where it was
found that floristic diversity is strongly linked to S 0 levels (correlation
coefficient r = -0.84) but only slightly (r = - 0 . 5 ) with smoke (Gilbert,
1970a).
Good correlations between the richness of the lichen flora and measured
levels of S 0 were shown by Skye at Kvarntorp and by LeBlanc at Sudbury,
but the presence of a complex range of pollutants, including metals, around
most industrial sources and levels of S 0 often sufficient to kill trees makes
them less suitable for obtaining primary data.
Field evidence for the toxicity of S 0 , then, is strong and analysis of lichen
thalli before and after exposure to urban pollution has confirmed that sulfur
is rapidly accumulated. In addition, analysis of specimens from the edge of
polluted areas shows that they contain much greater concentrations of S
both on and in their thalli than matched samples from further afield (Table I).
More confirmatory evidence for the toxicity of S 0 is coming from laboratory experiments in which lichens (and bryophytes) exposed to low concentrations of sulphite or S 0 in solution are showing differing sensitivities
which correlate well with their known sensitivity to air pollution in the
field (Baddeley et al, 1971; Hill, 1971).
2

2

2

2

2

2

2

2

2
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TABLE I
T H E SULFUR CONTENT OF Parmelia

saxatilis

TYNE

FROM D I F F E R E N T P A R T S OF THE

VALLEY^

Distance west of town center

S content(ppm)

4 miles

4.5 miles

6.25 miles

8 miles

21 miles

3290(670)'

2870

1420(560)

659

225

c

°From Gilbert, 1968b.
Replicated, washed 500-mg air-dry samples were used.
Figures in parenthesis refer t o the amount of sulfur in ppm removed by shaking a matched
sample for 1 hour in deionized water.
b

0
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B. Effects of S0

2

on Growth and

Metabolism

1. GROWTH EFFECTS

The functioning of lichen propagules may be the first mechanism to be
affected by low levels of S 0 . This is suggested by both Laundon's work and
that of Margot (1971) who has discovered that the algal component of
soredia from Hypogymnia physodes are easily damaged by traces of S 0 .
Saunders (1966) working with the leaf fungus Diplocarpon rosae found ascospore germination was the stage in the life cycle most sensitive to S 0 . So
there is a certain amount of evidence that establishment is the first process
affected.
Under greater pollution stress an accelerated rate of senescence sets in.
To date, this has been demonstrated only for saxicolous foliose lichens, e.g.,
Parmelia saxatilis, P. glabratula, Xanthoria parietina, the colonies of which
take on a highly characteristic cresent-shaped appearance due to the older
central parts becoming detached and flaking off (Gilbert, 1971a). This may
be accompanied by the decomposition of lichen acids but there is no slowing
down in the extension rate of young margins.
At still higher concentrations of S 0 a whitening, browning, or violet
tinging of marginal lobes takes place; this eventually spreads through the
thallus which shrivels and dies. This syndrome has been widely reported in
transplant experiments (Schonbeck, 1969; Brodo, 1961; Gilbert, 1968b) and
has been observed in the field where new pollution sources have started up in
rural areas.
2

2

2

2

2. PHYSIOLOGICAL AND BIOCHEMICAL EFFECTS

It is widely assumed that the highly efficient, nonselective mechanism
which lichens possess for accumulating substances from very dilute solutions
is at least partly responsible for their acute sensitivity to atmospheric S 0
which is concentrated until present in toxic amounts (Smith, 1962). Some
confirmation for this was obtained when the total sulpur content of Parmelia
saxatilis growing at different distances upwind of a pollution source was
measured. The results (Table I) showed that thalli from the edge of a heavily
polluted area contain much larger amounts of S than specimens collected at
a distance. From a further experiment in which live and dead Usnea material
(enclosed in net bags) was exposed to town air for 8 weeks and then analyzed
for S, it was shown that the living material accumulated S over six times
faster (Gilbert, 1969). This suggests that S uptake is metabolically dependent
and that it can be concentrated beyond expectable needs.
Early work on the harmful effects of S 0 on lichen metabolism was
carried out by Pearson and Skye (1965) and Rao and LeBlanc (1966). The
2

2
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latter found that the algal component (Trebouxia) of lichens which have been
fumigated with 5 ppm S 0 for 24 hours develop certain abnormalities.
Chlorophyll is bleached, a permanent plasmolysis sets in, and brown spots
develop on the chloroplasts. They produced evidence that chlorophyll a
was decomposed to phaeophytin a and also reported that less damage
occurred to samples maintained at 45% relative humidity during fumigation
than those exposed at 92% relative humidity. Pearson and Skye, taking a
different approach, carried out Warburg experiments on Parmelia sulcata
which had been exposed to various concentrations of gaseous S 0 . They
decided that the low apparent rate of photosynthesis shown by the fumigated
samples was due to atmospheric S 0 destroying chlorophyll.
Several criticisms can be made of the work reported above, the main one
being that the levels of S 0 used were unrealistically high. Undoubtedly
these pioneer experiments suggest a possible mechanism for S 0 toxicity
but it is not necessarily the important one under field conditions. More
recently Hill (1971) and Baddeley et al. (1971), appreciating the difficulty of
working with realistically low concentrations of gaseous S 0 , have been
studying the effect of buffered solutions. Hill examined the effect that
sulphite solutions (Na S O ) have on the incorporation of H C O ~ (in the
light) into a small number of lichens. The concentration which prevented
incorporation was least in Usnea and greatest in Lecanora conizaeoides
(Fig. 6), differences which correlate with the known sensitivity of these
2

2

2

2

2

2

14

2

I

2

s

s

500 r

8

S u l f i t e c o n c e n t r a t i o n {rc\M)

FIG. 6. The effect of sulfite on
C incorporation in Usnea subfloridana
physodes ( · ) , and Lecanora conizaeoides ( A ) . (From Hill, 1971.)
,

4

(O),

Parmelia
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lichens to air pollution. He also showed that sulfate was less toxic than sulfite
and that the latter was toxic at pH 4 and below but not at pH 5 and above.
Baddeley et al (1971) have examined the effect on respiration of short
duration exposures to increasing concentrations of S 0 in solution (buffered
at pH 4.2) using an oxygen electrode. Results from several different types
of experiment show a marked reduction in the respiration rates of all lichens
so far tested when immersed in solutions containing 10-33 ppm S 0 .
Respiratory response seems to be an immediate one and also bears some
relation to the sensitivity of lichens as observed in the field. This lack of an
absolute correlation with field data is only to be expected as the experimental
work is still at an early stage.
The relevance of solution studies to field observations cannot be established at present. However it is tentatively suggested by Saunders (1966) that
100 ^g S 0 / m will maintain an S 0 concentration in surface water approximately equivalent to 35 ppm so it seems probable that realistic results are
being obtained, though more evidence for this is urgently needed.
It should be stressed that both S 0 toxicity and lichen metabolism are little
understood at present, which makes the interpretation of results difficult. To
date every process examined appears sensitive so there may be some basic
metabolic control which is disrupted and what we are recording are the
results of this disruption.
2

2

3

2

2

2

C. Other

Pollutants

Research has concentrated on the devastating effects of S 0 , and there is
surprisingly little information available about other forms of air pollution.
The only other pollutants so far identified as having a major effect on lichens
are fluorine and fertilizer dust.
Not many parts of the world are at risk from high concentrations of airborne fluorides, but lichens have been recorded as absent or deteriorating
around aluminium smelters in France (Mazel, 1958; Martin and Jacquard,
1968), Scotland (Gilbert, 1971b), and Canada (LeBlanc et al, 1971), and also
near a chemical factory in Pennsylvania (Nash, 1971). Lichens transplanted
into the vicinity of these F sources (LeBlanc et al, 1971; Nash, 1971) have
accumulated F and gradually died after becoming first chlorotic and then
necrotic, finishing up a brownish, pinkish, or yellowish color before disintegrating. Nash has suggested that the critical level of F within the lichen
thallus may lie between 30-80 ppm. Gilbert found that at their inner limit
washed thalli of Usnea subfloridana and Parmelia saxatilis contained 20 and
47 ppm soluble F, respectively, which largely bears this out.
Ecological data are available only from the Scottish site where it was noted
that lichens survive conspicuously better in sheltered sites and on the
2
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ground, and that nitrophilous conditions enhance survival. We do not know
about behavior on calcareous substrata nor is much known about the relative
sensitivity of acid saxicolous and epiphytic communities. The fluorine desert
at Fort William in Scotland is strongly elongated down the prevailing wind
and has Stereocaulon pileatum as the most resistant species.
The considerable effect that blowing fertilizer dust can have was apparently
noticed first by Dr. Francis Rose who realized that pockets of rich epiphytic
vegetation in southern England were invariably associated with parkland
and other sites where intensive agriculture was not practiced. It now seems
clear that fertilizer dust brings about a marked and widespread eutrophication of bark, causing acidophilous communities to be replaced by common,
aggressive, and vigorous species belonging to the Xanthorion federation.
A few authors have reported that car exhaust is responsible for eliminating
lichens along roadsides (Barkman, 1958, p. 117; Domros, 1966). These are
mainly casual observations and no attempt was made to separate the effect
of toxic exhaust gases from de-icing compounds and dust effects. Lichen
deserts became widespread before the internal combustion engine was
invented. Photochemical smog associated with car exhaust fumes is known
to be phytotoxic and may be having an effect in the United States but damage
to lichens has not been reported. Α. V. Fletcher has suggested that the recent
expansion of Stereocaulon spp. into urban areas of Britain could be associated
with increasing lead in the environment. As these species are especially
characteristic of the spoil heaps of old lead mines, the idea might repay
study.
D. Resistance to Pollution

Many problems center around resistant species of which Lecanora
is the outstanding example. Its remarkable resistance to S 0
under acid conditions is still unexplained, though it seems likely that a fast
growth rate—as this feature is common to all resistant lichens and bryophytes—confers a certain advantage. At present there is insufficient evi
dence to decide whether L. conizaeoides is a recently evolved acidophytic
toxitolerant lichen in the process of extending its distribution along welldefined urban invasion paths—hence an apparent connection with pollution
—or if it has some nutritional requirement which is satisfied by urban pollu
tion.
Experimental work with bryophytes (Gilbert, 1968a) indicates that the
difference between sensitive and resistant species does not lie in the resistant
ones possessing a less efficient mechanism for sulfur accumulation. From
this point the possibilities for speculation are endless. Sulfur could be re
moved by chelation in resistant species and quickly oxidized to sulfate;
alkaline cell sap could render it harmless, and it has been suggested that low
wetability of the thallus might be protective.

conizaeoides

2
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As L. conizaeoides is conspicuously more resistant than other acidophytic
species, it may have a method of protection not developed by other lichens,
so when investigating general senstivity/resistance mechanisms it might be
advisable to work on other species.

IV. Effect of Environment

In asserting that S 0 is responsible for the lichen deserts which have developed around urban and industrial areas one could be accused of oversimplification as such an unrefined statement hides a wealth of fascinating
interactions between lichens, pollution, and the rest of the environment.
These interactions can accentuate the effects of pollution so they are still
operating 50 or 100 miles from the source or minimize them so that certain
attenuated lichen communities survive almost into the city center.
Where S 0 levels are high, as around the Sudbury and Wawa smelters,
pollution does tend to be a master factor incapable of modification, but once
lichens start to return it is noticeable that certain niches are colonized first
and the marked influence habitat has on survival starts to become apparent.
Many workers have noted how lichens and bryophytes tend to return first to
terricolous habitats, followed by saxicolous calcareous, saxicolous acidic,
corticolous rich bark, and last to corticolous poor bark habitats such as the
acid boles of conifers and birch. The effect of individual habitat factors
which help to explain this will be dealt with.
2

2

A.

Shelter

Though there is nothing in the air-pollution literature to suggest that
shelter can play more than a small part in modifying pollution levels, most
lichenologists know that sites sheltered by dense woodland, tall herbage,
deep valleys, and stonework at ground level regularly carry sensitive species
to well inside their normal limit. The more sheltered the site the further
they come in, the combination of trees in a deep ravine being especially
favorable. This suggests that shelter has a relatively large effect in reducing
S 0 levels.
One such site has been investigated with a series of portable pollution
gauges which were operated for 10 weeks in and around a sheltered valley
near Newcastle upon Tyne. Typical of the results obtained (Gilbert, 1968a)
was a 76% reduction of S 0 in short grassland at an exposed windy site
(compared to readings at 1.3, 0.6, and 0.15 m above ground level). The
valley showed S 0 reductions of 60% at 2 m and 92% at ground level compared to the surrounding area sampled at 2 m. Reductions of this order
easily explain the persistence of sensitive species in sheltered niches.
2

2

2
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Reports of Cladonias from heavily polluted areas (Gilbert, 1965; Seaward,
1966; Brodo, 1966; Laundon, 1967) has led to the belief that many of them
possess a certain resistance to air pollution. However, this resistance may
be more apparent than real, merely reflecting their ability to grow vigorously
in sheltered sites and on the ground.
An extension of these observations is being made by F. Rose and B.
Coppins, who are examining the lichen flora of southern England on a
regional scale. Their results confirm that the richest communities now
survive only in the valleys and they have evidence that the converse is true,
pollution acting most powerfully on high ground. So, at some distance
from a source it is lichen communities on exposed hills and ridges which
deteriorate the fastest. The observation that in the New Forest it is the
twig epiphytes which disappear first is probably another example of this
phenomenon.
The modifying effect of shelter may be a result of "scrubbing," as air
readily deposits its strongly polar S 0 molecules onto surfaces of all kinds.
An experiment in which nylon hairnets containing glass wool, cottonwool,
and dead Usnea were hung for 8 weeks in a polluted atmosphere (average
S 0 = 0.05 ppm) and on analysis were found to have gained 342,248, and 155
ppm S, respectively, confirms that S 0 impacts readily onto surfaces
(Gilbert, 1969).
2

2

2

B.

pH

Most lichenologists have observed that a high pH can reduce the effects of
pollution. For example, Laundon (1967) found 66% of the lichen flora of

FIG. 7. Variations in pH on the bole of an ash tree, 11 miles (18 km) west of Newcastle.
The boss is 10 feet above ground level. This tree stands on the edge of the lichen desert and
much of the trunk has started to become acidified. (From Gilbert, 1970a.)
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London growing on basic substrata; around Newcastle upon Tyne concrete
and asbestos remain well colonized at pollution levels which have cleared
all corticolous and acid saxicolous habitats, and certain normally wideranging species like Lecanora muralis behave as strict calcicoles under pollution stress. Epiphytes show the same phenomenon, persisting longest on the
alkaline bark of ash and elm and on those parts of the tree which have the
highest pH (Fig. 7).
Two explanations have been put forward to account for this pH effect.
Skye (1968) believes that acidification of the substratum finally makes it
impossible for certain epiphytic communities (e.g., Xanthorion) to exist,
so that pH per se operates to exclude sensitive lichens from all habitats
except those strongly buffered at a high pH. The alternative idea (first put
forward by food chemists trying to inhibit bacteria and mold in fruit juices)
is that pH acts indirectly by affecting the ionization and rate of oxidation
of sulfurous acid.
1. DIRECT EFFECT

Acidifying effects of S 0 on the environment have been looked for in
soil, water, and tree bark. The magnitude of soil pH changes has been
reviewed by Webster (1967) who concluded from the limited information
available that they are small, even in the neighborhood of long-established
smelters.
Detailed surveys of bark acidification have been carried out at Krakow
in Poland (Grodzinska, 1971) and in Stockholm (Skye, 1968). In both areas
the wide range of tree barks sampled showed a progressive acidification
as the center of pollution was approached though the magnitude of the
change varied greatly. In Stockholm the drop was usually (1 Pinus) 2-3
(4 Ulmus) units with the final pH in the range 2.4-2.9, while in Krakow it
is less than half a unit to a final pH about 4. Around Newcastle upon Tyne
an intermediate situation exists, the shift being about 1.5 units to a pHjust
above 3. This geographical variation is puzzling. It may be partly related to
sampling procedure as pH varies widely over a tree, but is more likely to
be connected with soot contamination on the Newcastle and especially
on the Krakow barks. Soot has a pH of about 6.
The trees in central Stockholm have some of the lowest bark pH's ever
recorded, but certain observations suggest that some other factor eliminates
sensitive lichens before pH levels have dropped low enough to become
toxic. An examination of Table II clearly shows how the percentage cover
of sensitive lichens starts falling before the pH of the bark on which they
are growing begins to decline. It appears, therefore, that the marked acidification of tree bark which occurs in polluted areas is not sufficiently low in
the transition zone to cause widespread elimination of the lichen flora,
2
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TABLE

T H E P H OF S U R F A C E FLAKES OF B A R K

II

COLLECTED FROM S T A N D A R D A S H T R E E S AT

VARIOUS DISTANCES W E S T OF NEWCASTLE (THE PERCENTAGE
OF SENSITIVE LICHENS IN THE SAMPLING Z O N E Is

Distance (miles)
west of central
Newcastle
pH value
% cover sensitive
Lichens

19

16+ 14* 12*

10|

<H

9

8

6*

7

ALSO

6

COVER

GIVEN)

4*

3

0

1

Η

0

4.4 4.2 4.3 4.3 4.4 4.4 3.9 3.6 3.4 3.6 3.4 3.9 3.4 3.6 3.0 4.0
66 66

57

54

25

23

12

1

0

0

0

0

0

0

0

0

"From Gilbert, 1970a.

though it can result in the development of more acidophilous communities
as noted by Skye.
2. INDIRECT EFFECT

Food chemists who use S 0 as a preservative to inhibit microorganisms
have known for a long time that its preservative value is greatly influenced
by pH as this determines the form in which the sulfurous acid is present
(Vass and Ingram, 1949; Cruess et al, 1931; Rahn and Conn, 1944). These
workers discovered that at high pH's sulfurous acid was quite ineffective
against yeast and molds, while at low pH's only a trace was needed to
inhibit their growth.
Experiments designed to investigate the effects of presenting very dilute
sulfurous acid, buffered at several pH's, to a variety of bryophytes (Gilbert,
1968a) and germinating spores of the sensitive leaf fungus Diplocarpon rosae
(Saunders, 1966) clearly showed that neither S 0 ~ nor S O / " (H SO at
pH 6.6) were toxic to the material tested. In contrast, bisulfite ions ( H S 0 at
pH 4.2) were moderately toxic while at pH 3.2 when about 5% undissociated
H S 0 is present the solutions were highly toxic. Control experiments
showed that it was not pH per se which was damaging. Recent physiological
work (Section ΙΙΙ,Β) has extended these observations to a wide range of
lichens.
2

2

4

2

s

2

2

3

3

3. BUFFER CAPACITY

The above experiments showed that below pH about 3.5 only traces of
S 0 in solution can have devastating toxic effects. It is buffering against
acid substances which is critical and when a variety of barks are tested
(Gilbert, 1970a; Skye, 1968) it becomes clear that the order of increasing
buffer capacity above pH 3.5 (Betula and Pinus, Quercus robur, Fraxinus
excelsior, Salix alba and Ulmus bark, asbestos) mirrors the order of habitat
2
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F I G . 8. Buffer capacity in bark samples from the normal zone (
), the transitional
zone (
), and the lichen-free zone (
) of Stockholm. Curves for the two grades of
distilled water used are also shown (
). (From Skye. 1968.)

sensitivity (Fig. 8). Skye also determined the pH and buffering capacity
of lichens around Stockholm and reports that with a few exceptions it is the
species with the lowest buffer capacity for acid substances which disappear
first.
The above experiments provide a satisfactory explanation for most of
the pH phenomena observed in the field.
C.

Nutrients

It has been observed repeatedly that survival in polluted areas can be
enhanced by nutrient flushing. In Britain the spectrum of nutrients provided by roadside dust encourages the persistence of Candelariella vitellina
and Acarospora fuscata on walls, and even more effective is the strong
flushing provided by bird droppings. Before lichens disappear from roofs
they become restricted to the edges, ridge, and gable ends where birds perch,
such niches carrying lichens far into the suburbs of many large cities. Other
spectacular examples can be found associated with bird "song posts" in
cemeteries, around sewage farms (Laundon, 1967), and on the trunks of
old deciduous trees where nutrient-rich streaks frequently develop below
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wounds and old rotting limbs. Such sites invariably support nitrophilous
vegetation belonging to the Xanthorion federation.
Bark analysis (Gilbert, 1970a) has confirmed that nutrient streaks on
ash trees (Fraxinus excelsior) contain more nutrients than adjacent parts of
the trunk, but it has not been possible to link enhanced survival with any
one or any particular combination of nutrients. As the best correlation was
with pH, the role of nutrients could be chiefly their effect on this, but it may
be significant that it has been reported from a number of sources that the
resistance of many higher plants to S 0 injury can be increased by an application of nitrogen (Zahn, 1963).
2

D.

Water

Relations

Several authors (Beschel, 1952, 1958; Klement, 1956,1958; Rydzak, 1958,
1968; Rydzak and Krysiak, 1970) have considered dryness of the air to be
chiefly responsible for the absence of lichens around cities, which they regard
as warm, dry stone deserts. This idea had maximum support in the fifties but
fell out of favor once actual levels of air pollution became known and it was
possible to appreciate the good correlation between S 0 levels and lichen
distribution. Recently, only J. Rydzak in Poland has given support to the
drought hypothesis, and in a paper published just before his death (Rydzak
and Piorecki, 1971) he admitted that air pollution was to some extent responsible for lichen deserts in Poland. It has never been disputed that town
centers experience a slightly dryer climate than neighboring rural areas;
Kratzer (1937) quotes the difference in relative humidity as about 2% in
winter and about 8% in summer, but this is at least partly compensated for
by increased rainfall (Barrat, 1964; Weigel, 1938).
It was field evidence such as the extensions of lichen deserts over areas
of open country downwind of towns and their existence around isolated
factories where urban development could have no desiccating effect which
always formed the biggest objection to the drought hypothesis. It is now of
historical interest only.
It would be naive to assume the slightly dryer town climate and the slightly
different drying/wetting regime experienced there to have no effect on
lichen survival but it must be very small as it has not been picked up in the
field. When the pattern of water uptake and loss from a variety of bark disks
was compared, no correlation between the water relations of these substrata
and their ability to alleviate pollution could be found (Gilbert, 1970a). As
most lichen studies have been carried out in temperate climates, the possibility remains that city-induced drought is of some consequence in continental areas.
2
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E.

Age of

Substratum

While preparing distribution maps around pollution sources, workers
in Britain sometimes observed that near to their inner limit lichens became
restricted to the older trees and walls in a way that could not satisfactorily
be explained in terms of the modifying effects of shelter, pH, or nutrient
enrichment. This apparent anomaly was eventually explained by Laundon
(1967). Working on dated limestone memorials in London he recognized
the community Caloplacetum heppianae as having persisted for over 70 years
in areas where rising levels of air pollution made the colonization of new
surfaces impossible. During this period a resistant species Lecanora dispersa
continued to colonize newly erected memorials (Fig. 9). Once recognized,
this phenomenon of relic lichen communities has been of immense help
in interpreting field data. It has been observed on old asbestos roofs, brickwalls, sandstone walls, and trees, but is at its most spectacular on calcareous
substrata.
The implications of this phenomenon are considerable. Even if no further
increase in ground-level concentrations of S 0 occur at a moderately polluted site, the lichen flora will continue to deteriorate as nonviable communities slowly die out.
2
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FIG. 9. The percentage occurrence of Caloplaca heppiana (lower graph) and Lecanora dispersa (upper graph) on limestone memorials erected from 1750 to 1950 at St. Peter and St.
Pauls churchyard, Mitcham, London. (From Laundon, 1967.)
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Factors

1. SERAL STAGE

Some evidence is on hand that late seral stages of both lichen and bryophyte communities are more sensitive to S 0 than pioneer ones. This may
be associated with parallel trends of decreasing pH and shelter as isolation
from the substratum proceeds and more luxuriant growth forms are attained.
Thus, pollution often gives the appearance of putting the community back
to an earlier seral stage.
2

2. GROWTH FORM

In the early days it was thought that growth form was a reliable guide to
sensitivity (Fenton, 1960) but it is now known that this is not the case, though
it may be a pointer. For instance, fruticose lichens tend to be rather sensitive
and most highly resistant ones are crustaceous. A general trend of increasing
resistance can be represented by fruticose -> foliosecrustaceous-> leprose.
In practice, however, there are so many exceptions that these trends are of
little use in assessing pollution levels except to experienced observers who
can also appraise luxuriance.
3. SYSTEMATIC POSITION

The loose connection between growth form and susceptibility allows
links with taxonomy. Thus whole families such as the Usneaceae and
Ramalinaceae are prone to be susceptible due to the predominance of profuse growth forms. Resistant species are rare, being scattered apparently
at random through a wide range of unrelated genera.
V. Biological Estimation of Air Pollution

Any map showing the distribution of lichens also contains information
on regional levels of air pollution. To enhance this faculty certain authors
have mapped selected species (Skye, 1958; Gilbert, 1970a) or delimited
broad zones (Fig. 4) in such a way that the distribution of air pollution
becomes immediately apparent.
LeBlanc and De Sloover have developed a formula from which the richness of the epiphyte flora at a site can be represented by a single number
called the "index of atmospheric purity" (IAP). They have applied this
technique to an industrial valley in northwest Belgium (De Sloover and
LeBlanc, 1968) and to the city of Montreal (LeBlanc and De Sloover, 1970)
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III

QUALITATIVE SCALE FOR THE ESTIMATION OF S U L F U R

DIOXIDE AIR

IN E N G L A N D A N D W A L E S U S I N G EPIPHYTIC

LICHENS

POLLUTION

0

so
Zone

Noneutrophiated bark

Eutrophiated bark

2

C"g/m )
3

0

Epiphytes absent

Epiphytes absent

?

1

Pleurococcus viridis s.l. present but
confined to the base

Pleurococcus
viridis
up the trunk

2

Pleurococcus viridis s.l. extends up
the trunk; Lecanora
conizaeoides
present but confined to the bases

Lecanora conizaeoides
abundant;
L. expallens occurs occasionally
on the bases

~ 150

3

Lecanora conizaeoides extends up
the trunk; Lepraria incana be
comes frequent on the bases

Lecanora
expallens
and Buellia
punctata abundant; B. canescens
appears

~ 125

4

Hypogymnia physodes and/or Par
melia saxatilis,
or P. sulcata
appear on the bases but do not
extend up the trunks. Lecidea
scalaris, Lecanora expallens and
Chaenotheca ferruginea,
often
present

Buellia canescens c o m m o n ; Physcia
adscendens and Xanthoria pariet
ina appears on the bases; Physcia
tribacia appears in S

~

70

5

Hypogymnia physodes or P. saxatalis extends up the trunk to 2.5
m or more; P. glabratula, P. subrudecta, Parmeliopsis
ambigua
and Lecanora chlarotera appear;
Calicium viride, Lepraria candelaris, Pertusaria amara may
occur; Ramalina farinacea and
Evernia prunastri if present large
ly confined to the bases; Platismatia glauca may be present
on horizontal branches

Physconia grisea, P. farrea, Buellia
alboatra, Physcia orbicularis, P.
tenella,
Ramalina
farinacea,
Haematomma
coccineum
var.
porphyrium, Schismatomma
de
colorans, Xanthoria
candelaria,
Opegrapha varia and O. vulgata
appear; Buellia canescens and
X. parietina c o m m o n ; Parmelia
acetabulum appears in Ε

~

60

6

P. caperata present at least on the
base; rich in species of Per
tusaria (e.g., P. albescens, P. hymenea) and Parmelia (e.g., P.
revoluta
(except in N E ) , P.
tiliacea, P. exasperatula (in N ) ;
Graphis
elegans
appearing;
Pseudevernia
furfuracea
and
Alectoria fuscescens present in
upland areas

Pertusaria
albescens,
Physconia
pulverulenta,
Physciopsis
adglutinata,
Arthopyrenia
alba,
Caloplaca luteoalba,
Xanthoria
polycarpa, and Lecania cyrtella
appear; Physconia grisea, Phys
cia orbicularis, Opegrapha varia
and O. vulgata b e c o m e abundant

s.l. extends

> 170

~

50
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T A B L E III

(continued)

so
Zone

Noneutrophiated bark

Eutrophiated bark

2

(/<g/m )
3

7

Parmelia
caperata,
P.
revoluta
(except in NE), P. tiliacea, P.
exasperatula
(in N ) extend up
the trunk; Usnea
subfloridana,
Pertusaria hemisphaerica,
Rinodina roboris (in S) and Arthonia
impolita (in E) appear

Physica aipolia, Anaptychia ciliaris,
Bacidia rubella, Ramalina fastigiata, Candelaria concolor and
Arthopyrenia biformis appear

~

8

Usnea ceratina, Parmelia
perlata
or P. reticulata (S and W) ap
pear; Rinodina roboris extends
up the trunk (in S); Normandina
pulchella and U. rubiginea (in S)
usually present

Physica aipolia abundant; Anaptychia ciliaris occurs in fruit; Par
melia perlata, P. reticulata (in S
and W), Gyalectaflotowii,
Rama
lina obtusata, R pollinaria, and
Desmaziera evernioides appear

~~ 35

9

Lobaria pulmonaria, L. amplissima,
Pachyphiale
cornea,
Dimerella
lutea, or Usnea florida present;
if these absent crustose flora well
developed with often more than
25 species on larger well lit trees

Ramalina calicaris, R. fraxinea, R.
subfarinacea,
Physcia
leptalea,
Caloplaca
aurantiaca,
and C .
cerina appear

> 30

10

L.

amplissima,
L.
scrobiculata,
Sticta, limbata, Pannaria spp.,
Usnea articulata, U.filipendula or
Teloschistes flavicans present to
locally abundant

As 9

..

40

P u r e

„

"From Hawks worth and Rose, 1970.

for which a five-zone map with IAP values ranging from 1 to 122 was pre
pared. The zones distinguished correlate well with suspected levels of S 0 .
By working in areas where the distribution of S 0 is known, British
lichenologists have been able to produce scales from which levels of this
pollutant can be estimated. After studying lichen/bryophyte communities
on sandstone walls, deciduous trees, and old asbestos roofs, Gilbert (1970b)
constructed a six-point scale (for use in lowland Britain) from which mean
annual S 0 levels below ~ 170 ^ug/m can be assessed. At about the same
time Hawksworth and Rose (1970) published their ten-point epiphyte scale
(Table III) which provides separate lists for eutrophiated and noneutro
phiated bark. They went on to show its potential value by using it to construct
a preliminary air-pollution map of England and Wales, and a highly detailed
one of southeast England (Fig. 10).
A number of adjustments will need to be made to these scales as it is still
a matter of opinion whether distributional data reflect mean or peak con2

2

3
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FIG. (10. Preliminary map showing the extent of air pollution in southeast England
based on the scale given in Table III. (From Hawksworth and Rose, 1970.)

centrations experienced at a site. Further uncertainty surrounds the
possibility of resistant ecotypes (Gilbert, 1971a), the accuracy of the scales
outside the area in which they were constructed, and the speed with which
lichens respond to changes in airpollution.Thequestionofsynergisticeffects
between pollutants also needs investigating.
Built on the foundation of knowledge which has accumulated since the
days of Sernander, Haugsja, and Vaarna, these scales provide a semiquantitative method of monitoring the spread of air pollution and as such are a
positive contribution the study of lichens is making to our industrial society.
Eventually, such methods are likely to prove more acceptable than costly and
energy-consuming instrumentation.
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