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Introduction

In the course of the so-called ‘acid rain’ debate the ques-
tion of the direct effects of SO, and other gaseous pollu-
tants has gained increasing attention. Obviously, the
total reaction of ecosystems is a result of the combined
impact of direct effects of air pollution and of indirect
ones, like those due to changes in soil properties — over-
laid by climate variation and cultivation practices.
Measurements of air pollutants like SO,, NO, and O, in

rural areas have been scarce until now; this complicates
the task of deducing the resulting impact on e.g. terre-
strial vegetation from a dose-response kind of approach,
as the immission values are normally too crude or are
nonexistent. Consequently, an alternative means of
assessment of direct effects separately was looked for,
and the application of biological indicators of SO, and
other pollutants came into the picture. It is well-known
that some plant groups possess a high sensitivity to
changes in air quality, and some species react quite spe-
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cifically towards e.g. SO,”. The purpose of this chapter is
to present the biological indicators of SO, and the
methods used to characterize effects, and finally to
discuss this approach in relation to methods of environ-
mental monitoring not oriented towards effects.

Biological indicators of SO,

Biological indication means characterization of recipient
—air, soil or water — quality by means of various biologi-
cal parameters, usually a measure of adverse effects on
particularly sensitive living organisms. The range of ex-
perimental approaches with the above heading is, how-
ever, very wide and comprises transplantation of dead
plant material to be measured for uptake of specific air
pollutants over a period of time as well as description of
historic changes in planktonic algal communities from
analysis of layers of lake sediments, followed by correla-
tion of these changes with pollution trends. With respect
to biological indication of air pollution with SO,, the
methods described in the literature are based on obser-
vation of the performance of plants covering a wide range
of sensitivity to SO,; mainly lichens and bryophytes
(mosses). A large body of information makes probable
connections between geographic and historic variation in
other groups of organisms and changes in SO,-levels over
space and time; most of these observations have not
resulted in the development of biological indication
methods.

The research on biological indication and monitoring of
air pollutants like SO, has been initiated as a result of the
recognition among ecologists of a need for effect-ori-
ented studies of environmental quality. The physico-
chemical measurement of a limited number of pollutants
does not in itself provide the necessary basis for state-
ments about damage or injury to living organisms. As the
dose-response relations even towards a single pollutant
may be complicated, and as several pollutants always
occur together in the air, the estimation of, say, crop
losses on basis of pollutant concentrations is very diffi-

Approach in characterization of environmental pollution
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cult and often impossible. Only when the combined phy-
sico-chemical (analytical) and biological characterization
of the environment tells the investigator or administrator
that adverse effects are not likely to occur, is it possible to
be really sure that the environment is in satisfactory state.
It is necessary to apply both methods, as they are comple-
mentary to each other; see the table below.

More or less specific reactions in certain organisms have
been used in the biological indication of a number of air
pollutants, e.g. heavy metals, ozone, PAN, fluorides, SO,
etc. In the following, biological indication of SO, is de-
scribed in more detail.

The influence of SO, on plants

Sulphur is an element essential to all organisms, and
whether sulphur is taken up as sulphide, sulphite or sul-
phate, the plant cell possesses the necessary ability to use
sulphur in these different oxidation states in the synthesis
of the sulphur containing amino acids (cysteine, cystine
and methionine). Most sulphur is taken up through the
roots as sulphate, but some direct exchange of gaseous
sulphur compounds, mainly H,S and SO,, does also oc-
cur. Obviously, plants without a root system, like lichens
and mosses, cover their total sulphur demand exclusively
by uptake from the air or precipitation (supplied with
water soluble sulphur compounds from the air). Even for
these plants, the supply of sulphur from the atmosphere
is — and has probably always been — more than sufficient
for their growth; this is due to the large amount of H,S
formed by natural processes under anaerobic conditions
and SO, by vulcanic eruptions. The problem for some of
these species is that the concentration of SO, has risen
dramatically since the industrial revolution firstly in the
cities, and later — mainly during the last 2 decades — in
rural regions. If the influx of SO, into the plant cells
becomes too large in relation to the available buffering
capacity (pH and redox buffer capacity), a toxic effect
will occur giving rise first to invisible and then to visible
injury.

Physico-chemical (i.e. analysis of pollutant
congentrations in the environment)

Biological indication/monitoring (i.e. observation of
effects in organisms occurring in or transplanted to the
area under investigation)

Observed/measured
parameter
and performance of equipment

Informations value with respect
to pollutant concentrations

Information value with respect
to e.g. crop loss assessments

and forest damage obtained

Basic importance of approach

compounds

Pollutant concentrations; results depending
on analytical methods, averaging times

‘Exact’ with respect to the measured
pollutants. Knowledge of variations of
concentration with time often insufficient

Dose-response relations normally not easy
to calculate; basically no effect value

Necessary in environmental management,
which is based on regulations of single

Effects of various nature e.g. changes in population
pattern, injury to individuals etc.

Approximate levels can be estimated; relation to concen-
trations of single pollutants sometimes complicated,

as the observed effect often is a result of combined
action of a number of the actually occurring pollutants

Transfer of results obtained from biological indicators
may reflect reactions in plants of economic importance;
information about the potential effects to vegetaion
obtained

Important in order to make reasonable injury and
damage assessment (due to occurrence of
antagonism/synergism and unforeseen injury from
pollutants not measured); provides an early warning
system which is particularly valuable in remote areas
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Lichens as monitors of SO,

Lichens are symbiotic organisms with a fungal and an
algal partner in a mutually beneficial relationship. They
are dominant under conditions where seed-plants cannot
grow, e.g. in the arctic, deserts etc. In a temperate climate
they are, consequently, found on substrates where com-
petition from faster growing plants like seed plantsis at a
minimum, such as tree trunks, stones and extremely poor
sandy soils. Lichens on vertical tree trunks are most suit-
able as air pollution indicators, as the influence of sub-
strate properties is at a minimum, although not without
some importance.

These plants exhibit different degrees of sensitivity to-
wards SO,, and many lichen species are among the plants
which are the most sensitive towards SO,. They are excel-
lent biological indicators of SO, and their reaction gives
valuable information about long-term average values of
SO,-immission, For short-term values, other plants may
be used.

Lecanora conizaeoides

Nyl. ex Cromb. km

Buellia punctata
(Hoffm.) Massal.
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|

Xanthoria parietina
(LITh.Fr

Lecanora subfusca ¢
coll.

Physcia pulverulenta -
(Schreb.) Hampe "

The distribution of the indicator lichen species in the investigation area.
O, Sampling station; @, the species present above 30 cm from the
ground; ©, the species present only below 30 cm from the ground.
(Source: Oikos 24 (1973) 347).
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Investigations of air pollution using lichens have fallen
into two groups: one group deals with the vegetation
present™® on trees in the area under investigation, another
group with transplantation' of lichens on twigs or bark
from rural, pristine areas to the investigation area. It has
been possible using both these methods, to depict a de-
tailed picture of the SO,-emission in a large number of
European and North-American city areas. An example
of such a study, from Copenhagen®, is given below.

A number of methods have been applied in biological
indication of SO, pollution.

1) Mapping studies™S. The geographic distribution of
epiphytic lichens within the investigation area is ana-
lyzed, and the resulting maps give information about the
distribution limits for lichen species with different SO,
sensitivities. Within the area of distribution of one spe-
cies, the SO, immission level must be lower than the
tolerance level for the species in question. Of course, it is
problematic to draw safe conclusions from the absence of
a species, as this may have a number of causes; this
emphasizes the need for a particularly careful search for
the indicator species in the so-called ‘struggle zone’,
where the lichen becomes increasingly rare. When the
distribution limits have been determined, knowledge of
the tolerance levels for the indicator species allows the
construction of a picture of the SO, immission — typically
yearly or half-yearly average levels — in the area being
investigated. The above method is based on simple obser-
vation of the presence or absence of a species in the
investigation localities, but various ‘importance values’
for the lichen vegetation have been suggested as well.
These importance values comprise e.g. analysis of relative
cover or frequency of occurrence of the species on the
trunks studied.

2) Studies of injury"-*. A number of adverse effects on the
indicator species may be used to characterize the air qual-
ity. The severity of the measured effect over a particular
period of exposure time and/or the length of time needed
to produce a certain effect in the indicator plant, usually
transplanted to the investigation area, are both a func-
tion of the SO, level at the site. As the observed effects
may occur due to other environmental changes than SO,
pollution, the most reliable results from such studies have
been obtained when comparisons were made between
areas which only differed with respect to air quality. The
effect parameters used in this approach are e.g. discolora-
tion (bleaching of thallus lobes), formation of fruit bodies
(apothecia), sulphur content (accumulation in thallus),
chlorophyll content (degradation in the algal partner)
and composition (ratio between chlorophyll a and b;
phaeophytin formation). The time scale varies from a few
days to months.

The results obtained in areas with high levels of SO, are
not surprising and fit well with observations made on less
sensitive plants like conifers. In relation to the question of
acid deposition, the information about adverse effects in
background areas far from SO, sources is of particular
high importance. Firstly because immission measure-
ments are and have been scarce in rural areas, where
human health was not believed to be threatened, and
secondly because effect evaluation at an early stage of
impact from SO, is very difficult. The most sensitive
biological indicators among the epiphytic lichens are suit-
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able for this purpose. Only very few studies on trends in
the lichen flora of remote areas have been conducted,
however. In Scandinavia, the vegetation of epiphytes on
free-standing trees (road trees) and twigs from the surface
of the canopy of deciduous trees have shown a decline in
the southernmost part, i.e. Denmark and Southern Swe-
den. This took place during a period when some medium
sensitive lichen species were found to be extending their
distribution towards the center of previously heavily SO,-
polluted urban areas. The explanation is naturally
thought to be the following; the reduction of SO, in cities
is often brought about through high stack emissions,
which on the other hand will cause elevation of SO, levels
in remote regions. The same phenomenon has been ob-
served in the UK.

The interspecific sequence of sensitivity towards SO, in
lichens observed in the field has been verified in a number
of cases through laboratory experiments. It must be rea-
fized, however, that the results of such laboratory experi-
ments may not be directly applicable to field conditions.
Itis always important when using biological indicators of
various pollutants to analyze carefully eventual changes
in ecological conditions which may have taken place dur-
ing the exposure period. An example of confusing evi-
dence has occurred with respect to the relation between
epiphytic lichen growth on conifers and the forest die-
back syndrome in Western Germany. It was observed
that in many stands of unhealthy conifers, the growth of
leafy epiphytic lichens seemed to be improved. It was
concluded that the direct effects of SO, were of minor
importance among the various possible causes suggested
for forest die-back, as you would have expected a nega-
tive trend for the epiphytic vegetation in that case. This
conclusion may be wrong, firstly because of the improve-
ment in growth conditions for epiphytic lichens in the
dying stands with heavy needle loss in the canopies and
thus better light penetration to the trunks and twigs oth-
erwise strongly shaded, secondly because the species of
lichens with increased abundance may belong to the less
sensitive among the leafy lichens. In contrast to the above
observations, there have been records of direct injury
(discoloration, morphological anomalies) in lichens on
trunks of conifers in the Schwarzwald and the Harz,
where forest die-back has occurred. From the above field
observations, it is obviously not possible to exclude that
direct effects of SO, play a significant role in the overall
explanation of the observed forest die-back in Western
Germany — or indeed, in most of western Europe.

In order to interprete the results obtained by biological
indicators, such as lichens, in terms of forest injury, a
thorough understanding of the dose-response relations
for these two very different plant groups is needed. Even
if lichens are generally more sensitive to SO, than most
trees, the fact that lichens react more slowly and are
therefore less sensitive to short-term variations in SO,
concentration than trees, illustrates the importance of the
pattern of variation in, for example, the SO, concentra-
tion at the site. Similarly, it must be realized that a
general no-effect level is very difficult to assess on the
basis of biological indication. It will always be necessary
to combine field observations of adverse effects with ex-
perimental fumigations of a range of indicator species/
plant groups.
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Mosses as biological indicators

Mosses or bryophytes are structurally simple small plants
with leaves essentially one cell-layer thick and therefore
without the stomata and vascular tissue present in seed
plants. Most of the nutrients needed for bryophyte
growth are taken up from the air, and in accordance with
this uptake mechanism, cell walls of bryophytes possess
extraordinarily strong ion-exchange properties. Espe-
cially positively charged ions (cations) are firmly bound
in moss tissue, this means that mosses are among the best
biological indicators of heavy metals, which may reach
impressively high concentrations in mosses even with rel-
atively low levels of heavy metal pollution from the air.
With respect to biological indication of SO,, mosses are
less suitable than lichens. Mosses are more sensitive to-
wards prolonged drought periods than lichens, a fact that
is illustrated by the scarcity of epiphytic moss vegetation
in particular in cities with their dry climate. The gradient
also observed in epiphytic moss vegetation when compar-
ing rural with urban areas may thus merely reflect the
climate difference, or, to be more precise, the climatic
factor is very difficult to isolate from other possible
cause-effect relation, which is not the case for the epiphy-
tic lichen flora. In the periphery of cities and in remote
regions, however, the epiphytic bryophytes may be used
as indicators of air quality - e.g. the presence of SO, —in
the same way as lichens. In Newcastle, U.K.* mapping
studies like those mentioned above have been conducted;
the distribution limits have been identified and correlated
with the SO, levels. In forests, the moss of deciduous trees
includes species (genera: e.g. Antitrichia, Neckera,
Homalia), which are considered particularly sensitive to
SO,. These species, like the very sensitive lichens (genera:
e.g. Usnea, Bryoria, Lobaria), form a group of biological
indicators which may give an ‘early warning’ signal of
potential air pollution injury to the ecosystem.

Other SO, indicators

In a few cases, host-parasite relations may be used in
biological indication of air quality. The best known
example is tar spot disease'®, Rhytisma acerinum on Acer
pseudoplatanus (sycamore maple), which has been shown
to correlate negatively with annual SO, average levels.
The precise physiology behind this effect is not known,
but it must be assumed that the most sensitive phase
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occurs in spring during the few weeks where spore attack
on the newly formed leaves take place. Direct obser-
vation of adverse effects in trees may be used for biologi-
cal indication of SO,. This approach has the advantage
that the observed reaction in the indicator may more
easily be used to predict potential effects in forest stands.
The trees most frequently used for biological indication
of SO, are eastern white pine' ( Pinus strobus ), Scots pine
( Pinus silvestris) and hybrid poplar® (Populus tremuloi-
des).

Conclusion

The biological indication approach is necessary in envi-
ronmental management, and should go hand in hand
with conventional analytical-chemical techniques. It is
essential that the characterization of environmental qual-
ity should also include the observations of skilled biolo-
gists. If not, we are likely in the future to face many
unforeseen environmental problems at a very late stage of
their development. The use of biological indicators repre-
sents one aspect of the biologist’s characterization of
environmental quality.
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Introduction

The major part of the research on the effects produced by
acidic deposition in water bodies has, obviously, been

carried out in natural ecosystems in the areas which are
most susceptible to damage; for example, Southern Scan-
dinavia*** the Precambrian Canadian shield’” and
Northeastern USA%.



