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The use of forest mosses as bioindicators was tested with transplantation experiments. One transplan-
tation experiment was made to study effects of air pollutants on two forest moss species, Hylocomium splen-
dens and Pleurozium schreberi. Another transplantation was used to study he nitrogen fixation capacity of
blue-green algae in the Hylocomium and Pleurozium moss layers. The surface structure of the moss species
was studied by scanning electron microscopy. The air pollution induced changes in the surface structure
of moss cells were observable soon after the transplantation. In polluted industrial areas the fertilizing ef-
tect of air-borne nitrogen compounds increased the photosynthetic activity of mosses before their des-

truction. Stress respiration was also observable in polluted areas. The nitrogen fixing capacity decreased
or was almost inhibited in all the air-polluted environments.

I'wo common moss species in Finnish
torests, Hylocomium splendens (Hedw.) B. S. G.
and Pleurozium schreberi (Brid.) Mitt., were
used as bioindicators in transplantation
experiments in air polluted areas. The levels
of CO, fixation and N, fixation were studied
in the transplanted mosses in polluted and
clean environments.

Several studies have proved mosses to be
very sensitive to air pollutants (i.e. GILBERT
1968, 1969, LeBLANC 1969, LeBLANC et
al. 1971, WINKLER 1976, WINNER and
BEWLEY 1978a and b, FERGUSON and LEE
1978). Air pollutants affect the growth and
reproduction of mosses. Several species have
been shown to disappear from industrial and
urban environments, though suitable stands
tor moss growth can still be found (RAO and
LeBLANC 1967, GILBERT 1968, BARK-
MAN 1969). The suitability of mosses to
bioindication is mainly due to their primitive
morphological and anatomical structure.
Mosses can absorb and accumulate nutrients
and pollutants directly from the atmosphere.
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INTRODUCTION

The use of mosses as indicators of soil, water
and air pollution and the importance of
mosses as accumalators of metal ions have

recently been reviewed by HISATSUGU 1980,
LeBLANC and RAO 1974.

The nitrogenase activities in moss epiphytic
blue-green algae were used as one of the
indicators of air-pollution induced effects on
mosses. BASILIER et al. (1978) found the ni-
trogenase activity of mosses to correlate with
the number of blue-green algae in natural
clean air areas. This is in accordance with
our findings obtained during several years of
study (KALLIO, unpubl.). Only few studies
of pollution effects have been made earlier us-
Ing nitrogenase activity measurements by ase-
tylene reduction (KALLIO and VARHEEN-

MAA 1974, HALLGREN and HUSS 1975,
KALLIO 1976).

The morphology of Hylocomium splendens
with groove-like surface structure of leaves
and paraphyllia provides a good shelter for
algae against drying. Pleurozium schreberi is a
moss of somewhat dryer forests, and its
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water-holding capacity is not so good as that
of Hylocomium. The eftects of air pollution on
moss surfaces were studied by monitoring the

moss surfaces with a scanning electron

microsc0pe.

MATERIAL AND METHODS

The transplantation of mosses was made in
several industrial and urban areas of Oulu 1n
1977—1979 (Fig. 1.). The nitrogenase activity
was tested with several transplantations in the
Oulu, Kokkola and Turku areas during two
years (1978 and 1979) (Fig. 2.). The material
for the transplantations was obtained from
natural forests at Ii 65°20 N and outside the
urban areas of Oulu, Turku and Kokkola.
Control moss layers were also transplanted.
The mosses were detached from the ground
similarly to the transplantations made in
polluted areas. The size of the transplanted
layers was about 40 cm x 60 cm. The earliest
transplantations were made at the end of May
as soon as the ground had thawed (for futher
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Flg- 1. Location of the moss tran5plantat10n sites in Oulu l_—___.___ i ______[

during 1977—1979 (sites 1 and 2), and location of the
control transplantation (control). Part of the material was

obtained from Ii (in small map).
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details, see KARHU 1981). Standardization of
URAS 2 CO,-exchange measurements: light
intensity 10 000 lux, temperature +5—+6°C,
CO, -air tlow 20 1 h™', moistening of moss
samples in moisture chambers for 12 h betore
the gas exchange measurements.

The surface structures of the mosses were
studied with a scanning electron microscope

JEOL JSN-35. The moss material was deep-

frozen. A thin 10—40 nm cold film was used.
The magnifications used for the micrographs
were 100x and 1000x. The tip leaves of the
mosses were micrographed (the Institute of
Electron Optics, Unifersity of Oulu).

The nitrogenase activities in the moss
blue-green algae were measured in early
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Fig. 2. Location of the moss transplantation areas of the
nitrogenase activity studies (1978 and 1979), the towns ot

Oulu, Kokkola and Turku.
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September in the years 1978 and 1979 under
laboratory conditions for minimizing the
variable light, moisture and temperature
effects. The samples (top parts of the newest
moss growth) from the different areas were
collected and sent to the laboratory of the
Department of Biology of the Turku
University. Acetylene reduction analyses were
performed in laboratory conditions after one

RESULTS AND DISCUSSION

Changes in moss surface structure (SEM)

The epidermal surface structure of natural
growing Hylocomium splendens is characterized
by a slightly wavy structure and small

night pretteatment at constant moisture,
temperature and light. Commercial acetylene
gas (AGA) was used as a substrate for
nitrogenase, and the results are expressed as
ethylene (nmol reduced from acetylene) per
one gram of moss dried at 105°C. Moss

sample incubation with acetylene was carried
out at 20°C for one or two hours.

papilloid appendages (Fig. 38a). The
additional small phylloid structure is
destroyed and the wavy nature disturbed

under air pollution conditions (Fig. 3b).
Pleurozium schreberi also has a wavy, but twist-

Fig. 8. The surface structure of natural growing mosses in normal and urban forest stands
near the transplantation sites. a. Hylocomium splendens control area, b. Hylocomium splendens

polluted area, c. Pleurozium schreberi control area, d. Pleurozium schreberi polluted area.

27.9. 1978 (1000x).
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Fig. 4. The surface structure of transplanted Hylocomium splendens in control and polluted

transplantations 27.9. 1978 (1000x). a. control transplantation after 14 weeks, b. control

transplantation after 62 weeks, c. polluted transplantation after 14 weeks and d. polluted
transplantation after 62 weeks.

like surface cell structure, which 1is also
disturbed under air pollution conditions
(Figs. 3c and d).

The surface structure of the control
transplantations of Hylocomium splendens was
similar to that of the natural growing mosses
(Figs. 4a and b). The polluted transplantations
showed changes in their surfae structure
after 14 weeks. The surface cells of the moss
leaves had lost their turbidity and even their
normal morphology (Figs. 4c and d). Later
on, after a longer transplantation (62 weeks)
period, destruction of the surface cell
structure was observed.

Similar destruction of the surface cell
structure was also observed in transplanted
Pleurozium schreberi. The control transplan-
tations were undamaged, but the polluted
transplantations showed a destruction of cell

498

morphology and displayed injuries of the
surface cells of moss leaves (Figs. 5a, b, c and

d)

The surface structure of some bryophytes
has earlier been studied by scanning electron
microscopy for systematic purposes. The
method is easy and convenient for morpho-

logical studies (ROBINSON 1971, SARAFIS
1971). Because of the lacking cuticle, the air

pollution induced changes in moss leat

surfaces are mainly due to injuries and
disturbances in the surface cells. Cell
plasmolysis is the probable cause. The SO;—
and SO,—iones have been proved to cause
plasmolysis on lichens, and acid substances
destroy the protein part of the photosynthetic
cells, thus causing irreversible changes (RAO

and LeBLANC 1966). The changes also
develop quite soon after the starting of the
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Fig. 5. The surface structure of transplanted Pleurozium schreberi in control and polluted

transplantations 27. 9. 1978 (1000x). a. control transplantation after 14 weeks, b. control

transplantation after 62 weeks, c. polluted transplantation after 14 weeks, d. polluted trans-
plantation after 62 weeks.

influence.

The changes in the moss leat surface
structure must have eftects on the micro-
environment of the algal microflora on the

moss surfaces. The destruction of the leaf

structure may decrease the amount of blue-
green algae due to unfavourable micro-
environmental conditions. These conditions
are probably correlated to microhumidity.

Nitrogenase activity

The Hpylocomium transplantations into pol-
luted areas had significantly decreased
nitrogenase activities as compared with the
control transplantations (Fig. 6). The results
tor Pleurozium schreberi were more variable.

This may be due to the morphology of
Pleurozium schrebent, which does not provide an
equally good enviroment for blue-green
algae as does Hylocomium splendens. Gener-
ally, the biomass of blue-green algae (Nostoc
and Anabaena -species mostly) on Hylocomium
seems to be higher than that on Pleurozium
schreberi. The total amount of blue-green
algae on Hylocomium is also manifold in the
Lappish forests compared with the southern
ones (KALLIO and HAUKILAHTI, un-
published results).

In urban areas, combustion, heating,
trattic and industry emit nitrogen com-
pounds, which are washed down to plant
surfaces by rain water. Other substances, e.g.
sulphur compounds, may also have in-

hibitory eftects on nitrogenase activity. The
accumulation of sulphur compounds was

499



A.-HYLOCOMIUM SPLENDENS
1ol 1978

; *

6

S

‘ * %
3

2

1

OULU KOKKOLA TURKU

nmol g"‘h"

B.PLEUROZIUM SCHREBERI
5| 1978

nmolg h-

OULV KOKKOLA TURKU

. poliuted D non-poliuted

1004 1978
T X

70
6C
5C
% %
* ¥ I

OULU KOKKOLA TURKU

1979

g ;
£

T
o]
c

OULU KOKKOLA TURKU

Fig. 6. The nitrogenase activity of transplanted mosses during the summers 1978 and
1979. The ditterent moisture conditions during 1978 and 1979 caused the different nit-

rogenase activity levels. Each column represents the mean ot 25—60 variables; the verti-
cal bars show the standard errors of the means. The levels of significande of the difteren-

ces between polluted and nonpolluted areas are shown above the columns.

found to be very intensive on moss surfaces in
Oulu (HUTTUNEN et al. 1981). The nitrogen
compounds in the air of polluted areas may,
however, be more inhibitory on the
nitrogenase activity of blue-green algae.
Generally, nitrogenase activity is reduced
by the addition of combined nitrogen (i.e.

STEWART et al. 1975, KALLIO 1976,
SHERIDAN 1979). This is an ecological fact,
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because nitrogen fixing algae lose their
capacity to use molecular nitrogen and
disappear from the systems where combined
nitrogen is supplied.

When reviewing the total level of nitroge-
nase activity in different years, the effect of
transplantation must also be considered. In
summer 1978 the transplantations were made
with a smaller tussock than in summer 1979.

:

a — i T T T

%

710C

600
500
400
300
200

100

"o

400

300

200

100

o

400

200

100

300

200

100

A.HYLOCOMIUM SPLENDENS

26.28.30.33 36
1977

B. PLEUROZIUM SCHREBERI

26,28,30.33, 36. 21,

1977

Fig. 7. The relative photosynthesis and respiration of natural growing mosses in

1977. 1978 and 1979.

1978

28,
1978

38.

38.

Relative photosynthesis

Relative respiration

21, 29. 42. week
1979

Relative photosynthesis

Relative respiration

21. 29. 42. week

1979

501



The spring 1978 was also drier than the spring
1979. These may be some of the reasons for
the poor condition of the test mosses in
autumn 1978. The total level of nitrogenase
activity varies depending on the moisture
conditions (KALLIO and KALLIO 1975).
The drought of some long periods in summer
1978 atltected the life of the blue-green algae
and hence also their nitrogenase activity.

The changes observed in the leaf surfaces of

mosses are probably related to the observed
decrease via the impaired moisture-holding
capacity of the mosses. The decrease of the
number of epiphytic blue-green algae might
be the primary effect of anthropogenic
nitrogen compounds. Secondarily, active ion
phytotoxicants, heavy metals, and other
emitted materials may destroy the micro-
environment of these algae.

Photosynthesis and respiration

Photosynthesis and respiration measure-
ments were used to indicate the growth rate
and pollutant sensitivity of mosses. Observa-
tions were made on both natural growing and
transplanted mosses in air polluted and
unpolluted sites around Oulu. Great dif-
ferences in moss growth were observed
during the monitoring period. The summer
1977 was humid and favoured moss growth,
but the summers 1978 and 1979 (and
especially the spring 1978) were less
tavourable due to long dry periods.

During the dry spring period in summer
1978, photorespiratory stress was seen in
mosses. The heavy sulphur accumulation
during the summer 1979 was also observable
in the low photosynthetic rate of mosses. The
last natural growing mosses on polluted sites
exhibited distinct stress respiration during the
summer 1978. The last Hylocomium splendens
stands of the area died during the next
summer 1979. The high sulphur accumu-
lation indicates the greater air pollution
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during 1979 (see further HUTTUNEN et al.

1981). o
At first, the relative photosynthetic rate of

the transplanted mosses showed the effect of 400

nitrogen compounds most clearly around a

tertilizer plant. The longer transplantation e

over the winter had some inhibitory effects on
photosynthesis, especially during the driest
period. At the same time the stress respiration 100
was also measured.
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The most clearly observed effect of air
pollution was the fertilizing effect of nitrogen
compounds on both the natural growing and
the transplanted mosses. The effect was
greater on Holocomium splendens than on Pleu-
roztum. The stress tolerance and adaptibility
of the mosses seemed to be somewhat dis-
turbed under air pollution conditions. The
air polluted mosses suffered more drought
stress than the control samples (Figs. 7 and 8).

The positive effect of nitrogen fertilization
on moss growth has been proved experi-
mentally by KALLIO and HEINONEN
(1973).  Hylocomium splendens has photo-
synthetic activity mainly in the last two years
of growth. Hylocomium is very sensitive to
environmental changes, because if the newest
parts are damaged the whole moss is
destroyed (TAMM 1964, CALLAGHAN et al.
1971). In Pleurozium, the annual growth
cannot be divided, but photosynthesis is
mainly concentrated to the top parts of the
moss, about 2 cm from the tip (BATES 1979).
The most important factors affecting the
growth are temperature, light and air-borne
nutrients (CALLAGHAN et al. 1978, BATES
1979, LONGTON and GREENE 1979). The
extreme drought decreases the photosynthesis
of both species (KELLOMAKI and HARI
1976). The recovery after drought is delayed
after longer dry periods (HINSHIRI and
PROCTOR 1971). The extreme dry period in
spring 1978 was observed to affect particu-
larly the polluted moss samples and the

recovery was slower in polluted samples than
in control samples.
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Fig. 8. The relative photosynthesis and respiration of transplanted mosses in 1977,
1978 and 1979. The transplantation time is presented at the horizontal blocks (SA=-
transplantation time).
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