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PREFACE

Volume 35 of the series Symposia Biologica Hungarica con-
tains the proceedings of the First World Congress of Bryoecol-
ogy organized by the International Association of Bryologists
(IAB) and held in Budapest and Vdcrdtét on August 5-10, 1985.
About 150 bryologists, representing the vanguard of bryoecolog-
ical research, from 30 countries attended the conference.

Bryoecology goes back only a few decades and is one of the
most rapidly developing areas of plant sciences. The founda-
tions are due to Loeske, Amann, Gams, W. Watson, and other pio-
neers, whose works were much advanced later by synbiologists,
especially coenologists and ecologists. Recently, several hun-
dred researchers have been involved in bryoecological studies,
facilitating the application of results on bryophyte popula-
tions and communities to biological basic research and nature
conservation.

Thanks to their wide geographical distribution, important
ecological and coenological role, relatively large plant sur-
face, specific water economy, and characteristic adaptive stra-
tegies, bryophytes are very sensitive indicators of environ-
mental change. The analysis of the structure and function of
these plants at population and community levels is not only of
theoretical relevance; the results promote plant physiological
studies (e.g., on resistance) and yield new biocactive sub-
stances of potential usefulness in pharmacology.

The papers presented at the first bryoecological world
congress and the discussions support the above statements. Al-
most all areas of bryoecology, including ecophysiology, repro-
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duction and population biology, community ecology, population
ecology, bryophytes in ecosystems, and bioindication, were re-
presented. These main topics were discussed in six separate
sessions at the conference. The structure of this volume fol-
lows the classification above: the papers are grouped according
to the sessions at which they were presented.

The editing work required more time and effort than ex-
pected, over 850 manuscript pages had to be reviewed, corrected
and revised. Most of the job was carried out by the conveners
of sessions, M. F. Proctor, H. J. During, N. G. Slack, R. Wyatt,
R. E. Longton, and J. Sarosiek, whose cooperation is gratefully
acknowledged.

All final versions of papers arrived by June, 1986, al-
though the editors received some requests for further modifica-
tion even in August. The standardization of style, the solution
of technical problems associated with diagrams, photographs and
large tables, and typing into camera-ready form required sev-
eral months.

We thank all the participants of the congress for their
contribution to this volume. Special thanks are due to P. W.
Richards, Honorary President of the conference, for his active
presence and stimulative opening and closing remarks. We are
also indebted to the members of the Advisory Committee: N. G.
Slack, representative of the American Bryological Society;

S. W. Greene, of the British Bryological Society; H. Ando, from
the Japanese Bryological Society; G. A. M. Scott, representing
Australia; G. Mogensen, from the Nordic and Nuch Bryological
Society; S. Orbdn, representing the Eastern and Central Euro-
pean Working Group; A. Borhidi, representing the Botany Section
of the Hungarian Biological Society; and G. Fekete, the Ecology
Section of the Hungarian Biological Society. We are obligated
to R. S. Gradstein, Secretary of IAB, for his help in organiz-
ing the conference.

Many thanks are due to the host institutions of the con-
gress, the Institute of Ecology and Botany of the Hungarian
Academy of Sciences(Director: A. Bereczik), and the Department
of Plant Taxonomy and Ecology, L. E6tvds University. Moral sup-

port was received from the Biology Division of the Hungarian
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Academy of Sciences (Head: J. Tigyi). Financial support, which
partly covered the expenses, and the congress hall were pro-
vided by the Faculty of Science of the University (Dean: K.
Medzihradszky) . We are grateful to our young colleagues,

J« Podani, Z. Tuba, M. Rajczy, M. Széll, I. Bahn, Z. T6th;

A. Gergely, and G. Kis, for their indispensable assistance.

Tamds Pdes and Tibor Simon
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BEGRUSSUNGSANSPRACHE

Herr Ehrenprasident, Verehrtes Prédsidium,
verehrte Teilndhmer,

meine Damen und Herren!

Es ist fiir mich eine angenehme Pflicht die Internationale
Bryodkologische Konferenz hier in Ungarn im Namen der Biolo-
gischen Sektion der Ungarischen Akademie der Wissenschaften
begriissen zu kodnnen.

Zur zeit erleben wir in globalem Masse den Aufschwung
der Okologischen Forschungen. Das hangt wohl auch mit den sich
zuspitzenden Umwelschutz-Fragen zusammen. Die sich immer mehr
und mehr anhdufenden Fragen kénnen auch von der wissenschaft-
lichen Seiteher nur mit internationaler Zusammenarbeit beant-
wortet werden.

Nun méchte ich betonen, dass Ungarn filir die internationale
Zusammenarbeit, filir aen freien Austausch der 'Gedanken und der
Wissenschaftler - stets aufgeschlossen war. Die ungarischen
Forscher sind auch heute in den verschiedenen internationalen
Organisationen eifrig tdtig. So zum Beispiel meinerseits als
Vertreter der Botanik zwischen 1967 und 1973 im Executiven
Committee der Union International des Sciences Biologiques
(siehe die Generalversammlungen in Montreux und Washington)
oder I. Ling, der Generalsekretidr der Ungarischen Akademie der
Wissenschaften in den internationalen Organisationen des
Umweltschutzes.

Wir sind der Meinung, dass die bekannte ungarische Gast-

freundschaft zur guten Stimmung und gegenseitigen Verstdndigung
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wahrend den verschiedenen Veranstaltungen von wissenschaft-
lichen und kulturellen internationalen Organisationen stets
beitradgt. Und so wird es auch bei diesem Zusammentreffen der
IAB in Budapest und Vdcrdtdét sein.

Bitte empfangen Sie zum erfolgreichen Gedankenaustausch,
zur Diskussion, Zusammenarbeit und zu den - gewiss wertvollen -
Ergebnissen unsere besten Wiinsche.

Den Begriissungsworten méchte ich auch etwas Fachliches
hinzuzufiigen. Es sei mir gestattet darauf hinzuweisen, dass
ich meinerseits zu Ihren Exkursionen auf dem Geldnde einige
Detail-Ausziige aus frilheren Publikationen iliber die Moos-
flechten Synusien zur Verfiigung stelle (Zdélyomi 1943, 1958,
Debreczy 1966) .

Ich hoffe, dass diese Dokumentation bzw. Konferenz (an-
gewandte Methode nach Braun-Blanquet und Gams) einen erweiter-
ten Einblick in die Lage der besuchten Geldnde (National Park
Kiskunsdg, Balaton-Oberland) ermdglichen wird. Die allgemeinen
pflanzengeographischen und speziellen zdnologischen Fest-
stellungen sind im guten Einklang mit den modernsten Okophysio-
logischen Untersuchungen von Birdé - Debreczy und Tuba (siehe
Sitzungsausziige Seite 9 und 50, Abstracta Botanica 9. suppl.

1, 1985). Meine damals publizierten Untrsuchungen der pH-
Werte und des CaCO3—Gehaltes lassen auch auf einen basenreichen
Zustand schliessen.

Ich bin fest iliberzeugt, dass auch unsere Konferenz weitere

schéne Ergebnisse zeitigen wird. In diesem Sinne wiinsche ich

weitere erfolgreiche Arbeit!

B. Zdlyom<

Mitglied der Ungarischen Akademie der Wissenschaften,
Wissentschaftlicher Ratgeber des Okologisch-Botanischen
Instituts der Ungarischen Akademie der Wissenschaften
in VAcratét

XVI



Symposia Biologica Hungarica 36 (1987)

OPENING REMARKS

P. W. RICHARDS

14 Wootton Way, Cambridge CB3 9LX, UK

This Conference is concerned with bryophyte ecology in
the present and future, but it would perhaps be appropriate to
begin with a brief glance backwards. This is, I believe, the
first conference entirely devoted to bryophyte ecology, though
at several previous international meetings there have been
sessions on the subject. At the International Botanical Con-
gress at Edinburgh in 1964, for example, there was a symposium
on the experimental ecology of bryophytes. There were eight
contributors and the papers were afterwards published (Richards
et al. 1964).

Looking further into the past, it can be seen that bryo-
logists, especially in the alpine countries and Scandinavia,
became aware quite early of what we would now call the ecolog-
ical interest of mosses and liverworts - their characteristic
communities and their sensitive reactions to climate, soil and
other environmental factors. J. R. Lorentz (1858) and P. G.
Lorentz (1860) described bryophyte associations in the eastern
Alps. Molendo (1865) in the Allgdu Alps. Pfeffer (1671) in
Switzerland classified the bryophyte associations into 'sub-
stratum groups' and drew attention to the differences between
the brycphyte flora of calcareous and non-calcareous rocks.

In the present century Loeske (1901) published an account
of the bryophyte associations of the Berlin district which
contains many interesting field observations. Later, important
works dealing wholly or partly with bryophyte ecology were
written by Gams (1927), Amann (1928), Olsen (1917, 1923) and
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others. In England Tansley (1915) published an important review
article on 'Recent work on the ecology of bryophytes' in the
then recently established Journal of Ecology: some of the
papers reviewed dealt with experimental work, e.g., Skene's

on the acidification of solutions by Sphagnum and Kessler's on
spore germination. At about the same time W. Watson began a
series of papers in the New Phytologist and Journal of Ecology
which mainly consisted of lists of species found on different
soils and in various plant communities, but some included
observations on successions and other ecological topics.

A further step in the development of bryoecology was the
publication of Verdoorn's Manual of Bryology (1932), which
included a chapter on 'Bryocoenology' by Gams and one on the
'Ecology of Bryophytes' by myself, the latter to some extent
modelled on Lundeg8rdh's Klima und Boden in ihrer Wirkung auf
das Pflanzenleben (1931).

Now, 50 years later, research on bryophyte ecology is active
in many countries. Modern techniques such as chromatography,
electron microscopy and radio-active tracers, as well as
mathematical and computerised methods of data evaluation, are
being successfully exploited. The important role of bryophytes
in many kinds of ecosystems is increasingly realised even
outside the ranks of specialists. The next few days will show
how wide and promising a field for research bryoecology has

become.
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Session 1

PHYSIOLOGICAL ECOLOGY

Convener: M,C.F. Proctor
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MOSS GARDENING IN JAPAN
H. ANDO

Botanical Institute, Hiroshima University,
Hiroshima, Japan

Mosses have been greatly appreciated as precious attribute
of Japanese gardens. First, mosses are useful as an evergreen
ground cover with varying tones, and second, they give a
peculiar beauty and ancient look to gardens by clothing trees,
rocks and stone lanterns. In a certain type of Japanese gar-
dens, mosses are the only plant element which is simply but
harmoniously arranged with stones and white sand. Many
attractive moss gardens are seen in Kyoto, an ancient capital
of Japan, where the surrounding mountains ensure constant
humidity favorable for the growth of the mosses. More important

species commonly used in Kyoto are Polytrichum commune, Leuco-

bryum bowringii, L. neilgherrense, Trachycystis microphylla,

and Rhizogonium dozyanum, but in other drier regions, Hypnum

plumaeforme and Racomitrium canescens are employed as prefer-

able material. Technical hints on moss gardeniné include:
preserving favourable habitat conditions, constant weeding,
moderate watering, continual care to remove fallen dead
leaves and droppings of cats, dogs and birds, and keeping away
harmful animals such as moles, slugs, crickets and ants. Use
of fertilizer is unnecessary.

1. INTRODUCTION

Mosses have usually been treated as objects of annoyance
in gardens of Western countries, but in Japan they have been
popularly used for gardening. Foreign visitors to Japan are

intrigued by the unique feature and beauty of Japanese gardens



where mosses flourish covering the ground, rocks, and tree
trunks or on occasion mosses are the only plant element. Many
attractive examples of such moss gardens are to be seen at
various Buddhist temples in Kyoto, an ancient capital of Japan,
which fortunately escaped damage by the War. The foreigner
will further be amazed to learn that an industry of moss
cultivation for horticultural uses 1is developing in this

country.

2. TRAITS OF JAPANESE GARDENS

Japanese gardens have a unique beauty and produce a special
quiet atmosphere by the combination of natural rocks, sand,
water, and plants, which are harmoniously and symbolically
arranged with careful thought. They are quite different from
western gardens where the arrangement of elements is usually
geometric and showy works such as sculptured statues, foun-
tains, and flower-beds are frequently built. An important
principle of the scenic composition of Japanese gardens is the
natural-looking feature in a limited space, and the background
view outside the garden is sometimes employed, being integrated
into the perspective of the garden.

The Japanese garden is generally divided into two styles.
One is the stroll garden in which visitors walk about along
the path and enjoy viewing changing scenes. The other is the
contemplation garden which is the creation of a carefully com-
posed scene suggestive of a picture and viewed from a veranda
or within a room of a house by the garden.

3. MOSSES USED IN JAPANESE GARDENS

Mosses have been greatly appreciated in Japan as precious
attribute of gardens. They are used as an ideal ground cover
whose green colour is kept throughout the year and further
well-maintained even at shaded sites. Mosses are also important
as a clothing of tree-trunks and rocks, giving a subtle beauty
and ancient look to gardens. In some simple gardens, mosses

form the only plant element.
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The conscious use of mosses in Japanese gardens originated
in the latter half of the 16th century when the tea garden,
"Roji", developed (Ishikawa 1973). The tea garden is a small
garden with groves of carefully trimmed trees and shrubs and
stepping-stones, which is designed to harmonize with the ideals
of the tea ceremony ("chano-yu", a highly structured, tradition-
al art of ceremonial tea-preparing in company of guests). The
garden is attached to a tea house which guests approach through
it. The tea garden is required to be natural in appearance and
to reflect a quiet mood of serenity as if guestswalking the
stepping stones were in the desolate tranquility of a mountain
trail. For creating a calm profound atmosphere, mosses have
been appraised as an effective element indispensible to the
tea garden because of their serene tone of green and delicate
tranquil texture. Their flourishing growth in the garden sug-
geststhe state around a mountain trail.

Many Japanese gardens with luxuriant development of mosses
are seen in Kyoto, the ancient capital of Japan, where the
home of the imperial court was located from 794 to 1868. The
city lies on a slightly inclined plain surrounded on three
sides by low rolling mountains. Such a topographic setting
helps to ensure constant humidity which is favourable to the
growth of mosses in Kyoto and has automatically led to the
development of moss gardens in this city. Reproduction of
Kyoto gardens will be unsuccessful in the drier climate of the
present capital, Tokyo.

Stroll gardens in Kyoto, most of which are attached to
0ld Buddhist temples or palaces, usually occupy comparatively
large planted areas with ponds, islands, tea houses, and
occasionally pavilions. Examples are gardens of Saihoji Temple
(popularly called "Koke-dera" which means moss temple), Ginka-
kuji Silver Pavilion, and the Katsura Rikyu Detached palace.
In the stroll gardens, beautiful growths of mosses are
extensive; the following species are representative (Ishikawa
et al. 1953, 1954, Iwatsuki & Kodama 1961, Ando 1971):

(1) On sunny ground in open sites: Pogonatum inflexum,




Campylopus umbellatus, Racomitrium canescens;

(2) On sunny to moderately shaded ground: Polytrichum com-

mune, Hypnum plumaeforme;
(3) On moderately shaded ground: Atrichum undulatum, Leu-

cobryum bowringii, L. neilgherrense, Dicranum scoparium, Bro-

therella henonii, Bazzania japonica;

(4) On shaded humid ground: Rhizogonium dozyanum, Trachy-

cystis microphylla;

(5) On banks of the pond and in other damp places: Sphagnum
palustre, Polytrichum commune, Fissidens japonicus, Climacium

japonicum.
(6) On tree trunks and exposed roots: Entodon rubicundus,

Brotherella henonii, Clastobryella kusatsuensis, Hypnum plumae-

forme.

(7) On stones: Herpetineuron toccoae, Thuidium glaucinum,

Entodon rubicundus, Hypnum plumaeforme.

Among these species, Polytrichum commune is most commonly

used in Kyoto gardens because of its balanced uniform beauty,
ability to withstand sunlight, angd ease of supply and trans-
planting. Furthermore, plants of this species are firmly
attached to soil and can resist disturbance by the broom or
the bamboo rake used to remove fallen leaves and other
debris. Leucobryum species are also welcome and show a
peculiar elegant beauty, forming gently rolling mats of
silvery green.

Among the contemplation gardens seen in Tokyo, the dry
garden ("Kare-sansui"), which is characterized by a simple
abstract desing reflecting the spirit of Zen Buddhism, is
remarkable. This style of dry garden is not found anywhere else
in the world, even in China whose culture has influenced in
several ways to the spirit and structure of Japanese gardens.
The harmonious serene beauty of the dry garden issues from the
unique pattern formed by the simple but symbolic arrangement
of natural-formed stones, white sand, and a few plants, often
only mosses which are in most cases represented by Polytrichum

commune, rarely Leucobryum neilgherrense. The most famous

example of dry garden is the stone garden ("Seki-tei") of



Ryoanji Temple in Kyoto. This garden consists solely of a rect-
angular bed of white sand and fifteen stones arranged into five
groups. No vascular plants are seen anywhere in the garden;
only small patches of moss (Polytrichum commune) surround the

groups of stones. The stones on a white bed of sand are sug-
gestive of mountains rising above the clouds or of islands
over the sea, and the moss growth recalls forest, shrubs, or
other grassland developed on them.

Another exceptionally simple but uniquely beautiful garden
is a small flat garden recently built in a corner of the main
garden of Sanboin Temple in Kyoto. It is composed of white

sand and five patches of moss, Polytrichum commune. Three of

the moss patches are circular, modelled after saké cups, and
two are guitar-shaped imitating gourds used as saké bottles
from old times. They symbolize the famous banquet sponsored in
spring of 1598 at cherry-blossom time by the famous lord,
Hideyoshi Toyotomi, the creator of the main garden of this
temple.

In other districts, the dominant moss species used in
Japanese gardens are sometimes different from those in Kyoto
gardens. For example, garden mosses are often pleurocarpous
mosses which are fully as beautiful but not welcome in Kyoto
gardens where acrocarpous mosses predominate. They are Plagio-

mnium acutum, Brotherella henonii, Hypnum plumaeforme, and H.

lindbergii, the last being frequent especially in north-eastern
cool regions towards the Japan Sea. In some sunny and dry

sandy places, a sun-loving moss, Racomitrium canescens, is

employed.

4. TECHNIQUES OF MOSS GARDENING

In many of the old Japanese gardens, mosses have first
appeared spontaneously as a result of the favourable setting
of the garden. In later years growth and maintenance of the
mosses have been encouraged by careful management and trans-
planting. Building of Japanese gardens is now often planned

with an original design to employ mosses.



Most important in moss gardening is selecting appropriate
species suited to environmental conditions at the given sites
in the garden. Sufficient knowledge on the ecology of each
species in natural habitats is a prerequisite to make a design
of moss arrangement in the garden. Transplanting of mosses,
especially those characteristic of extreme conditions (for

example, Rhizogonium dozyanum preferring shaded moist places

and Racomitrium canescens, a sun-loving arenicolous moss), is

not easy, and it will never be successful if they are planted
in unfavourable places or inappropriately managed after
transplanting.

When construction of a moss garden is planned, it must be
kept in mind to avoid conditions unfavourable to the develop-
ment of mosses, such as over-ventillation, constant exposure

to afternoon sun, and poor drainage. Weedy vascular plants,

such as Hydrocotyle sibthorpioides, Sagina japonica, Oxalis

corniculata, and Poa annua, which often invade the moss carpet,
must always be watched for and cleaned out. Chemical weed
control can be applied in a moss garden, but a suitable herbi-
cide must be selected and used with care to the rate of con-

centration and the time of treatment. Hypnum plumaeforme is

in some places appreciated as a desirable garden moss, but in a

garden where Polytrichum commune is a leading element, its

invasion is unwelcome. Hypnum plumaeforme grows readily over

the turf of Polytrichum and finally supersedes it. Thalloid

liverworts, such as Marchantia polymorpha, Conocephalum coni-

cum, C. supradecompositum, and Anthoceros spp., are also treat-

ed as undesirable elements and weeded out.

No fertilizer should be used and watering is usually un-
necessary when growth of planted mosses is fully stabilized.
Over watering should be avoided in any stage of moss develop-
ment. Removal of fallen dead leaves and debris needs continual
care. Droppings of cats, dogs and birds, and constant falling
of heavy water drops from overhead trees in a rainy day are
injurious to mosses and must be avoided. Harmful animals to
be kept away include moles, slugs, crickets, and ants, and

occasionally people who invade arbitrarily beyond the path.



Some useful guides to moss gardening have been published
in Japan, such as those by Inoue (1976), Oishi (1981), and
Inoue & Ohashi (1983).

5. CULTIVATION OF MOSSES AS GARDEN PLANTS

The elegant and quiet beauty of mosses has become more
and more highly appreciated in Japan with the development of
modern material civilization, and fancy for mosses in gardening
has become more popular. Some architects of Japan introduce
a courtyard or a show garden accentulated by mosses into their
designs of buildings for a hotel, Japanese restaurant, public
hall, or art museum.

A demand for mosses as garden plants has thus greatly
increased recently and it has encouraged the development of
moss cultivation for market. Several cultivators of garden
plants are trying to grow mosses to supply them commercially.
The centre of this new horticultural industry is in central
Honshu including Ishikawa, Gifu, Aichi, Shiga, Kyoto and
Mie Prefectures, where the climate is moderate with an annual
precipitation of 1600-2200 mm. The main species of mosses

cultivated are Polytrichum commune (most common with the

greatest supply), Atrichum undulatum, Leucobryum neilgherrense,

Racomitrium canescens, and Hypnum plumaeforme. They are culti-

vated on soil in small rectangular plastic trays (example of
size( 30 x 60 cm) or on soil over cloth blocks. Nursery plants
are raised vegetatively from cuttings (cut young shoots are
planted), fragment scattering (crushed or cut fragments of moss
plants are scattered on the bed, covered with soil, and then
pressed down by a board) or division. The nursery (except for

sun-loving mosses, such as Racomitrium canescens) is set under

a grove of coniferous trees or in a field surrounded by forests
on two sides at least, south and west. When moss beds are
placed on open sites, the sunlight is controlled by a covering
of black cheesecloth. Alternatively, the mosses may be grown

in a polythene-covered greenhouse. Nursery plants of the most

marketable moss, Polytrichum commune, are brought to market




in three months at the earliest from the beginning of culti-

vation.
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A two-year study was made of the microclimate in relation
to the growth of epiphytic and epiphyllous bryophytes at Ino-
tani Valley, southern Japan, where many tropical and subtro-
pical bryophytes are found. Maximum temperature in the valley
bottom is lower than on the slopes. However, minimum tempera-
ture in the bottom is almost the same as on the slopes through-
out the year. Measurements of relative humidity and evapora-
tion show that the valley bottom is always more humid than
the slopes. Thus the microclimate of the valley bottom is
both more humid and more equable in temperature than that on
the slopes, or outside the forest. It seems reasonable to
conclude that epiphytic and epiphyllous bryophytes are good

indicators of microclimate.

INTRODUCTION

There are many tropical and subtropical bryophytes grow-
ing in Inotani Valley, west of Nichinan. They include Garo-
vaglia elegans (Dozy et Molk.) Fleisch., Porotrichum graci-

lescens Nog., Tayloria indica Mitt., Colura tenuicornis

(Evans) Steph., and Frullania tenuicaulis Mitt. This area

is the northern limit of some of them.

T Contribution from the Phytotaxonomical and Geobotanical

Laboratory, Hiroshima University, New Series, No. A
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Inotani Valley is also characterized by abundant growth
of pendulous mosses, which mostly belong to Meteoriaceae,
hanging from branches of trees and shrubs along streams.
Growth of these pendulous mosses indicates a warm and humid
climate in the valley. They include Aerobryopsis subdivergens
(Broth.) Broth., Barbella flagellifera (Card.) Nog., Flori-

bundaria aurea ssp. nipponica (Nog.) Nog., Neobarbella pili-

fera (Broth. & Yas.) Nog., Pseudobarbella attenuata (Thwait.

& Mitt.) Nog., P. levieri (Ren. & Card.) Broth., and P. laosi-
ensis (Broth. & Par.) Nog.

: Inotani Valley is also characterized by abundant growth

of small epiphyllous hepatics which are found on living

leaves of ferns, shrubs, and some herbs along streams. Growth
of these epiphyllous hepatics also reflects the warm and
humid climate of the valley. About 20 species of epiphyllous
hepatics have been recognized in this valley. They are mostly

belonging to Lejeuneaceae and Radulaceae, and include many

subtropical and tropical species.

These tropical as well as pendulous and epiphyllous bryo-
phytes are mostly found along streams or valley bottom in the
area, and rarely found on slopes. To clarify the difference
of climatological conditions on slopes and valley bottom, we
measured temperature and humidity once a week for a period of
about 18 months from 1966 to 1968.

MEASUREMENT SITES AND METHODS

Inotani Valley is situated about 15 km west of Nichinan,
about 230 m alt. (Fig. 1). The area is covered by evergreen

broad-leaved forests which are dominated by Quercus sessili-

folia Blume, Persea japonica (Sieb. & Zucc.) Kosterm., and

Castanopsis cuspidata var. sieboldii (Makino) Nakai. The forest

belongs to national forest, and is mostly natural, although
it was partly cut for charcoal-burning before the war. There
is a stream flowing from west to east; the average width of
the stream bed is about 10 m, and the actual width of the
stream about 5 m at the study site (Fig. 2).
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Two thermo-hygrographs (Ohta Keiki Co. and Shimazu Co.)
were set in the instrument screens at two sites: site F
(about 1 m above the ground) on the valley bottom where many
pendulous mosses and epiphyllous hepatics are very abundant,
site G (about 19 m above the stream, and about 1 m above the
ground) on a slope where the pendulous mosses and epiphyllous
hepatics are poorly represented. The thermo-hygrographs were
checked with an Assmann aspirated psychrometer and a standard
thermometer at the Aburatsu Meteorological Station.

i ST i\ o oty S
=» Inotani Valley e

Fig. 1. a) Map showing locations of Inotani Valley and Nichi-
nan, Japan. b) Map of Inotani Valley.
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Twelwe maximum and minimum mercury thermometers (Tokyo AND)

were also set at different sites on the valley bottom and

slopes (Figs 2 and 3). These thermometers were checked with

a standard thermometer at the Aburatsu Meteorological Station.
Both thermo-hygrographs and maximum and minimum thermome-

ters were checked every week at around 11 a.m.

from June 15,
1966 to May 31, 1968.

Temperature and humidity were also mea-

sured at the sites using an Assmann aspirated psychrometer
(Yoshino Keiki Co.).

An evaporation gauge was used to compare evaporation at
valley bottom and on slope. Four petri dishes (12.4 cm diam.
and 3 cm deep) were used at sites F and G,

and evaporation was
checked every week from May 1,

1968 to August 22, 1968.

INOTANI alph

)
‘H 7D

, {
T
9%

20M e 28N T

Fig. 3. A cross-section of Inotani Valley, west of Nichinan,

260 m alt. Slopes are covered by broad-leaved evergreen forests.

Abundant epiphytic and epiphyllous bryophytes are found on
trees and shrubs along the stream.
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Our results were compared with measurements from Aburatsu
Meteorological Station, near the coast just south of Nichinan.
At Aburatsu maximum temperature often exceeds 35°C in July and
August, and minimum temperature often goes down below zero in
December to February. Ice and frost can be seen in winter but
almost no snow. The area is known as one of the wettest places
in Japan, and precipitation reaches 3000 mm a year (annual

precipitation was 3875 mm in 1966 and 2267 mm in 1967).

RESULTS

1. Temperature

a. Valley bottom. Fig. 4 shows weekly maximum and minimum tem-
peratures on trees at 0.7 m (Al) and 2.95 m (A2) above the

ground on the valley bottom. Maximum temperature at Aburatsu
and site A of Inotani valley differ considerably. In Aburatsu,
maximum temperature generally exceeded 30°%C in July and
August, while it mostly stayed below 25°%¢ during the summer
season at Inotani Valley.

At the valley bottom, pendulous and epiphyllous bryophytes
are usually found below 2 m above the ground. Maximum tempera-
ture at 2.95 m above ground (A2) was always 2 to 3 degrees
higher than at 0.7 m above the ground. However, maximum tem-
peraure at 2.95 m above the ground (A2) in the valley bottom
is always considerably (about 5 degree) lower than those at
Aburatsu.

Weekly minimum temperatures are slightly higher at Aburatsu
than in the Inotani Valley in summer (June to early September).
By contrast, in the winter months (November to March) minimum
temperatures are almost the same at the two places although
Inotani Valley is situated at 230 m alt., much higher in eleva-
tion than Aburatsu. There is hardly any difference between
minimum temperatures at 0.7 m (Al) and 2.95 m (A2) above the

ground in the winter.

b. Valley slopes. Fig. 5 shows weekly maximum and minimum

temperatures at 0.4 m (Cl) and 2.35 m (C2) above ground level
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Fig. 4. Comparison of weekly maximum and minimum temperatures at Aburatsu Meteorological
Station near sea coast and at station A in Inotani Valley. Al: 0.7 m above ground, A2: 2.95
J above ground, both on the same tree in the valley bottom.
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Fig. 6. Monthly maximum and minimum temperatures on tree bases
in the valley bottom, and on S- and N-facing slopes.
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on the south-facing slope, 17 m above the stream. Maximum
temperature on the slope in the summer months is always 1-2°%
higher than on the valley bottom. This is true for both lower
trunk (Cl) and 2.35 m (C2) above the ground. However, it is
much lower than at Aburatsu.

The weekly minimum temperature at 0.4 m (Cl) above the
ground on the slope is almost the same as than on the valley
bottom. However, minimum temperature at 2.35 m (C2) in winter
(November to March) is usually 1-2°C lower than that of the
lower trunk (Cl).

)

2. Humidity

Two thermo-hygrographs were set in the instrument screens
located in the valley bottom and on the slope. They showed al-
most constant high humidity in the rainy days, but fluctuated
on fine days. It is apparently more humid in valley bottom
than on slope. However, it is difficult to compare measurements
of the hydro-thermographs at two sites.

Fig. 8 shows relative humidity measured by Assmann aspirated
psychrometer at around 11 a.m. in the valley bottom and on the
slope. On rainy days, it is very equally humid both at valley
bottom and on slope. On fine days, humidity is more variable,
especially on the slope. It is apparently dryer on the slope
than on the valley bottom.

Data obtained by evaporation gauge (petri dish) are shown
in Table 1. In the valley bottom, evaporation was much higher
at 1 m than at 0.3 m. It is constantly humid near the ground
in the valley bottom. However, on the slope evaporation is
much higher than in valley bottom. Evaporation at 1 m is much

higher than at 0.3 m on the slope.
DISCUSSION
Epiphytic and epiphyllous bryophytes have been considered

as climatic indicators (Iwatsuki 1960, Piippo 1982, and many
others). Many reports have been published on microclimates in
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Table 1. Evaporation at valley bottom and on slope, Inotani
Valley, west of Nichinan. Value indicates evaporation per day
from 38.9 cm2 (measured every 7 days) petri dishes which were

set at 30 cm and 100 cm above the ground. (cm3).

Valley bottom Slope
1968 30 cm 100 cm 30 cm 100 cm
May 10 1.4 4.3
May 17 1209 6.6 9.3
May 24 0 L7
May 31 0 7 2:3
June 6 1.5 . 3.7
June 16 0:3 37 .
August 8 0.9 il 1.9 3
Average ©.95 2.74 3.45 6.00

forests (e.g., Wolfe et al. 1949, Osting & Hess 1956). However,
almost no reports have focussed on epiphytic pendulous mosses
and epiphyllous liverworts.

We have been much interested in the habitats of those
tropical and subtropical epiphytic bryophytes at Inotani
Valley, southern Japan. They are absent or very rare at low
altitudes in this area, but are found in the deep valleys
above 100 m. Furthermore, they are found usually in the valley
bottom and are absent or very rare on slopes.

Measurements of temperature at different heights on trees
at the valley bottom and on slopes show considerable difference
in these different microenvironments. It is quite interesting
that in the valley bottom minimum temperatures are almost the
same throughout the year at different levels on trees, although
maximum temperatures are always higher on higher level of
trees. Climate in the valley bottom is quite equable, not very
warm in the summer season, not very cold in winter, compared

with that on slopes or even low altitude (Aburatsu).

23



Humidity gradients and bryophyte zonation in the Afromontane
forests (South Africa) were reported by Russell (1983). Measure-
ments of relative humidity and evaporation at Inotani Valley
show that the valley bottom, where abundant growth of epiphytic
and epiphyllous bryophytes is seen, is much more humid than
on slopes. It is also quite clear in this area that it is much
drier at high levels than at low levels on trees.

According to our field observations, many bryophytes of
this area start growing in early autumn. Abundant new shoots
are also observed in spring, but they do not grow in summer.
Some mosses have new sporophytes in late autumn; other species
have them in spring. Furness & Grime (1982) examined 40
British species of mosses, and reported the optimal temperature
for growth in the majority of species under controlled labora-
tory conditions was between 15 and 25°C. They also said that
all species were killed, often very rapidly, when maintained
in a continuously moist condition at 35°C and many species
died eventually when kept continuously at temperature above
30°c. In our experience in culturing bryophytes (including
Takakia), temperature above 30°C is usually fatal for many
bryophytes, even for many tropical épecies.

At the bottom of Inotani Valley, it is relatively cool in
summer and relatively warm in winter, and constantly humid
throughout the year. This climatic condition might be essential
for abundant growth of pendulous mosses and epiphyllous liver-
worts. It seems reasonable to consider pendulous mosses and
epiphyllous liverworts to be good indicators of a special

microclimate.
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PAN-CHENG WU, DENG-KE LI¥* and CAI-HUA GAO¥*

Institute of Botany, Academia Sinica, Peking, China
*Shanghai Museum of Natural History, Shanghai, China

Epiphyllous liverworts are abundant in tropical and sub-
tropical evergreen forests in China. In November 1983, we
measured the illumination in the open and in the habitats of
epiphyllous liverworts in sub-tropical evergreen forests in
the Wuyi Mountains, South-east China. The ratio between light
intensity outside the forest and in the habitats of epiphyllous
liverworts in forested ravines varied from 1.4 to 632; it was
high in the early and middle part of the day, but low in the
evening. Epiphyllous liverworts appear to require about 2
hours' direct light and 10 hours' diffuse light in winter.
Light, temperature and humidity are the three main factors

influencing their distribution.

INTRODUCTION

Epiphyllous liverworts are one of the characteristic
features of tropical rain-forests. In China, epiphyllous liver-
worts are abundant both in the tropical rain-forests and the
subtropical evergreen forests. We still do not know in detail
the relationship between habitat factors and the occurrence of
epiphyllous liverworts, but light, humidity and temperature
are three main factors of the environment which influence
their distribution. Epiphyllous liverworts are peculiar plants
ecologically. Kono (1967) studied the relationship between
their occurrence and environmental factors. In an earlier

study, Chen and Wu (1964) had concluded that temperature and
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humidity are the main factors influencing these plants in
China. Since then, our observations have suggested that light
is one of the most important factors influencing their growth.
Up to now more than eighty species of epiphyllous liverworts
have been found in tropical and subtropical evergreen forests
in China. None of them are found in very shady or dark forests,
although temperature and humidity are still very important
factors. We were interested to compare environmental conditions
in the tropical and subtropical forests. In the winter of 1983,
from 20-30 November, we did a series of experiments on the re-
lation of epiphyllous liverworts to light in the subtropical
evergreen forests of Wuyi Mt., a representative mountain re-

gion in South-east China.

THE SITE: LOCATION AND ENVIRONMENTAL CONDITIONS

The Wuyi Mountains (Wuyi Shan) are located at the north-
west border of Fukien Province; their highest peak is 2158 m
above sea level. In the ravines of this mountain region the
main forests are subtropical evergreen forests consisting of

Fagaceae, Cameliaceae, Lauraceae, etc., and most of the first

stratum trees are 12-15 m high (Fig. 1). The slopes by the
streams are mostly 30-350, with epiphyllous liverworts abun-
dant on the leaves from 0.5-2.0 m above the ground. Epiphyl-
lous liverworts grow best where the width of the ravines is
about 6-10 m. If the width of the ravine is less than about
5 m, the light is too dark, while if the width of the ravine
is more than 10 m the light becomes too strong.

Winter is the dry season in the Wuyi Mountains, and the
relative humidity in the ravines usually averages more than
80%.

METHODS
We first chose sites in the subtropical evergreen forest

beside streams in ravines where epiphyllous liverworts were

present. We did not record the individual species separately,
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but treated them as a group or population. The commonest spe-

cies are Leptolejeunea elliptica, Radula acuminata, Cololejeu-

nea ocelloides and Frullania moniliata. Generally, leaves with
epiphyllous liverworts at 0.5 m, 1 m, 1.5 m and 2 m were taken

as sample points for measurement, and the illumination both

inside and outside the forest was recorded. We measured every
sample point six times a day, at two-hourly intervals. The
illumination in the forests inside and outside the ravines was
also recorded.

Our measurements were made using a JP-1 photoelectric lumi-
nosity meter (Jia-Ding-Xue-Lian Instrument and Meter Plant,
Shanghai). The spectral response of this instrument conforms
to the standard CIE brightness curve.

Fig. 1. The landscape of the ravine of Er-Li-Ping in Wuyi Mt.,
SE China, showing the subtropical evergreen forest and the lo-
calities (x) of the epiphyllous liverworts.
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RESULTS

In the classical subtropical evergreen forests in South-
east China, the observations show that, as a group, the epi-
phyllous liverworts need at least two hours' direct light and
about 10 hours' diffuse light per day in the winter season.
Our first daily measurement was made at 8 a.m., with successive
measurements at two-hour intervals (Fig. 2). At 8 a.m. and 6
p.m. illumination was very low, and measurements inside and
outside the forest were very close. After 10 a.m. the curve
rises immediately, with the highest period from noon to 2 p.m.
reaching 12000 1lx. The lowest values (5 1lx) were recorded in
the evening; equally low values would be found in early morn-
ing. The ratio of the illumination in sites with epiphyllous

liverworts in the forested ravines to that outside the forest
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Fig. 2. Comparison of illumination at sample sites in habitats
of epiphyllous liverworts in evergreen forest in ravines with

illumination outside forest, showing variation in the course

of the day from 8 a.m. to 6 p.m. —-=-= : leaves at 0.5 m,
----: leaves et 1.0 m, : leaves at 1.5 m, —+——: outside
the forest.
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is 1.4-632 (Fig. 3). This ratio is high in the early and middle
part of the day (with peaks at 8 a.m. and 2 p.m.), but declines
towards evening, probably because the sun then shines directly
onto the leaves with the epiphyllous liverworts.

It is probably for this reason that the epiphyllous liver-
worts usually grow on the leaves of the second stratum of trees
facing the ravines, but not at the top of trees facing the
open slopes (Fig. 1). On the other hand, epiphyllous liverworts
could be found rarely on leaves within 10 m from the ravines.
The results from different heights in the forest are very
similar; as Fig. 2 shows, illumination at 0.5 m is very similar
to. that at 1.0 and 1.5 m.

Nevertheless, in addition to light, temperature and
humidity are also very important to the epiphyllous liver-
worts, and constitute the three main factors influencing their
growth.
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Fig. 3. Ratio of illumination outside forest and illumination
inside forest in habitats of epiphyllous liverworts.

31



ACKNOWLEDGEMENTS

We would like to express our sincere thanks to Dr. M. C. F.
Proctor, University of Exeter, UK, for his kind alterations
and corrections in the text and for making this paper much
more complete, as well as to Prof. L. C. Chen for his en-
couragement, to Z. G. Yang for kind suggestions, and to K. H.

Shing and S. he for valuable help in English.

REFERENCES

Chen, P. C. & P.C. Wu. 1964. Study on the epiphyllous liver-
worts of China (I). Acta Phytotax. Sin. 9(3):213-276.

Ono, M. 1967. An observation of microclimate at the habitat
of epiphyllous hepaticae. Misc. Bryol. Lichenol. 4(7):
113=115;

Wu, P. C., D.C. Li & C. H.Gao. 1983. sSstudies on the epiphyllous
liverworts of Wuyi Mt., Fujian Prov. Wuyi Sci. Journal 3:
1=6+

32



Symposia Biologica Hungarica 35 (1987)

CHANGES IN SOIL PH ALONG THE ZONATION OF CRYPTOGAMOUS SYNUSIA
AT BUGAC (HUNGARY)

K. MAZSA, E. KOVACS-LANG and V.V. SNAKIN*

Department of Plant Taxonomy and Ecology, L. EStvds
University, Budapest, Hungary

*Institute of Soil and Photosynthesis Research, Soviet
Academy of Sciences, Puschino, USSR

The characteristic zonation of lichens and mosses was
studied in the open Juniperus forest of sand hills at Bugac
(Kiskunsdg National Park, Hungary). Changes in species
composition and abundance of cryptogams throughout the zones
were detected. As an effect of cryptogam succession, changes
in soil pH values were measured.

INTRODUCTION

Cryptogamous synusia have a leading role in the initial
stages of succession of vegetation, especially in sandy
areas.

In the open Juniperus communis forest of Bugac (Kiskun-

sag National Park, Hungary) a characteristic battern of
cryptogams can be found around the individual juniper trees
(Gallé 1976). As a result of succession, a fairly regular
zonation of the cryptogams has been formed under the shelter
of the canopy. The closer the zone to the trunk, the richer
is in species and higher in species abundance. This, to a
certain extent a retarded process of cryptogamous succession,
results a rather small-scale pattern of zonation. It has
different effects on microhabitat, particularly on soil
characteristics. Under such circumstances, a definite gradient
of soil pH can be detected along the transect crossing the
subsequent zones.
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MATERIAL AND METHODS

Bugac is situated in central Hungary in the territory of
the Kiskunsdg National Park, on alluvial calcareous sand from
the Danube River.

The relief formed during the Holocene. Bugac is an area
of sandy hills with relative heights of 3-10 m. The annual mean
temperature is lO.6°C, annual mean precipitation is 510 mm.

The zonal vegetation ofthis rather continental region is forest
steppe. On the sand hills (or dunes), as a result of secondary
succession, sparse stands of Juniperus communis and Populus

alba are typical (Simon 1979, Tdélgyesi 1979, Simon & Rajkai
1985) .

The soil formation in this area is in an initial stage;
the sandy soil has low organic matter content and water holding
capacity, so the limiting factors of succession are the low
level of soil moisture and nutrients, especially N (Snakin et
al. 1984).

In the characteristic belt of cryptogams surrounding the
junipers, one can distinguish between 2-4 zones which differ
from one another in species composition, species richness and
abundance. Most often, three zones (Tortella-dominated, lichen-
dominated, and Hypnum-dominated) can be observed. The width
of the zones depends on the height of junipers and also on the
microrelief.

We selected a well-developed four-staged zonation for the
present study. It is situated at the foot of a NE slope on a
medium-sized dune, and it was shaded by tall trees. Due to
this special position, more species were found here than usual.
The transect crossing the zones was about 6 m long and the
width of the different zones was 1.5 - 1.5 - 1.0 - 2.0 m.

In July, 1985, pH measurements were made in the four
zones under field conditions. We measured in dry soil at a
depth of 5 cm, where soil moisture content made it possible,
and after watering in mositened soil at a depth of 1 cm. For
the measurements, the "in situ" ionometric method developed

in the Soil Institute of the Soviet Academy of Sciences was
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employed (Zykina et al. 1978). Glass electrodes, Ag/AgCl refe-
rence electrode and, as a detector, an I-102 ionometer were

used.

RESULTS

The results are summarized 'in Table 1. As seen, the first
zone, which represents the first successional stage from the
bare sand, is characterized by the presence and dominance of
extremely xerotherm species (Tortella inclinata and Diplo-

schistes muscorum) with a cover of about 50%.

In the subsequent stages, the species richness increases.
Species diversity reaches its maximum in the third zone. At
the same time, a gradual shift of species is associated with
an increase in total cover..It is worth mentioning that in
the fourth stage the dense moss layer of Hypnum cupressiforme

and Thuidium abietinum covers entirely the soil surface, and

on this carpet a second layer of lichens has been formed. The
iasting existence of such a zonation is likely due to the
gradually weakened sheltering effect of junipers.

The zonation os cryptogams is accompanied with a pH gra-
dient in the so0il, which is the result of acidic substances
produced by lichens and mosses; the beginning of a slight
biological activity and the formation of humic materials in
the soil. This process is the first step of soil development.
The decrease in pH values during succession is more definite
in the upper horizon of the soil, ‘although the biotic effect
of cryptogams can be detected at a depth of 5 cm as well. In
this case the range of pH alteration is narrower. In the

initial stage of succession (Tortella- and Diploschistes-domi-

nated zone) the soil pH is the same as that of bare sand. The
greatest change takes place when succession proceeds from

the second to the third stage, where a leap can be measured
in the pH of the soil.
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Table 1. Changes in species composition, abundance and soil pH in the different zones of cryp-

togamous synusia at Bugac, on 5-6. 7. 1985.

Zones Mean pH values (based on 6 measurements
(successional Species present Cover (%) each)
Htagel 5 cm 1 em
moisture = 2% moisture = 6%
bare sand 7.96 s = 0.70
I Tortella inclinata 50
Diploschistes muscorum 7 8.04 s = 0.20 8.00 s = 0.16
Cladonia magyarica 5
IT. Tortella inclinata 60
Cladonia magyarica 70
Diploschistes muscorum 5 7.90 s = 0.09 7.82 s = 0.25
Cladonia convoluta 5
Toninia coeruleo-nigricans 2
TILE, Tortella inclinata 40
Diploschistes muscorum 30
Cladonia magyarica 20
Cladonia convoluta 40 7169 8 = 0,41 719 s = 0.23
Parmelia pokornyi i
Hypnum cupressiforme 10
Thuidium abietinum 5
Tortula ruralis i
IV Thuidium abietinum 60
Hypnum cupressiforme 40 733 s = 0.29 107 s = 0.32
Cladonia furcata 20

Cladonia convoluta 10
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WATER RELATIONS AND NUTRIENT STATUS OF BRYOPHYTE COMMUNITIES
AT MARION ISLAND (SUB-ANTARCTIC)
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An outline is given of the existing phytosociological
classification of bryophyte-rich communities at Marion Island.
Detailed relevé data recorded at the time of the original
survey indicate soil moisture as a principal factor controlling
bryophyte distribution. Studies of bryophyte water relations
at Marion Island support this conclusion while emphasising the
additional role of nutrient status in relation to species
composition, especially at biotically influenced and well-

drained sites.
INTRODUCTION

The Prince Edward Island, including Marion Island (46054'8,
37°45'E), are the northernmost of the islands of the Sub-
Antarctic botanical zone recognised by Greene & Walton (1975).
Bryophytes are an important part of the Marion Island eco-
system, contributing approximately 25 g of the total lowland
plant biomass, increasing locally to 60%, e.g., in Agrostis
mires (V. Smith 1978), and approaching 100% in higher altitude
fellfield habitats. Bryophyte production studies were carried
out by the author in 1980-1982 and results have been published
along with information on bryophyte energy and chlorophyll
values in Russell (1984, 1985). Supplementary data on water
relations and nutrient status of the principal bryophyte
species of Marion Island were collected during the productivity

investigations and the results of these studies are presented here.
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METHODS

Gremmen (1982) analysed 510 relevés for the phytosociologi-
cal survey of Marion Island. For the bryophyte production
study, 15 species with the highest cover values (greater than
75% in a high proportion of the relevés) were selected as re-
presentatives of the six major plant community complexes re-
cognised by Gremmen. The study species are listed by community
(sub-association) and community complex (habitat) in Table 1.
The arrangement is based on an observed xerix-hydric soil
moisture gradient, with values for each community calculated
from the multiple releve data of Gremmen (1982). The liverwort
Clasmatocolea vermicularis is characteristic of both biotic

and saltspray zones on Marion Island. These community complexes
do not form part of the xeric-hydric sequence and are shown
last in the table.

Eight core samples of each of the 15 bryophyte species
were collected from the production study sites on each of
three dates during the first quarter of 1981 to allow for
rainfall/water table fluctuations. Cores of plant material
were weighed, then centrifuged at 1500 r.p.m. for one minute
to remove external capillary water (Gimingham & Smith 1971).
After further weighing, the cores were oven dried at 80°C for
24 hours and reweighed. Marion Island soil cores required oven
drying at this temperature for up to 36 hours to reach constant
weight.

A crude assessment of water retention was obtained for the
15 species by weighing for water loss after air drying over-
night in a controlled environment room maintained at 35% rela-
tive humidity and 20°C. Stems were first saturated and centri-
fuged to allow comparison with the data of Gimingham & Smith
(1971)s

For the plant chemical analyses, five replicate core
samples of the 15 bryophyte species were collected from the
study sites in May 1982. Samples were taken of the current
year's growth as defined during the production study (Russell
1984) . 200 mg subsamples of dried, ground, plant material
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Table 1, Principle bryophyte species of Marion Island and the communities in which they

— s

occur arranged according to soil moisture gradient.

No. Species Sub-Association Soil water Habitat
content (%)
1 Brachythecium subplicatum Brachythecietum subplicati inops 2896 Drainage
Line
2 Distichophyllum fasciculatum Distichophylletum fasciculati 2333 Wet
3 Drepanocladus uncinatus Junco-Drepanocladetum clasmatocoleetosum 1882
4 Campylopus arboricola Blepharidophyllum-Clasmatocoleetum:ranunculetosum 1832
5 Breutelia integrifolia Bryo-Breutelietum uncinietosum 1652
6 Ptychomnion ringianum Uncinio-Ptychomnietum 1650 Mire
7 Clasmatocolea humilis Blepharidophyllo-Clasmatocoleetum clasmatocoleetosum 1633
8 Blepharidophyllum densifolium Blepharidophyllo-Clasmatocoleetum blechnetosum 1160
9 Jamesoniella colorata Lycopodio-Jamesonielletum ranunculetosum 1041
10 Jamesoniella grandiflora Jamesonielletum grandiflorae 779
1 Racomitrium lanuginosum Lycopodio-Jamesonielletum catagonietosum 770 Dry
12 Brachythecium rutabulum Isopterygio-Blechnetum brachythecietosum 588 Slope
13 Ditrichum strictum Andreaeo-Racomitrietum crispuli 85 Fellfield
14 Andreaea acutifolia Andreaeo—Racomitrietum crispuli 85
15 Clasmatocolea vermicularis Montio-Clasmatocoleetum vermicularis 1081 Biotic /
Salt Spray



were digested in HNO3—HZSO4HC104 mixture. P concentrations in
dilutions of the digest were determined using a phosphomolyb-
date-blue procedure (Murphy 1962), the H' concentration of the
colour-developing reagent being adjusted to compensate for the
acidity of the digest. Ca, Mg, Na and K concentrations were
determined on suitable dilutions of the digest by atomic ab-
sorption spectrophotometry, larthanum (in HCl) suppressant
being added to the aliquots for Ca determination. Kjeldahl N
was measured by a modified Solorzano colourimetric procedure
(V. Smith 1985), after digesting subsamples of the dried, ground
plant material in H2504—KZSO4—CuSO4 mixture.

WATER RELATIONS

Average total water content of eight cores of bryophyte
material per species are graphed in Fig. l.a for each of the
three sampling dates. Total water comprises internal apoplast
and symplast water plus external capillary water (Dilks &
Proctor 1979). External water was measured on the last two
dates only and is graphed in Fig. 1l.b.

Fluctuations in the generally high level of precipita-
tion (2500 mm p.a.) are known to affect ground water levels
on Marion Island (Gremmen 1982). Such fluctuations may also
have an effect on bryophyte tissue water content as suggested
by the increased level of total plant water content measured
in February 1981, which appears to correlate with the higher
level of rainfall recorded in the preceding month. The percent-
age component of external water remained fairly constant in
the following two months, however, with an average variation
between species of only 4.9% between February and March.

The degree of variability of the inter monthly means is
indicated in Table 2 and the integrated averages show clearly
the lower water contents found in species of the exposed
fellfield habitat. A high value was obtained in the drainage
line species and an intermediate value in the slope species.
Reference to these data and Fig. 1 will show that the range

of water contents found in the mire species exceeds that
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Fig. 1. a) Total field water content (% dry weight) measured on three dates, and b) external
water (% of total water) measured on two dates in 1981 for Marion Island bryophytes. Total
rainfall for the month before each collection date is indicated in the smaller graph. Species

are numbered as in Table 1.



Table 2. Total plant water content (%, 3-month mean t+ standard deviation), external water
content (%, 2-month mean + standard deviation) and soil moisture (%) at bryophyte growth

plots.

Species Total water External water Soil water
Brachythecium subplicatum 2133 + 166,5 54,8 * 1,5 2787
Distichophyllum fasciculatum 2878 + 137,0 5555 + 1,9 2396
Drepanocladus uncinatus 1058 + 54,7 46,1 + 4,7 1808
Campylopus arboricola 776" “#! 15255 4250 - #2,9 2469
Breutelia integrifolia 1339 + 64,0 64,2 + 1,3 1599
Ptychomnion ringianum 841 # 91,0 39,4 + 6,3 1480
Clasmatocolea humilis 1449  + 47,7 45,8 + 159 1417
Blepharidophyllum densifolium 1413 + 103,4 52555 55 2216
Jamesoniella colorata 674 + 76,3 26,3 + 550 1299
Jamesoniella grandiflora 641 + 29,5 23,7 +* 2,8 746
Racomitrium lanuginosum 264+ 18,4 4,9 *1,9 895
Brachythecium rutabulum 781 + 67,9 ' 32,8 % 5,0 649
Ditrichum strictum 202 + 12,8 15,3 & 3506 260
Andreaea acutifolia 158 + 12,6 17,1 % 3,3 184
Clasmatocolea vermicularis 988 * {55 39,3 * 651 895



round between the fellfield and drainage line habitats and
further reflects the xeric-hydric soil moisture gradient
demonstrated by Gremmen (1982).

Water contents of soil cores collected from the bryophyte
study plots are shown in Table 2. The values agree closely
(r = 0.9131) with soil moisture means calculated from the
relevé tables of Gremmen, for the communities in which these
species are dominant (Table 1). Correlation between soil water
content and plant water content is reasonable (r = 0.7640 and
0.7645, respectively, for total and external water) considering
the lack of an absorptive root system in bryophytes and the
susceptibility to rainfall fluctuations noted above.

The results of the thirteen-hour desiccation test are in-
dicated in Table 3. Water retention appears to be closely link-
ed to growth form of the species. Growth form and stem spacing
data (from Russell 1984) are included in Table 3, and compari-
son of the information allows the following generalisations.
Those species with less robust growth form and higher areal
stem densities (> 20 cda) tend to be most resistant to drying
out, i.e., the cushion and mat growth forms, all of which re-
tained more than 25% of their initial water content. Those
species with more robust growth form and lower stem densities
(<25 cm-z) were less resistant to drying out, i.e., the
carpet and weft types, which all retained less then 35% of
their initial water content.

The tall-turf growth form gave variable results, but open-
ness of growth habit appeared to outweigh factors such as
erect, parallel branch arrangement or dense rhizoid felts
where water retention was concerned. Those turfs with stem
densities of more than 20 cm-2 retained more than 40% of the
initial water, with the converse true of those with greater
than 20 shoots per cm2 spacing.

Percentages of water remaining after the drying period
have been graphed against the initial water content in Fig. 2
to allow comparison with the data of Gimingham & Smith (1971)
from Signy Island. Species of permanently wet habitats and

water tracks on Signy Island and Marion Island, e.g., certain
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Table 3. Growth form, stem density and water content after a 13-hour desiccation period in
Marion Island bryophytes. Water content after desiccation is expressed as a % of internal

water content at the start of the experiment.

Species Growth form* Mean shoot Retained

density per cm ** water (%)
Clasmatocolea vermicularis Mat, thread-like form - tall turf 106,5 5355
Blepharidophyllum densifolium Tall turf, branches erect 42,0 51557
Clasmatocolea humilis Short - tall turf 100,0 50,8
Campylopus arboricola Tall turf with dense rhizoid felt 26,3 49,0
Ditrichum strictum Large cushions 23,7 . 48,9
Jamesoniella grandiflora Mat, thread-like form - tall turf 40,2 47,6
Distichophyllum fasciculatum Tall turf, branches erect 49,7 37,9
Andreaea acutifolia Small - large cushions 280,0 3552
Drepanocladus uncinatus Carpet 15,8 31,7
Jamesoniella colorata Mat, thread-like form - tall turf 47,7 28,1
Ptychomnion ringianum Tall turf, branches erect 4,3 11559
Racomitrium lanuginosum Carpet 4,5 6,9
Breutelia integrifolia Tall turf with dense rhizoid felt 16,0 4,7
Brachythecium subplicatum Carpet 23,2 356
Brachythecium rutabulum Weft 19,2 851



Brachythecia, occupy similar positions in the centre left of
the scatters in both diagrams (group 1l). Species of drier,

mire margin habitats occur towards the lower left of the
scatter (group 2), and species of exposed, fellfield habitats
also correspond in position on the lower right of both graphs
(group 3). The species of the central groups 4 and 5 on Signy
Island (wet rocks and flushes, and peat banks, respectively)

do not have taxonomic/ecological counterparts among the species.
studied on Marion Island, and this area of the graph is cor-
respondingly blank in Fig. 2.b. Liverwort mats and turfs of
the mire habitat are, however, more important on Marion Island,
as evidenced by the group of species to the upper right of the
scatter in Fig. 2.b (group 4). Drepanocladus uncinatus also

occurs in group 4 on Marion Island as a species of the wettest
mire habitats. On Signy Island, however, the same species
occurs only on temporarily wet groun at swamp margins (group
2) according to Gimingham & Smith (1971).

NUTRIENT STATUS

The mean results of the mineral element determinations are
given in Table 4. Totals of each element for all bryophyte
species are given in the bottom row and totals of all elements
for each species in the last column. The species are arranged
in their habitat groupings on the xeric-hydric moisture gra-
dient as in Table 1. Mean values for each habitat are graphed
in Fig. 3. Values are expressed on a dry weight basis, for the
current year's growth as determined during the production
study (Russell 1984). This manner of expressing the data al-
lows easy comparison with the results of other workers in
the tundra biome but, see provisos of Brown (1982) concerning
the potential influence of differing cation exchange capacities
and acropetal nutrient translocation when making interspecific
comparisons on this basis.

Mineral nutrient levels (N, P, K and Ca) are highest in
the species of the drainage line, slope and biotic habitats.
As Walton & Smith (1979) found on South Georgia, species of
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Table 4. Mineral content (% dry weight, mean + standard deviation) for Marion Island
bryophytes.

Total

N P K Mg Ca Na Minerals

Brachythecium subplicatum 0.656 +0.033 0.220 +0.013 1.184 +0.052 0.326 +0.016 0.501 +0.030 0.118 +0.009 3.010
Distichophyllum fasciculatum 1.279 +0.067 0.147 +0.013 1.184 +0.086 0.668 +0.019 0.325 +0.025 0.855 +0.087 4.460
Drepanocladus uncinatus 0.995 +0.107 *0.124 +0.062 0.653 +0.070 0.280 +0.006 0.175 +0.009 0.116 +0.012 2.343
Campylopus arboricola 0.596 +0.033 0.064 +0.003 0.235 +0.011 0.101 +0.012 0.173 +0.021 0.193 +0.024 1.362
Breuteliu integrifolia 0.909 +0.125 0.090 +0.037 0.536 +0.201 0.463 +0.020 0.483 +0.025 0.143 +0.013 2.624
Ptychomnion ringianum 0.831 +0.102 0.068 +0.003 0.247 +0.013 0.197 +0.010 0.218 +0.005 0.060 +0.008 1.621
Clasmatocolea humilis 0.789 +0.054 0.081 +0.041 1.680 +0.106 0.207 +0.009 0.161 +0.010 0.355 +0.063 3.273
Blepharidophyllum densifolium 0.577 +0.041 0.056 +0.028 1.185 +0.067 0.425 +0.013 0.255 +0.012 0.347 +0.042 2.845
Jamesoniella colorata 0.560 +0.054 0.054 +0.027 0.349 +0.008 0.292 +0.007 0.215 +0.012 0.121 +0.005 1.590
Jamesoniella grandiflora 0.774 +0.038 0.043 +0.022 0.341 +0.032 0.294 +0.008 0.276 +0.007 0.101 +0.016 1.829
Racomitrium lanuginosum 0.645 +0.000 0.048 +0.000 0.107 +0.000 0.171 +0.000 0.120 +0.000 0.041 +0.000 1.132
Brachythecium rutabulum 1.069 +0.108 0.141 +0.010 0.796 +0.025 0.373 +0.009 0.506 +0.115 0.138 +0.019 3.023
Ditrichum strictum 0.412 +0.004 0.068 +0.034 0.099 +0.009 0.465 +0.041 0.128 +0.033 0.021 +0.017 1.193
Andreaea acutifolia 0.682 +0.000 0.093 +0.000 0.107 +0.000 0.524 +0.000 0.188 +0.000 0.075 +0.000 1.669
Clasmatocolea vermicularis 1.338 +0.032 0.183 +0.012 1.871 #0.125 0.280 +0.014 0.235 +0.023 0.489 +0.066 4.396

x 0.887 +0.134 0.099 +0.027 0.705 +0.293 0.338 +0.075 0.264 +0.066 0.212 +0.111



the fellfield habitat show the lowest values for most minerals
with the exception of Mg. R. Smith (1985) suggests that plants
of dry mineral soils may occasionally show high levels of
minerals when concentrations in the substrate rocks are high.
MgO is present in the alkali trachy-basalts of Marion Island,
at concentrations of up to 14% (Verwoerd 1971) and may there-
fore account for this result.

Mean mineral nutrient values are generally low for the mire
species but as in the water relations study, interspecific
variability is great owing to the heterogeneity of the habitat.
For example, the lowest values of P and Mg found in this

study occurred, in dry mire habitats, in Jamesoniella grandi-

flora and Racomitrium lanuginosum respectively; whereas the

highest levels of Mg and Na were found in Distichophyllum

fasciculatum of the wettest mires.
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Fig. 3. Mean macronutrient levels (% dry weight) in Marion

Island bryophytes grouped according to habitat.
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The biotic habitat is influenced by bird and seal manuring

and by salt spray from the nearby coast. Clamatocolea vermicula-

ris from this habitat shows correspondingly high levels of N,
K and especially Na.
P and Ca levels are high in the drainage line moss_ Brachy-

thecium subplicatum. This species occurs in a habitat with a

near neutral soil pH, and therefore shares a more minerotrophic

character with mire flushes dominated by Breutelia integri-

folia (Gremmen 1982). Both these habitats have pronounced
lateral soil water flow and their bryophytes show high nutrient
levels.

K is the most mobile macronutrient and is strikingly ac-
cumulated by mosses (Malmer & Nihlgaard 1980, Proctor 1981).
Its mean level in Marion Island mosses (0.69%) is only sur-
passed by N concentration (0.81%). The high level of K in the
bitoc zone may be due to uptake from marine sources as suggested
by R. Smith (1978) for islands elsewhere in the Antarctic.

Tundra habitats are known to be relatively N-rich (Rosswall
& Granhall 1980, Sikora & Keeney 1983) especially where high
concentrations of moss-epiphytic, nitrogen-fixing cyanobacteria
occur, e.g., in mires (Stewart 1974, Broady 1979). Such orga-
nisms are common and active on Marion Island and according to
Smith & Russell (1982), occur with greatest abundance in as-

sociation with Brachythecium subplicatum in the minerotrophic

drainage line habitat. The fact that plant N levels are not
outstandingly high in this habitat may therefore appear anoma-
lous. However, loss of N from the system will be promoted by
denitrification which may proceed more rapidly in the aerobic
regime and neutral pH of the drainage line habitat. Leaching
and fixation in the underlying peat will further deplete N-
levels in this habitat (Sikora & Keeney 1983). This situation
has been confirmed by Smith (1985) on South Georgia, where

hydrophytic mosses such as Brachythecium were also found to

have high concentrations of all minerals except N.
In common with the findings of Vitt & Pakarinen (1977), N
and P levels are closely correlated in Marion Island bryophy-

tes (r = 0.8827 when the anomalous drainage line species is
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excluded from the calculation). The bryophyte N levels recorded
in this study are very similar to those found by other research-
ers working in tundra habitats (Northover & Allen 1967, Vitt

& Pakarinen 1977, R. Smith 1978, Walton & Smith 1979). Overall
nutrient levels in this study fall within the ranges for bryo-
phyte material quoted by Huneck (1984), except with regard to
the maxima for Mg and Na which can be considered superabundant
in coastal sub-Antarctic habitats due to the influence of salt
spray.

Several authors have noted the lack of complementarity
between soil and bryophyte mineral element concentrations
(Walton & Smith 1979, Longton 1980, Proctor 1981), due to the
ability of bryophytes to accumulate mineral ions selectively
from very dilute solutions. However, R. Smith (1978, 1985)
has noted some proportionality with substrate levels on Signy
Island. V. Smith (1977) noted a relatively high concentration
of Ca in soils of the drainage line habitat on Marion Island,
which may account for the high plant levels recorded in this
study. Mosses have a high exchange capacity for this divalent
cation and might be expected to accumulate high levels of Ca
where continually presented with the element in the constant
water flow of the drainage line habitat. V. Smith also noted
high mineral concentrations in slope ("fernbrake") soils,
which may account for the high nutrient levels recorded in the
moss Brachythecium rutabulum of the slope habitat. For all 15

species, a limited correlation (r = 0.4124) exists between
soil inorganic component (Gremmen 1982) and bryophyte ash con-
tent (Russell, unpublished data).

Lack of space forbids detailed consideration of nutrient
concentrations in the part of the shoot below the current
year's growth. However, this was measured (Russell, unpubl.
data) and it was found that P, K and Na decreased in the older
portions of the stem, while small increases were noted in some
species in the cases of Mg and Ca. The latter cations are more
strongly sorbed than K and Na, and are immobilized in the old
cell walls (Dowding et al. 1981, Proctor 1981). Nitrogen was
consistently present in higher concentrations in the older
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parts of the plant, which agrees with the findings of Allen et
al. (1967) and Grubb et al. (1969). Brown (1982) suggested that
the increase of N with age may be due to microbial growth,
which is known to be important in bryophyte communities on
Marion Island (Smith & Russell 1982).

DISCUSSION

The results of this study indicate that field water content
and water retention follow a trend in Marion Island bryophytes,
correlated with soil moisture and growth form. Species with
compact growth form, low field water contents and high water
retention occupy the exposed fellfield habitats, e.g., Andreaea
acutifolia and Ditrichum strictum, while species with more open

growth form, high water contents and low resistance to water
loss occupy drainage line and wet mire habitats, e.g., Brachy-
thecium subplicatum and Bruetelia integrifolia. A large group

of mire species with high cover values can also be sequenced on
the soil moisture gradient, and represent an ecological group
that is important on the mord northerly sub-Antarctic islands,
but is less prominent in the Maritime Antarctic. These species
(mainly of the liverwort genera Blepharidophyllum, Clasmato-

colea and Jamesoniella) have high field water contents but also

relatively high resistance to water loss, at least in the short
term, due to their closely packed mat or turf growth forms.
This growth habit may adapt such species to the short periods
of drying out associated with fluctuating water table levels
on Marion Island.

Shoot production figures from Russell (1984) were regressed
against data from the present study to provide the correlation
coefficients shown in Table 5. Omitting the anomalous species

Distichophyllum fasciculatum from the calculation (low pro-

ductivity due to total submergence of stem apices during growth
season) annual shoot production shows a close relationship
with water content (r = 0.7902).

As might be expected for plants with predominantly ecto-
hydric mode of nutrient assimilation, reasonable correlations
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Table 5. Correlation coefficients indicating relationships
between annual shoot production, water content and mineral
content in 15 species of Marion Island bryophytes.

N P K Mg Ca Na
Total water ., 4165 .5618 0.6514 0.2929 0.3239 0.7605
Shoot content
production 0.7902 0.0557 0.5235 0.4541 0.2329 0.5238 0.1571

between bryophyte element concentrations and water contents
were also found (Table 5). However, there is a less obvious
relationship between nutrient content and production (Table
5). For example, little correlation is seen between growth

and N, Mg and Na concentration. As already mentioned, these
elements can be regarded as super-abundant on Marion Island.
P, K and Ca, however, occur at levels closer to the norms
quoted by Huneck (1984) and correlate more closely with growth
(Table 5). The low level of P found in this study and its
relatively high correlation with production may therefore

be significant with regard to the proposal of P as the prin-
cipal limiting nutrient for bryophyte growth (Brown 1982, Babb
& Whitfield 1977).

CONCLUSION

Bryophyte communities on Marion Island are characterised
by species with field water contents consistent with habitat
factors, e.g., soil water, degree of exposure, at their sites
of occurrence. Bryophyte production is positively correlated
with field water content and high nutrient levels may also
contribute to the enhanced plant performance noted in minero-
trophic habitats, e.g., drainage lines and mire water tracks.

Only one bryophyte species, Clasmatocolea vermicularis,

reaches high cover values in the nutrient-rich/salt spray
zone at Marion Island. This species also shows a high (short
term) resistance to water loss and further investigations

of the physiology of this interesting salt-tolerant leafy
liverwort are currently continuing.
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IN VIVO STUDIES ON THE REGULATION OF NITRATE REDUCTASE
IN SPHAGNUM SPECIES¥

H. DEISING

Botanisches Institut, Christian-Albrechts Universitat,
Kiel, FRG

An in vivo assay for nitrate reductase (NR) of Sphagnum
species active under dark aerobic conditions has been develop-
ed. The assay was used to study some regulatory mechanisms of

NO3_ reduction in Sphagna.

NR activity of Sphagnum spp. is substrate inducible. This induction

is correlated with NO3_ concentration of the induction medium.

The non-linear shape of the Lineweaver-Burk diagram (recipro-

cal plot of NO3_ reduction versus NO3_ concentration) suggests

that more than one enzyme system is involved in NO3 - reduction,
e.g., NR, NO3_

A i € ; :
NH4 is not a significant regulator of nitrate reduction

in Sphagnum. Experiments with six Sphagnum species show that

permease and NAD(P) generating enzymes.

under natural conditions (concentrations not higher than 0.1
mM) ammonium has only a slight effect on induction and acti-
vity of NR.

The addition of various metabolites and inhibitors to
the in vivo assay medium led to the hypothesis that mainly GAP and

NAD-GAPDH are responsible for the generation of reducing

* Abbreviations: AA amino acids, ADP adenosine diphosphate,
ATP adenosine triphosphate, DHAP dihydroxyacetonephosphate,
dw dry weight, Fd ferredoxin, F-1,6-bP fructose-1,6-biphos-
phate, GAPDH glyceraldehyde-3-phosphate dehydrogenase, NAD
nicotine adenine dinucleotide, NADH+H+ reduced NAD, NR nitrate

reductase, P inorganic phosphate.
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equivalents for NO3 reduction. The similar reaction of NAD-
GAPDH and NR to NO3 application gives further support to the
hypothesis that carbohydrate and nitrogen metabolism are linked
via NADH+H+ production and consumption. This linkage might be

regarded as a mechanism of regulation of NO3 reduction in

Sphagnum spp.

INTRODUCTION

While extensive literature on nitrate reduction in higher
plants is available (reviewed by Beevers & Hageman 1980) little
attention has been paid to this aspect of nitrogen metabolism
in bryophytes (for references see Rudolph et al., these proceedings) .

Rudolph & Voigt (1986) have shown that NO3- is
essential for cultivating Sphagnum species. Ammonium at a con-
centration of 225 uM caused, e.g., growth inhibition and chlo-
rophyll degradation, while nitrate (322 uM) had a beneficial
effect on growth, chlorophyll content and rate of photosynthe-
sis.

There are two main regulatory mechanisms of nitrate re-
duction in plants, regulation by amount and by activity of the
key enzyme of nitrate reduction, nitrate reductase (NR). NR ac-
tivity of Sphagna has been shown to be substrate-inducible(Deising & Ru-
dolph, unpubl., Woodin et al. 1985, Press & Lee 1982). The kine-

tics of enzyme synthesis suggest that these species are capable

<
findings are consistent with the fact that NH

of metabolizing NO rapidly (Deising & Rudolph 1985). These

4+ is the dominat-

ing nitrogen form in bog water and that NO3 is not detectable

despite its presence in wet deposition.

+Press and Lee (1982) have found that
NH," is an important repressor of NR synthesis in Sphagnum spp.

NH4+ effects on NR were demonstrated for higher plants (Ore-

bamjo & Stewart 1975, Timpo & Neyra 1983). If, however, ammo-

nium would really act as a strong regulator of NR induction in

Sphagna, these plants could hardly utilize NO because of

3
: + : .
high NH concentrations in bog water. In contrast to Press &

4
Lee (1982) Deising and Rudolph (unpublished) and Woodin et al.
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(1985) have found that inducible NR activity was little affected
even at high NH,* concentrations.

The regulation of NR activity in plants can be achieved by

linking NO3 reduction to carbohydrate oxidation, mediated by
regeneration and consumption of reducing equivalents. Different
plant species use different carbohydrate sources (Kaplan & Lips

1984, Mann et al. 1978, Klepper et al. 1971). Therefore No3—

reduction must alter carbohydrate metabolism.
The aim of this study was to analyze the effect of substrate

and co-substrate (reducing power) as well as of NH4+ on activi-

ty and induction of NR in Sphagnum spp.
MATERIAL AND METHODS

In all experiments Sphagnum magellanicum Brid. was used as

the representative of the genus. Experiments on the effect of
ammonium on NR activity were made with the following Sphagnum
species: S. compactum DC., S. cuspidatum Hoffm., S. fallax
(Klinggr.) Klinggr., S. fuscum (Schimp.) Klinggr., S. magella-
nicum Brid., and S. subnitens Russ. & Warnst.

Precultivation and cultivation of the plants were as de-
scribed by Rudolph & Voigt (1985, unpublished). Depletion of

Sphagna for NO3 ; NR induction and the in vivo assay followed
Deising & Rudolph (unpublished).

In vitro NAD-GAPDH assay

Enzyme extraction. Capitula with 2 cm of green stem were

homogenized in three volumes of ice-cold 60 mM Tris-HCl buffer
, (10), EDTA (0.27),
L-Cystein (4.13) and DTE (3.24), using an Ultra Turrax homo-

(pH 8.75), containing (mmol~litre_l) MgCl

genizer. Filtration and centrifugation (15 min at 30,000 g)
resulted in a clear crude extract which was used for NAD-GAPDH

; : ; : o)
determination, Enzyme extraction was carried out at 4 C.

Determination of enzyme activity. The reactants were applied

in the following concentrations (mmol'litre_l): Pris—-HC1l. (90),
MgCl2 (55047 NazHAsO4 (5), EDTA (0.92), NAD (1), GAP (10). The
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crude extract (0.5 ml) was used in a total assay volume of

2.4 ml. The pH was 8.0, the reaction was carried out at 30°¢
in 1 cm cuvettes.

Determination of protein

Protein determination was made following the microassay
procedure as suggested by Bio Rad Laboratories.

RESULTS

Plotting NO3 concentrations of the induction media versus
Sphagnum magellanicum NR activity shows a saturation curve

(Fig. 1). No further dramatic change of NR activity can be
measured above a concentration of 0.5 mM NO3_. The Lineweaver-

Burk diagram gives no linear relationship but it is curvilinear.
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Fig. l. Effect of various NO3— concentrations on the inducible

NR activity in Sphagnum magellanicum. NR activity was
measured 8 h after application of the induction media.
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The effect of ammonium on NR activity and induction is
shown in Fig. 2. Concentrations up to 100 uM NH4+ in the 4in
vivo assay medium do not significantly influence NR activity.
Even the 10-fold concentration is only slightly (16%) inhibi-

tory (Fig. 2.A). Fig. 2.B demonstrates that NH4+ has little

: ; + - ; -
effect on NR induction. NH4 and NO3 at 500 uM in the induc-
tion medium, respectively, (ratio = 1) result in 28% decreased
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Fig. 2. Effect of NH,' on activity (A) and induction (B) of
Sphagnum magellanicum NR. Different NH4+ concentrations were
given with the in vivo assay medium to investigate NH4+ effects

on NR activity (A). Different concentrations were applied with

50 uyM (W) or 500 uM (e) NO3_ to investigate NH4+ effects on
NR induction (B).
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NR activity. At a lower N concentration (50 uM NH4+ : 50 uM

No3_) the same ratio yields a 17% decrease.

+
4
centration of the induction medium was restricted to natural

The results of another experiment in which the NH con-

conditions (0.1 mM) are presented in Fig. 3. Again, the res-

N ¢ E
ponse of six Sphagnum species demonstrates that NH4 is not a

strong regulator of NR induction in this genus. A maximum

decrease of 23% was measured in Sphagnum fallax.

100

ty (%)

ivi

NR act

a b c d a f

Fig. 3. Effect of NH4+ on NR ifduction in six Sphagnum species,
expressed as % of control. NH4 (100 uM) and NO3 (500 uM) were
applied at the beginning of the light period. A: S. magella-
nicum, B: S. subnitens, C: S. compactum, D: S. fuscum, E: S.

fallax, F: S. cuspidatum.

Table 1 gives the effect of different metabolites and in-
hibitors on NR activity. The reactants were supplied with the
in vivo assay medium. While NAD and phosphorylated sugars
(F-1,6-bP and GAP) stimulate NO3
glycolate and 2-P-glycolate are inhibitory. In contrast to

reduction, citrate, malate,
the inhibitory ATP, ADP and arsenate promote NO3- reduction.
Iodoacetate as an inhibitor of NAD-GAPDH completely inhibits

NO3- reduction.
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Table 1, Effect of various metabolites and inhibitors on NO

3

reduction in Sphagnum magellanicum.

Metabolite/ Concen- NR activity ANR activity Significance
inhibitor tration
(mM) (%) (%)
NAD 150 117.80 + 17.8 %
Glucose 10.0 99.43 = 056 ==
Fructose-1,6-bP 10.0 103.94 + 3.9 - -
Glyceraldehyde-3-P 10.0 105.31 + 5,3 ==
Malate 25.0 76.26 = 2347 1%
Malate 50.0 7213 = 279 1%
Citrate 10.0 78.30 = 52007 1%
Glycolate 10.0 93.20 = 6.8 =i =
Glycolate + N 10.0 93.75 - 6.3 -
2-P-Glycolate 10.0 72.48 - 27.5 1%
ATP 10.0 89.36 - 10.6 - -
ADP 10.0 114.59 + 14.6 --
Arsenate 20.0 123.56 + 23.6 5%
Iodoacetate 10.0 0.00 -100.0 1%
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Fig. 4. Effect of NO3

nicum. NO3
period.
trols (dest. HZO)’

2 25 4 6
h after application

on NR and NAD-GAPDH of Sphagnum magella-

(500 uM) was applied at the beginning of the light
®: NR activity in N03— treated plants, o: NR in con-

NAD-GAPDH in No3' treated plants, D:

NAD-GAPDH in control (dest. HZO)'
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The response of NR and NAD-GAPDH to NO3 application is
given in Fig. 4. NAD-GAPDH and NR activity increase following
this application, resulting in maximum activity after 6-8 h
for both enzymes. Replacing nitrate by distilled water causes
no induction of NR activity, and NAD-GAPDH activity, following
cyclical fluctuations, is decreased.

DISCUSSION

The strong increase of NR as a response of increasing NO3

concentrations up to 0.5 mM in the induction medium (Fig. 1)

suggests that NO3 from wet and dry depositions is metabolized
rapidly by Sphagnum spp. This behavior is a necessary mecha-
nism of successful competition for nitrate which is essential
for growth and development of Sphagnum spp. (Rudolph & Voigt
1986, and Rudolph et al., these proceedings).

The reciprocal plot of NO3- reduction versus No3_ concen-
tration is non-linear. Neyra & Hageman (1975) found similar
correlations in corn roots. This phenomenon can be interpreted
as the result of co-operation of more than one enzyme system,
e.g., NR, No?_ permease and enzymes involved in the generation
of reducing équivalents. Following the contribution of Rudolph
et al. (these proceedings) on the beneficial effect of NO3_
in contrast to NH4+, one would expect that the whole system of
nitrate uptake and reduction would not be regulated by NH4+ as
frequently reported (reviewed by Guerrero et al. 1981). The
results shown in Figs 2 and 3 clearly demonstrate that NH4+
does not act as a regulator of Sphagnum NR. Since Sphagnum is a
genus of ammonium rich environments with an essential demand
for nitrate, these physiological reactions are reasonable.
These findings are in contrast to the results of Press & Lee
(1982) who, applying 1 mM NH,
of NR synthesis in Sphagnum cuspidatum. Because Rudolph &
Voigt (1986) have shown that 225 uM NH4
growth inhibition and chlorophyll degradation, all higher con-

+ ' +
,» recognized NH, as a repressor

* s high enough to cause

centrations cannot be accepted as comparable to natural condi-

tions.
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The supply of reducing equivalents could be a regulating
factor in the rate of nitrate reduction (Stulen & Lanting 1976,
Klepper et al. 1971). No general mechanism of generation of
NAD(P)H+H+ can be detected. Klepper et al. (1971) argued strong-
ly that carbon flow through glycolysis involving NADH+H+ gene-

ration by NAD-GAPDH is essential for NO3 reduction.

The results given in Table 1 show that malate and malate
dehydrogenase probably are not responsible for the generation
of reducing equivalents for NR. Glycolate, even under anaerobic
conditions, failed to support NO3— reduction. F-1,6-bP and GAP
slightly increased NO2 production in vivo. This increased
rate of nitrate reduction could be attributed to a change of
the cytoplasmic adenylate charge (Shawney et al. 1978). Using
arsenate, ADP and ATP in the in vivo assay led to a different
view. Arsenate prevents the formation of ATP by glycolysis
without affecting the production of NADH+H+. Nitrate reduction
in Sphagnum magellanicum was significantly increased by arse-
nate and ADP but inhibited by ATP. These results and inhibition
of NR by citrate support the hypothesis that in the dark

NADH+H+ is generated by the glycolytic pathway, namely NAD-
GAPDH, and that N03- reduction might be under Pasteur control.
In the light, GAP which is produced by the chloroplasts, might
directly serve as a NAD reductant (catalysed by NAD-GAPDH) as
can be seen from Fig. 5. Iodoacetate (at 2 mM completely block-
ing NAD-GAPDH in vitro) was used as a tool to examine the role
of NAD-GAPDH in nitrate reduction: at 10 mM the inhibitor
blocked NO3— reduction in vivo. Furthermore, the increase of

NAD-GAPDH activity as a response to nitrate application is

closely correlated with the NO4 -triggered increase of NR activity in
§. magellanicum (Fig. 4) . These results indicate that NAD-GAPDH

and GAP could be responsible for NADH+H " generation and regu-
lation of NO3_ reduction (Fig. 5). However, a precise knowledge
of the meachanism of generation of reducing equivalents and

the enzymes involved in these processes requires the in vitro
analysis of NR and especially the reaction of this enzyme with

different electron donors would be of interest.
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In conclusion, this work has demonstrated that NR of Sphag-
num magellanicum is regulated by the available concentrations
of substrate; the role of co-substrate (reducing equivalents)
in regulation of NR activity has been discussed. In contrast
to other reports it has been shown that NH4+ has no significant

effect on either induction or activity of Sphagnum NR under
natural conditions.
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THE TOLERANCE OF RAISED BOG SPHAGNUM SPECIES
IN RESPECT TO INORGANIC NITROGEN

H. RUDOLPH, H. DEISING and J.U. VOIGT

Botanical Institute, Christian Albrechts University,
Kiel, FRG

Nine formulations of macronutrient media which have been
used to culture Sphagnum species were compared and critically
reviewed. In the present paper growth rate, chlorophyll con-
tent, net photosynthesis and nitrate reductase activity were

: . ¥ -
used to examine the influence of NH4 -N and NO, -N on Sphagnum

3
magellanicum cultivated under defined conditions in phyto-

trons. NO3_ concentrations up to 322 uM NO3- were found to be
favourable. Increased NH4+ concetrations, however, resulted
in growth inhibition and decreased chlorophyll content at con-

centrations 2 225 uM; e.g., 600 uM NH4+ caused a 20% reduction

of nitrate reductase activity and net photosynthesis.
INTRODUCTION

In ombrotrophic raised bogs there are only a few plant
species other than Sphagnum which have the ability to tolerate
a complex of factors that are usually extremely unfavourable
to plant growth. Minerals are scarce, for the mosses receive
nutrients almost exclusively from wet and dry atmospheric de-
position and function as cation exchange columns in the re-
cycling of minerals (Brehm 1968, 1970, 1971, Damman 1978,
Rudolph & Brehm 1965).

The nitrogen balance of raised bogs and the occurrence
of nitrogen in bog water almost exclusively in the ammonium
form is a particular problem, however. There are numerous
reports of moss-associated nitrogen fixation measured by the
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acetylene reduction assay. In general, in ombrotrophic mires
the fixation rate is low compared with minerotrophic sites,
but some of the results are controversial.

To date, there are insufficient studies available on the
nutrient requirements of raised bog Sphagnum species, especial-
ly with regard to inorganic nitrogen sources. Such data are
absolutely necessary in projects designed to regenerate level-
led raised bogs (Miller 1980, Eigner & Bretschneider 1983).

To study the effect of different nitrogen sources, we culti-
vated Sphagnum under controlled conditions in phytotrons,
which maintained the natural habit of the mosses for several
years (Rudolph 1963, 1978, Rudolph & Voigt 1986).

MATERIAL AND METHODS

Nutrient solution: 10 ml of the following stock solutions
were added to 20 1 distilled water: (NH4)2SO4 6 g/, MgSO4 big
7H20 1O 7 ly CaSO4 i< 2H20 5 g/Ll; CaClyg % 2H20 2 g/fl; KH2PO4
2 G/, KNO3 2°g/1; NH4NO3 5 g/1, NaOH 4.4 g/1, FeCl3 X 6H20
1 g/1 + 1.38 g EDTA, HNO; 0.12 M, NH, 3.6 10"% M; A-2Z solu-
tion (Hoagland) lo_l dilution, Using a bottle top dispenser
we applied the minerals by sprinkling 100 cm2 of moss surface
every two days with 50 ml of the nutrient solution. This
corresponds to a precipitation of 900 mm per year. The growth
rate and the chlorophyll content were then measured as de-
scribed earlier (Rudolph et al. 1977). For nitrate reductase
activity measurement an in vivo assay was developed (Deising
& Rudolph 1985). Oz-exchange was measured by an infrared gas
analyser, UNOR 2 N. The data presented are averages of three

replicates.

RESULTS

In the following experiments different concentrations of
HNO3 and NH3 were added to a basal nutrient solution (pH ad-
justed to 5.8).
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Within five months there was a distinct effect on growth

rate of Sphagnum magellanicum according to the amount and

quality of the applied nitrogen source (Fig. 1).

Total growth of plants supplied with 322 uM NO3 and 153
uM NH4+ was almost three times as high as the rate of plants
without mineral supply. In unsupplemented plants the growth
rate had declined by the second month. On the other hand,
when the NH4+ content in the nutrient solution was increased
to 225 pM and the concentration of nitrate reduced to 82 uM,
the growth rate decreased. In particular, strong depression
was observed at 600uM NH4+ and 82 uM NO3_

The chlorophyll content increased from 172 nmol Chl.a+b
to 230 nmol/loo mg dry weight when a nutrient solution con-

taining 322 uM nitrate and 153 um NH % was used. On the other

4
hand there was no enhancement of chlorophyll concentration

3
(82 uM NO3 ) re-

when the level of NH4+ was increased to 225 uyM and the NO
concentration reduced to 82 uM. 600 uM NH4+

45 &

351 ///
&
25k o /

growth mm

months

Fig. 1. The effect of NH4+—N and NO3_—N on growth rate of

Sphagnum magellanicum. A : nutrient solution with 322 uM NO

~ 3

and 153 uM NH4+; A : nutrient solution with 82 uM NO3 and 225

- +
UM HN4+; e: nutrient solution with 82 uM NO3 and 600 uM NH4 :

o: no mineral supply (distilled water application).
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sulted in a decrease in chlorophyll content similar to the
effect measured in Sphagnum magellanicum without any mineral

supply (Fig. 2).

The net photosynthesis rate increased by 17% in comparison
to the control sample with a net photosynthesis rate of 1.2 mg
CO2 g_lh_l when the nitrate concentration was enhanced up to
322 uM. In the absence of any mineral supply there was a 75%
depression. 600 uM ammonium resulted in only 20% reduction of
the net photosynthetic rate (Fig. 3.a).

Nitrate reductase activity was measured as 1 nkat/g dry
weight after a three month application of standard nutrient
solution. In the absence of any mineral supply the activity
dropped by 50%. 322 uM nitrate led to an increased activity of
the enzyme (1.5 nkat/g dry weight). In the presence of 600 uM

+
NH4

to the control sample (Fig. 3.b).

the enzyme activity showed a 20% reduction in comparison

These results are representative for all Sphagnum species
investigated. The time pattern of nitrate-triggered NR-syn-
thesis of different Sphagnum species is shown in Fig. 4. In

general, the activities were all in the same range.

N
N
o

T

Chlorophyll a+b nmol(100mg bw)"!

months

: + ——
Big. 2: The leffect: of NH4 N and NO3 N on chlorophyll content
of S. magellanicum. See Fig. 1 for explanation of symbols.
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Fig. 3a. Net photosynthesis of S. magellanicum after a three-
month application of nutrient solution with different NO3_ and
NH4+ concentrations. a) no mineral supply (plants watered with

distilled water); b) nutrient solution with 322 uM NO, and 95
uM NH4+; c) nutrient solution with 100 uM NO3- and 95 uM NH4+
(standard nutrient solution); d) nutrient solution with 100
uM NO3- and 600 uM NH4+. _b: Nitrate reductase activity

after a three months application of nutrient solution with
different NO3— and NH4+ contents to S. magellanicum. The

explanation for letters a, b, ¢, and d is given above.
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Fig. 4. Time pattern of nitrate triggered nitrate reductase
(NR) activity of different Sphagnum species. For six days the
mosses were rinsed with redistilled water to ensure that NR
activity declined to a minimum level. For induction of NR 0.5
ml of 0.5 mM KNO3 were applied to each plant. o: S. rubellum
Wils; A : S. subnitens Russ. & Warnst.; o: S. magellanicum
Brid.; A : S. fuscum (Schimp.) Klinggr.; @QO: S. compactum
DC.; m : S. nemoreum Scop.; o: S. cuspidatum Hoffm.; e: S.
fallax (Klinggr.) Klinggr.

DISCUSSION

What makes Sphagnum remarkable is that given a suitable
water supply, they can create a habitat where they flourish
without any apparent competition.

In discussing the effects of mineral nutrition on plant
growth, a comparison of laboratory results with field experi-
ments is only possible when the experiments are conducted
under natural physiological conditions: This means that the
concentration ranges and the mode of application should be
comparable (Press & Lee 1982). Thus we believe that it is
problematic to cultivate emersed growing species immersed.
Some nutrient solutions used for culture experiments on growth,
spore germination and prothallial development of Sphagnum are
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Table 1. Nutrient

water. * no data

solutions used for Sphagnum

available;

+ supplied;

culture experiments in comparison to rain

- not supplied.

RIEHM RUDOLPH GILLET SIMOLA SIMOLA HINTIKKA RUDOLPH ANDERSON COURTE- BOLD

(Rain- et al. & BREHM & CROSBY JAIRE

water) (present

(1961) paper) (1978) (1977) (1975) (1972) (1966) (1965) (1959) (1948)
IONS ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

(umol/1)

Nat 0.2-0.5 1.26 (55) 0.4 4.2 8.3 = 7.7 = - =
K 0.2-0.5 0.67 (17) 6.1 162.4 - 28.7 351 57:.4 3.6 96
NH4+ 0.26-0.65 1.71. 195) 1.4 45 99.2 33,7 4,5 112.4 - -
car 1.0-2.0 0.86 (22) 4.4 72..2 72:.2 - 1.6 27.4 13,8 193
mgtt 0.2-0.4 0.49 (22) 2.5 19..7 19.7 9.9 2.0 19.7 1.2 14
mntt * + = 4.9 4.9 = + = = =
Fett(*) * 0.11 ( 2) 0.2 5.0 5.0 §.2 0.2 - & -
c1 0.5-1.0 0.71 (20) 5.4 223 163-167 68.4 3.2 48.2 5.8 -
N0~ 0.89-2.22 6.26(100) 4.7 155 155 - 20.2 387.3 37.9 68.6
s0,” 3.0-4.5 5.52 (58) 20.4 95,1 95.1 38.9 758 77.9 4.9 56
PO, * 0.70(7.4) 2l 139.6 143.2 69.8 31.6 139.5 8.7 100
trace elem, . + + + + - + + - -
Sucrose - - - 10000 10000 - - - - -
Glc. - - - - - 5000 - - - -
pH 5.0-5.5 5.8 4.7 6.0 6.0 4,3-4.6 5.3 - 4.4 -




summarized in Table 1. The mineral content of these solutions

is very different, often incomplete and in an unnatural range.

The nitrogen sources vary widely; for example, in some NO3-
is the only N-source (Courtejaire 1959, Bold 1948), while in
others NH4+ is exclusively applied (Hintikka 1972).

In general, the mineral concentrations of most nutrient
solutions are higher than those of rain water,.often too high
for good results in cultivation experiments., Because Sphagna
do not grow in aseptic cultures without additional C-sources,
- sucrose (1%) or glucose (0.5%) are occasionally added. With
the applicagionltechnique described ;here was an input of 90

mmo 1 NO3_m_ yr —, and 85 mmol NH4+m-
1

to a total N input of 2.43 g m_zyr- . This value is in the

yr—l. This corresponds

same range of the nitrogen input measures for the Honigau
area in Schleswig-Holstein by Kretschmar (pers. comm.). Re-
induction experiments with several Sphagnum species failed in
the Holme Moss (South Pennines). In this case the bulk deposi-

2yr_l (Press & Leee 1982).

tion of total nitrogen was 4.6 g N m
Normally, the total measured N input is smaller.

For several Sphagnum species the best results were obtained
with a nitrate concentration of 100 uM. Since the water
filled hyaline cells of Sphagnum constitute a complex micro-
habitat for various organisms, raising the nitrate concentra-
tion above this concentration caused accumulation of coccoid
unicellular green algae in the hyaline cells.. One major result
of the presented data is the observed sensitivity of Sphagnum
to ammonium ions. The effect of NH4+ on nitrate reductase
activity and photosynthesis is observed to be small. The strong
inhibition of enzyme induction by 1 mM ammonium in Sphagnum
cuspidatum and the depression of nitrate-induced nitrate

reductase activity in Sphagnum fuscum by 1.5 mM ammonium is,

in relation to levels in precipitation, not of ecological
relevance (Press & Lee 1982, Woodin et al. 1985).

The results presented indicate that the chances of success
in projects designed to regenerate levelled raised bogs in
cases when precipitation is high in ammonium are relatively

low.
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ECOLOGICAL CONDITIONS IN A PHOTOPHILOUS-XEROTHERMOTOLERANT
MOSS COMMUNITY (MANNIO-(GRIMALDIO-) TORTELLETUM INCLINATAE
(ASSOC, NOV.) AND MICRORESPIROMETRIC TESTS OF ITS SPECIES

Gy. BIRO and Zs. DEBRECZY

Botanical Department, Hungarian Natural History Museum,
Budapest, Hungary

The specific dimensions of the active surface depend on the
number of shoots and the leaf density which may determine the
coenological role of the species in the association. The species
which were examined did not show the photophilous type light
response curve because of their fast desiccation brought about
by parallel increases of temperature and light intensity. The
active period of mosses is restricted here to the cold part of
the year with short photoperiod and to the early hours in the
warm season. The same factors hinder their adaptation to the
higher temperature characteristic of the site. The contradic-
tion of their physiological character and their photophilous
type morphological construction - with rosette-like arrange-
ment of the leaves, high leaf area index - and also their
restricted tolerance to shade, may be explained by their
vegetation history: ancient alpine origin with subsequent adap-
tation enabled them to survive within extrazonal treeless ve-

getation at the lower edge of the woodlands.

In general, it is mainly photophilous species of mosses and
lichens which are capable of forming more or less independent
associations. Among the mosses these communities are mainly
composed of acrocarpous and Sphagnum species, whether they
grow above the upper limit of forest or lower levels, and
whether their sites are ’'too cold’ or ’'too dry’ or ’'too wet’
for closed woodland (Fig. 1).
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The association studied by the authors is developed on a
barren SE dolomite slope in the Balaton upland on calcareous
skeletal soil (Fig. 2). It is surrounded by xerothermo-tole-
rant saxicolous herbaceous vegetation (Chrysopogono-Caricetum
humilis) and pubescent oak-wig tree scrub wood (Cotino-Querce-

tum) in an extrazonal situation within a pubescent oak - manna

ash (Orno-Quercetum) climax forest belt. A characteristic of

the site is that during the six summer months the temperature

near the ground is much higher than in the surrounding area

Fig. 2. Gravelly-rocky dolomite slope with selective drought
effect on the SE slope of Péter-hegy (Balaton Upland, 260 m
a.s.l.). The scrub wood (Cotino-Quercetum) alternates with open

and closed steppaceous grass-subshrub community Chrysopogono-
Caricetum humilis (minuartietosum and botriochloetosum) accord-

ing to the micro-relief the deepness and water retaining ability
of the soil. Besides the closed and open grassy formations,
also terricolous moss communities hindern sticking litter and

humification (inhibition type of "succession").
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(about 32 °c on the average, instead of 18 oC) and the effective
part of the precipitation of the same period is scarcely more
than 100-120 mm (instead of an average of around 300 mm) .

The absolute maximum found here was 56 °C at ground level

(Fig. 3) and even in November the temperature often reaches
almost 20 °c. Precipitation falls mainly in form of summer
showers but due to the skeletal soils and the continuous humus
erosion the water retention capacity of the site is so bad that
we may call it an "edaphic microclimatic semidesert" (see Fig.
3). Microclimate measurements with parallel field observations
showed that under the conditions of this semidesert - like
situation the mosses were saturated with just for the few mor-
ning hours during the warmer season (Fig. 4a).However, we do not
know whether these short periods of moistening are enough for the
mosses to maintain a positive carbon balance in the same way as
the lichens studied by Lange et al. (1970) and Kappen et al.
(1979) in the Negev Desert of Israel. Even on warm days in Oc-
tober and November the mosses soon desiccate as the temperature
rises and remain dry during the day (see Fig. 4b-c).

On the driest patches of the site with a soil depth of 1-12
cm (average 3.5 cm) the rupicolous open grass-subshrub vegeta-
tion (the so-called "slope-steppe") thins out so much that it
gives enough space for the development and survival of a
xerothermo-tolerant moss-lichen association. This is mainly com-

posed of four moss species, namely Ditrichum flexicaule, Pleu-

rochaete squarrosa, Tortella inclinata, and Trichostomum cris-

pulum. Other 8 species also take part in this association,
these are: Bryum bicolor, Didymodon fallax, and Tortula ruralis

ssp. calcicola with a constancy of II, whereas Barbula ungui-

culata, Bryum argenteum, Encalypta vulgaris, Mannia fragrans,

and Tortella tortuosa only attain a constancy value of I but

may be abundant where they occur.
Sporadically, we may find Barbula convoluta, Dydimodon

vinealis, Pseudocrossidium hornschuchiana, P. revolutum, Weis-

sia controversa, and W. fallax growing only in minute patches
(Table 1). In moderately shaded places species such as Tortella
tortuosa, Ditrichum flexicaule, Tortula ruralis ssp. calcicola

soon overgrow the other species and the community shows a more
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Table 1,

SEPLENE T S

Level of mosses and lichens

Pleurochaete squarrosa
Tortella inclinata
Ditrichum flexicaule
Trichostomum crispulum
Grimmia pulvinata
Tortula ruralis
Barbula fallax

Bryum bicolor

Bryum argenteum
Encalypta vulgaris
Grimaldia fragrans
Tortella tortuosa
Barbula unguiculata
Ortotrichum anomalum

Collema tenax

Peltigera rufescens

Psora decipiens

Toninia coeruleonigricans
Squamarina lentigera
Cladonia symphicarpia

Higher (saxatilous) plants

Fumana procumbens
Thymus praecox

Carex liparicarpos
Stipa capillata
Globularia aphyllanthes
Chrysopogon gryllus
Poa badensis
Aethionema saxatilis
Euphorbia cyparissias
Festuca glauca
Minuartia setacea
Silene otites

Allium flavum
Potentilla arenaria
Teucrium montanum
Hippocrepis comosa
Sedum album
Helianthemum ovatum
Dorycnium germanicum
Veronica spicata
Hieracium pilosella
Aster linosyris
Paronychia cephalotes
Linum tenuifolium
Carex humilis

K A-D /%-
W P-80
v P=92
v P-85
Iv 1-85
I1 P-5
LE P=2
LT P=3
LT P-2
K P
I P=5
I P-10
I 1=10
1 P
I 5
0 P-4
B & P-10
IL P=10
IL P-8
1T P-10
It P=5
Iv P-75
III P=25
B i F P-40
LT P-40
1 P=25
Il 2=-56
II P-5
i P-30
i P-10
i 3-25
IE 1-20
3 2=45
I P
L 115
I P=25
17 1=15
I P=5
ik P-70
I 5
I 1
I P-10
i 1
i 2-5
K5 30
B 20
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homogeneous appearance. The distribution of mosses according to
their ecological characters in different associations in close
proximity and the restricted areas of the photophilous species
within the territory studied are clearly shown in Fig. 5.
Lichen species play a subordinate role in the association:

Caloplaca fulgens, Cladonia furcata var. subrangiformis, C.

symphicarpa, Collema pulposum, Dermatocarpon hepaticum, Pelti-

gera rufescens, Psora decipiens, Squamarina crassa, Toninia

coeruleonigricans occur frequently but only with a low abun-

dance-dominance value.

The abundance of mosses and the subordinate role of lichens
in the association contrast with the so-called "multicoloured
lichen association", (Buntflechten-Gesellschaft, which Reimers
proposed as a German terminological equivalent of the Swedish
"broklavsamhallen") found in the northwestern part of Central
Europe. This difference may be explained by the lower humidity
of the air during the warmer part of the year and by the compa-
ratively pronounced continentality of the cold season which
particularly in a calcareous environment hinders the rapid
spreading of the more vigorous lichens, which would probably
otherwise soon cover the moss cushions in a more humid climate.

Because of these differences, .to reflect the similarity
yet make a distinction we suggest the term "multicoloured moss
community" for the micro-association dominated by mosses, like

the one described here, the Mannio- (Grimaldio-) Tortelletum

inclinatae from the Balaton Upland. This association belongs

to the terricolous Epigaetea Lichenosa class and the Toninion

coeruleonigricantis series within the coenological system of

Klement (1954) (see Table 2). The comparative study of the

vegetation and species (both higher plants and cryptogams)
clearly indicates that the species composing the associations
on the sites at the dry lowland margin on barren dolomite
slopes at colline elevations originate from preglacial alpine
elevations (Fig. 6). It is for that very reason (despite the
influence of different environmental and floristic factors to-
day) closely related to the present Carpathian mountain rock-
fissure vegetation of south-facing limestone cliffs at 800-1000

m elevation in the mixed beech-fir wood (Abieti-Fagetum) zone
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Fig. 6. Schematic distribution of vascular plant species which

occur in the Carpathians and Balkan alpine regions and also in
the Pannonian steppe-grassland of dry limestone and dolomite

slopes.

and to the subalpine-alpine rupicolous communities of calcareous
high mountains of the Balkans. The species partly reoccupied
their previous territories in the Balkans because of the lesser
influence of the glacial period and the arcto-alpine type of
flora there. During the Ice Age the formerly restricted alpine
flora replaced the earlier woodland belt and as an alpine re-
lict survived colline and even at lower elevations within the

woodland in negative extrazonal sites (in sites where the pro-
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Upland with the lichen-moss system of Klement (1954).

Table 2. The connection of the Mannio-Tortelletum moss-lichen association of the Balaton

class of

corticoles
ERIPHYTETEA
LICHENOSA

EPIXYLETALIA

EPIPHYLLETALIA

EPIBRYETALIA

Bacidion
chlorococcae

class of class of
saxicoles terricoles
EPIPETRETEA EPIGAETEA
LICHENOSA LICHENOSA
RHIZOCARPETALIA HYDROVERRUCARIETALIA
XEROVERRUCARIETALIA terricol
lichens
EPIGAEETALTA
T
basiphilous
Acarosporion Caloplacion Verrucarion Toninion coeru-
fuscatae pyraceae marinae leonigricantis
l l l loeséophilous
Crocyrion Calopacion Aspicilion halophilous
membranceae decipientis lacustris |
I l Diplcschiston
. terrestris
Rhizocarpion Collemion B T
alpicolae rupestris ac1dﬁphllous
Solorionion
croceae

Ochrolechion
tartareae

Loborarion
pulmonariae

Leprarion




duction os less and rapidly decreasing compared with the climax
("climate-zonal") vegetation unité.

For the coenological study of the community, quadrats of
50 x 50 em (2500 cm2) laid down previously were divided into
9 smaller ones (Fig. 7), each with sides of 16.6 cm. Within
these smaller quadrats we estimated the proportion of the moss
and lichen species having been previously saturated by water,
and also the percentage cover of the higher plants, and the
bare rocky "dolomite-sand" patches. The results were checked
on detailed photographs to a scale of 1:1 (Fig. 9), and on the
exact map made on cellophane during field work. The results
were summarized in coenological tables and expressed by gra-
phical methods as well (Fig. 8).

B T e R —— - v . TERIE VIR

Fig. 7. Sample quadrat of Mannio-Tortelletum inclinatae in

February, 1982. See Fig. 8, for the coenological composition

of this quadrat.
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The analyses of the results compared with other communities

underlined the isolated position of Mannio-Tortelletum inclina-

tae from the other central European communities published

(from Germany: Zechstein gypsum territory, south Harz Mts.
Kyffhauser, Rhine territory, farther southeast the Pannonian
Plain and colline region, - Reimers 1937, etc.). The comparison
with Balkan type communities has not yet been finished, partly
because of the lack of published work on the subject. Not-
withstanding their small dimensions, the total surface of these
minute plants is surprising large en masse. By counting the
number of shoots in 1 cm2 quadrats, which varies from 13 (Tor-

tula) to 338 (Trichostomum), and the number of living leaves

on each shoot, varying between 17 (Encalypta) and 104 (Tortel-
la tortuosa) excluding the two plagiotropes, and by measuring

the leaf surface by a combination of photographic and plani-
metric method we obtained total leaf surface areas over unit

Pleurochaete squarrosa
1

Tortella inclinata

2

£k - 14| 2 3

:l Ditrichum flexicaule
3

Trichostomun crispulum

4

Toninia coeruleonigricans

5

3 2

3 Peltigera rufescens
6

Grimmia pulvinata

8

other species
b 3 D cover of higher plants

ﬁ barren ground

(soil, stone)

Fig. 8. Cover values (percentages) in the sample quadrat il-
lustrated in Fig. 7.
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inclinata ©) squarrosa

Ditrichum 4 1 Encalypta
flexicaule vulgaris

Trichostomum o L) Bryum
crispulum o bicolor

Fig. 9. The method of mapping moss micro-communities by means
of 1:1 photographs.
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area of ground ("leaf area index", Table 3). It is interesting
that the 3 species with the largest leaf area indices dominate
the association. As we found no essential differences among
species in their response to light intensity and temperature
during the photosynthesis studies by microrespirometer, this
fact may be important and may determine their competitiveness.

Altogether 1300 measurements were made with microrespiro-
meter technique, introduced by Zurzicky and developed by

Starzecky in 1955 (cf. Zurzicky & Starzecky 1971). The samples
were taken from the Balaton Upland, while the measurements
were made in the Plant Physiological Dept. of the Paedagogical
College in Cracow under the instructions by Dr. J. Krupa. The
microchambers of the apparatus were modified to suit the photo-
synthesis study of mosses.

The photosynthetic activity of leaves was studied over a
range of light intensities and at various temperatures. In the

case of the photophilous Tortella inclinata it may be clearly

=g
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=== 7 : A
ARV TRV AT ATV LT R AEUEY 1 (actual cover
DA T AT A B8 in 50 x 50 cm)
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in 50 x 50 cm)

(S

SR
N
S
RN
~
A(A

'; .- -..‘/ / /. iy inde bt o Ditrichum flexicaule
g : L

g Trichostomum crispulum
V. 1

0 [ A
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Fig. 10. The relation of the average of actual cover (A) and
that of counted on the base of leaf surface (Lsf) at the three

important species of Mannio-Tortelletum inclinatae.
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3 Table 3. Shoot density, leaf number and leaf area index of mosses from the Mannio-Tortelletum

inclinatae community. & : counted in autumn phase.

® ®
] Number of shoots Number of leaves | Ratio of leaves leaves number Total living
Species | ;. cm2 on shoots in cm2 g;a;gz;:grgicima
living|dead pa living|dead = living | dead (T To)
Ditrichunm
flexicaule 142 64 146 |210 30.5 [69.5 | 100 2088 | 20732 17555
Tortella
tortuosa 19 104 |133 237 43,9 |56.1 | 100 1976 2527 15.215
Hypnum
cupressiforme AT 328 268 596 55 45 100 5576 4556 24,063
Bryum
argenteum 150 20 2 22 91 9 100 3000 300 12,100
Tortula
ruralis 13 46 60 106 43 57 100 598 780 6.354
Camptothecium ‘
sericeum 27 167 60 |227 73.6 [26.4 [ 100 4509 1620 13.189
Encalypta
vulgaris 52 17 12 29 59 41 100 884 624 5.701
Tortella
inclinata 45 79 88 167 47 59 100 3555 3960 22.858
Trichostonum
crispulum 358 32 29 61 52.5 [47.5 [100 10816 9802 31.993
Grimmia |
pulvinata 188 20 47 67 29.9 [70.1 [ 100 3760 8836 12.425




seen that the net photosynthetic activity of moss leaves falls
rapidly as irradiance is cut down by using filters and is zero

at filter 7 (Fig. 1ll). The light response is more strongly

expressed at higher temperatures. For example, the photosyn-
thetic activity of Tortella tortuosa decreases by 44.66% at
filter 7 compared with the results obtained at full light at
15 OC, while at 25 oC the corresponding decrease is 90.80%.

For most of the species the production loss between full light
(no filter) and filter 7 was around 50-60 t 10 oC, while it
was 80-90 % at 25 °C. In Bryum argenteum, Tortella inclinata
and Mannia fragrans net photosynthesis was 26-67% greater

at 25 °c than at 10 °c (Table 4). Tortella tortuosa

showed rather more rapid assimilation at 15 °C than at 25 °c.

. n E
: 5 & = = =
Filters EGG? s N 5 °
Eve v & 2 = £
EEE & X o S
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Fig. 11. Light response curves of Tortella inclinata at dif-
ferent temperatures. (Light source: 1000 W 100 V Tungsram bulb
with Schott BG-%7 filter for transferring natural light).
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Table 4. Net photosynthesis expressed in pl 02/10 min./1 mg dry

mass at different temperatures by using no filter (144.444 Wm_z)

and filter 7 (3.546 Wm 2).

Species filter 10 “p 15 °¢ o5 %@
Tortella 0 0.91 0.76
tortuosa i 0.54 0.07
Encalypta 0 l.61 0.64 0.78
vulgaris 7 0.80 0.19 0.48
Ditrichum 0 1.45 0.93
flexicaule ¢ 0.46 0.09
Trichostomun 0 l.24 0.85
crispulum T 0.52 0.14
Mannia 0] 0.93% 1.81
fragrans i 0.99 0.64
Tortella 0 0.3%8 0.95
inclinata T 0.16 0.15
Grimmia 0 Le51
pulvinata i 0.67
Tortula 0] 0.95
ruralis i 0.17
Bryum 0 0.77 1.16
argenteum 1 (67576 0.21.

Encalypta vulgaris, Ditrichum flexicaule and Trichostomum

crispulum showed highest activity at 10 °c. at higher tempera-
tures of 30-35 °C the activity rapidly fell and generally
stopped at 40 OCc. More details on these measurements will

be published in Acta Botanica Hungarica in 1987.
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SOME ECOPHYSIOLOGICAL FEATURES IN WOODLAND MOSSES
IN SW SLOVAKIA 1, WATER RELATIONS

P. ELIAS and E. MASAROVICOVA

Institute of Experimental Biology and Ecology,
Slovak Academy of Sciences,
Bratislava, Czechoslovakia

Ecophysiological studies were made on common moss species
of several forest communities in the Malé Karpaty Mountains,

SW Slovakia. Samples of seven species (Polytrichumcommune, P.

formosum, Hypnum cupressiforme, Atrichum undulatum, Ditrichum

flexicaule, and Pohlia sp.) were collected from six study
sites in July, August and September 1984.

Moss water content and water loss ratios were determined
during desiccation of the saturated mosses in laboratory con-
ditions: 23°C and 76% RH in-July, 27°C and 75% RH in August,
and 26°C and 52% RH in September. Decline of the water poten-
tial of mosses was very rapid during the first minutes of de-
siccation, so the use of this characteristic was impractical.

Two groups of moss species could be distinguished:

(1) species with low water loss rates (P. commune, P. for-
mosum) ; they lost 50% of water content during the first 30
minutes and 90% of water content during 2-3 hrs of desiccation.
Saturated water content (% of dry matter) and maximum transpi-
20 g—ld.m. h_l) were 170-200%
and 2.2-2.7 in July and August, and 210-310% and 3.5-5.1 in
September, respectively.

ration rate at saturation (g H

(2) species with high water loss rates (A. undulatum, H.
cupressiforme, D. flexicaule, Pohlia sp.); they lost more

than 80% of water content during the first 30 minutes of

desiccation. Saturated water content and maximum transpira-
tion rate were 210-340% and 3.7-7.6 in July and August, and
530-550% and 11.2-12.3 (A. undulatum), 180-250% and 5.7-7.3
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(D. flexicaule), and 140-195% and 4.8-6.7 (H. cupressiforme)

in September, respectively.

INTRODUCTION

Mosses (bryophytes) occur in forest communities either in
the ground layer, marked EO (terrestrial mosses) or they
grow over the trunks of trees (epiphytic mosses), in scree
forests on larger rocks.

The ground layer of mosses is variously developed in fo-
rest communities; it usually has a mosaic structure with indi-
vidual patches of mosses. Only in acidophilous communities,
e.g., in oak-forests, is the layer strongly developed.

In forest communities mosses are part of the understorey;
they are affected by the same factors (stress of light and
water deficiency) as the other plants (herbs and woody plant
species) (cf. E1i&8 1984). It may be assumed that moss species
growing in forest stands exhibit similar ecophysiological
characteristics to herbaceous or woody species in the under-
storey. The moss leaf water content in a spruce forest in
Alaska was dealt with along these lines (Skre et al. 1983).

We present here the results obtained within the frame-
work of ecophysiological research into herbaceous layers of
various forest communities in the Malé Karpaty Mountains, SW
Slovakia.

MATERIAL AND METHODS

Mosses were collected on research areas of the Slovak
"Man and Biosphere" project, in the southern part of the Malé
Karpaty Mountains, SW Slovakia, located on a transect along
the line Bratislava-Rala-Biely KriZ-Kosariskd-Lozorno (the
"lst transect"). The following forest communities were in-
cluded:

a) secondary Pinus sylvestris stand (marked as I/2),

b) acidophilous deciduous Quercus petraea forest with

Vaccinium myrtillus (I/3), and

c) hygrophilous deciduous Alnus glutinosa forest (I/9).

Since mosses occur sporadically on the areas of the 1lst tran-
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sect, additional material was collected from three forest
stands at Bratislava - Zeleznd studnidka.

The material was sampled in three different periods: in
July, August and September 1984. Patches sized 20x20 cm were
sampled, or smaller ones, and transferred with the soil to the
site in Bratislava, where laboratory experiments were made
after some days of acclimatization. The plants were watered
so as to keep water content on a high level, and exposed out-
side at the same radiation level as in the forest stands.

The following common moss species were selected: Polytric-
hum commune Hedw., P. formosum Hedw., Atrichum undulatum (Hedw.)

P. Beauv., Plagiomnium undulatum, Hypnum cupressiforme Hedw.,

Ditrichum flexicaule (Schwaegr.) Hampe and Pohlia sp. These are

terrestrial mosses with different anatomy, structure and with

different requirements for water supplies in the soil.

H. cupressiforme also occurs as an epiphytic moss, mainly
over the trunk bases of deciduous trees (oaks).

These species were used to estimate some ecophysiological
characteristics important for comparison with vascular plants
forming the understorey in the forest communities.

For laboratory experiments the collected moss was prepared
by separating the green parts in the upper third of the indi-
viduals and putting them into an environment with 100% relative
air humidity, the lower portions being in water.

Before the experiments proper, the plants were saturated
for 24 hours.

To estimate moss water content, sets of 15 (Polytrichum),
15-25 (most other species) or up to approximately 80 shoots
(Atrichum) were weighed together to estimate fresh weight.

Dry weight was estimated after ovendrying at a temperature of
90°C for 48 hours.

The moss water potential was determined with the WESCOR
dew point hydrometer and C-52 sample chamber. Leaves (Poly-

tricum) or small moss pieces (other species) were used. Equi-

libration time was standardized to 60 minutes.
Patterns of the water loss rate were expressed as water-
loss curves. Plants were exposed in the laboratory for 3-6

hours to various temperature and air humidity levels:
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July: 23°C and 76% RH,

August: 27°C and 75% RH, and

September: 26°C and 52% RH.
Parrallel samples were consecutively weighed at intervals of
o, 15, 30, 45, 60, 90, 150, 210, 270, 330, 390 minutes.
After the end of the experiment, the plants were oven dried

and dry weight was determined.

RESULTS AND DISCUSSION

By the measurements and water-loss curves the species
examined may be divided into two groups:

(1) The first group includes species with low water loss

rates and comprises the species Polytrichum commune and P.

formosum. These species lose 50% of their water content in
the course of the first 30 minutes and 90% of water content
during 2-3 hours of desiccation (Fig. 1, Table 1). These are
species with a relatively low water content at saturation
(170-200% of dry weight in July and August and 210-310% in
September, because of having a high dry matter content).

Maximum rate of water loss at saturation was 2.2-2.7 g H2O g_l

d.m. h-l in July and August and 3.3-5.1 g H20 g_l d.m. h_l in
September (though at a lower relative air humidity and a

higher water content).

(2) The second group includes species with high rates
of water loss during desiccation and it encompasses such

species as A. undulatum, H, cupressiforme, P. undulatum, D.

flexicaule and Pohlia sp. These species lose in the first 30

minutes of desiccation more than 80% of their water content.
These are species with a relatively high water content at
saturation. Most of the water was clearly held externally on
the shoots. High maximum water loss rates at saturation are
in agreement with this.

The last group is not entirely homogeneous, and the indi-
vidual species differ in the characteristics mentioned above.
Water content and water loss rate were highest with A. undula-
tum, lower with D. flexicaule and the lowest of all with the

epiphytic H. cupressiforme, within the same time period (Table 1).
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Polytrichum commune
112, September 26,1984
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Fig. 1. Water content (lines) and rate of water loss (columns)

in four moss species during desiccation in laboratory condi-
tions (air temperature: 26°C, air humidity: ca. 50%). Samples

were collected in the following communities:

I/1 - oak forest,

I/2 - spruce forests, I/9 - Alnus stand. Time of desiccation

is given in hours.
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Table 1. Selected characteristics of water relations of woodland mosses collected from
different forest stands in Malé Karpaty Mts., SW Slovakia (1984).

S - Polytrichum P. Atrichum Plagiomnium Hypnum Ditrichum
PRS0 commune formosum undulatum undulatum cupressiforme flexicaule

Communi ty * 1/2 T3 ¥s 1/9 %s 1/1 T /1

Date July Sept. Sept. Aug. Sept. July Aug. Sept. Sept.

Saturated

water content 2.9 4.0 3.5 259 6.3 3.4 4.0 2.9 3.4
(FM/DM)

Saturated

water content 190" 305 255 190 535 246 330 193 248

(% of dry matter)

Maximum water
loss rate -
(g H,0 gl d.m.h

2.4 3.7 3.b

(5.1} 2.7 12.3 4.2 71+6 2.6 743

)

Relative water

loss (% of

initial water 32 55 58 53 85 85 80 90 86
content) during (55) (89) (89)
first 30 min. of

desiccation

y o

* See text, for explanation.



The use of water potential as an important ecophysiological
characteristic of mosses appeared to be impractical. In the
course of the first 30 minutes of desiccation water potential
in the moss species dropped to unmeasurable values. These
practical difficulties of measurement of water potential in
mosses over a wide range have been noted before (cf. Dilks &
Proctor 1979, Proctor 1981).

Variations in moss water content, rate of water loss and
drought tolerance among moss species have been found by dif-
ferent investigators. Water content of bryophytes at full tur-
gor, free of external water, varied between 100 and 1180% of
dry mass (Dilks & Proctor 1979). The rate of water loss from
various moss species also differs considerably (Krupa 1977,
Di Nola et al. 1983, Skre et al. 1983). Di Nola et al. (1983)
concluded, from measurements of six species growing in diffe-
rent climatic regimes, that the mosses from the desert lost
water most rapidly, while those from the humid habitat lost
it more slowly. This finding appear to be in contradiction
with our results on A. undulatum, a species collected in a
moist alder forest stand, whose soil dries out at the surface
only in the hot summer months. Irrespective of the specific
structure, the saturation water content was the highest in
this species, in July, August as well as in September (with
the maximum of 550% of dry mass). The high water content is
also matched with the high maximum rate of water loss at the
50 g—l d.m. h—l).

Water loss rate during desiccation was very high in this spe-

saturation water content (up to 12 g H

cies: it was the highest in comparison with other species
measured in the same period (see Fig. 1).

The moss water content after air drying (ca. 6 hours) in
the seven moss species varied between 10-13% of dry mass. Di
Nola et al. (1983) show similar data, from 7.4 to 15% of dry
mass. Kroupa (1977) found differences in the dynamics of water
loss from leaves of six moss species during a 24-hour period
of desiccation at 85% and 95% RH. According to Krupa, the
differences were not caused by differences in anatomical struc-
ture of the moss leaves but they were more likely due to the
properties and structure of cell walls, though they might also
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result from different resistance of the cytoplasm to evapora-
tion.

The identified differences in the water-holding capacity
of the moss species studied follow from differences in both
the structure of mosses, in the mode of water transport, but
also in the ecology and ecophysiology of the species.

Species of the genus Polytrichum belong to the endohydric
species of mosses with internal water transport; they show
the closest structural and functional analogies with vascular
plants (Proctor 1979). The water holding capacity in the first
minutes of desiccation of the Polytrichum species is therefore
higher than in the other species examined.

Water relations of Polytrichum commune differ also in the
field. As Skre et al. (1983) found, it showed the lowest water

content at field capacity and lowest initial rate of water loss
from excised green shoots among four woodland species; it also
showed the shortest duration of desiccation in the field. This
resulted from its ability to take up water from the soil (Bay-
field 1973) and from its low water loss. It avoided moisture
stress to a greater extent than the other moss species which

were more dependent upon water absorption through the leaves.
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SOME ECOPHYSIOLOGICAL FEATURES IN WOODLAND MOSSES
IN SW SLOVAKIA 2. CHLOROPHYLL CONTENT AND PHOTOSYNTHESIS

E. MASAROVICOVA and P. ELIAS

Institute of Experimental Biology and Ecology,
Slovak Academy of Sciences,
Bratislava, Czechoslovakia

Chlorophyll content (Chlc) per dry matter was estimated
in seven common woodland mosses in July 1984. Chlc a varied
between 2.66 amd 908 mg/g, Chlc b between 1.06 and 3.82 mg/g,
and total Chlc a+b between 3.72 and 12.80 mg/g. Chl a:b ratio
ranged from 2.14 to 2.85.

Net photosynthetic rate (PN) as a function of irradiance

was analysed in three woodland mosses (Polytrichum commune,

Atrichum undulatum, and Hypnum cupressiforme). The dark res-

piration rate (RD) was established for the PN/RD ratio deter-
mination. IRGA in the open system was used (20i1°C, high RH).
Water content in the moss samples was near saturation.

(3.67-5.62 mg CO, g *

P. commune exhibited higher P

RIS S e -1 =1,
d.m. h 7) and lower RD (0.62-0.89 mg CO2 g d.m. h 7) than
A. undulatum or H. cupressiforme (means 3.41, 2.54 and 2.56,
1k5(e)

1, respectively). Photosynthetic activity in P. commune
was found to be higher in terms of the unit chlorophyll con-
Lo, 8%,
PN/RD ratio varied between 5.15 and 8.13 in P. commune and

tent, too (assimilation number = 0.53 mg co, mg

1.14 and 1.79 in A. undulatum. The former moss exhibited
higher I_ (12 W m %), I_ (80-165 W m 2 PhAR) and photosynthe-
tic efficiency (17.23;, mg co, J_l) than A. undulatum (8-10
and 65-100 W m 2, respectively, 2.62 mg CO, g 1) or H. cupres-
2 -

Dry matter per plant was higher in P. commune (13.70-

17.28 mg) than in A. undulatum (2.22-4.00 mg).

siforme ( 6 and 55 W m_z, respectively, 6.31 mg CO
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On the basis of quantitative features examined, P. commune
belongs to heliophilous and A. undulatum with H. cupressiforme

to sciophilous woodland mosses.
INTRODUCTION

Mosses differ from vascular plants in their generally
lower photosynthetic activity and productivity. The reason
for this is mainly the low chlorophyll content and the poi-
kilohydric water economy which restrict the season of activity.
Rapid drying is a mechanism of adaptation to high light and
temperature conditions. Their relatively slow growth rate may
also be regarded as a homeostatic mechanism for the mosses.
They possessan ability for rapid reactivation without a lag
phase and are able to take advantage of very short periods of
temperatures suitable for photosynthesis (see e.g., Kallio &
Kdrenlampi 1975, Proctor 1979, 1981). In interactions with its
atmospheric environment, the habit and growth form of mosses
are to all intents and purposes part of their structure
(Proctor 1979) .

In this part of the paper we have aligned our sights
upon the interspecific differences between stands in chloro-
phyll content, photosynthetic and respiration rates in some

woodland mosses in SW Slovakia.
MATERIAL AND METHODS

Chlorphyll contents and CO2
the same mosses and at the same time as water relations (see
Elii% & Masaroviéovd 1986).

Chlc a, b and a+b were determined directly in acetone

exchange were studied with

extract (80% acetone). Measurements of absorbances were made
in UNICAM SP 800 recording spectrophotometer. The Chlc were
calculated according to Vernon (1960). The results were ex-
pressed per dry mass.

Net photosynthetic and dark respiration rates were measured
by the gasometric method in controlled environmental condi-
tions (for details, see Masarovidova 1984). IRGA in the open
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system was used. The plants were installed in the thermosta-
bilised assimilation chamber and well supplied with water. In
the case of Atrichum undulatum and Hypnum cupressiforme the

plants were measured together with soil.

Measurements were made in ranges of 5-200 X m-2 PhAR, air
temperature 20¢l°C and at high air humidity.

From the light response curves for CO2 uptake the values
were extracted of the saturating (Is), compensating (Ic) ir-
n sat)’ the
dark respiration rate (RD) and the photesynthetic efficiency

radiances, the net photosynthetic rate at Is (P

(slope of the initial part of the light response curve for
CO2 uptake) .

RESULTS AND DISCUSSION

Chlorophyll content and photosynthetic activity are de-
pendent on the anatomical and structural differentation of
leaves which are determined by ecological (mainly light and
humidity) conditions of the environment. The anatomical struc-
ture of moss leaves is much simpler and less differentiated
as compared with that of leaves of vascular plants (e.g.,
Proctor 1979, 1981, Krupa 1978, 1984). There should exist,
therefore, a relation between the anatomical structure of moss
leaves and their chlorophyll contents or photosynthetic acti-

vity, too.

Chlorophyll content

Chlorophyll content was measured in 7 moss species: Poly-

trichum commune Hedw., P. formosum Hedw., Atrichum undulatum

(Hedw.) P. Beauv., Plagiomnium undulatum (Hedw.) T. Kop.,

Ditrichum flexicaule (Schwaegr.) Hampe, Hypnum cupressiforme

Hedw. and Pohliasp.growing in five forest stands with various

ecological conditions differing mainly in light and humidity.

Over all, chlorophyll a content amounted to 2.656-9.08,
chlorophyll b content to 1.06-3.82 and chlorophyll a+b to 3.72
- 13.8 mg/g d.m. The chlorophyll a:b ratio varied from 2.14 to
2.85. The highest Chlc was found in P. undulatum (12.8 mg/g
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d.m., July 31), the lowest in D. flexicaule (3.72 mg/g d.m.,
July 27). In addition to interspecific differences within the
same habitat, differences in Chlc were also found within the
same species stemming from various forest stands (Table 1).
The differences appeared to be most pronounced in P. undulatum,
D. flexicaule and H. cupressiforme. Leaves differing in age,

also differ in terms of Chlc. This was borne out in the case
of P. commune and P. formosum. the young leaves exhibiting a
lower Chlc as compared with old leaves (Table 1).

The character of concentration and quantitative relations

of chlorophyll in mosses are similar to those described by

Table 1. Chlorophyll a, b and a+b contents, chlorophyll a
and chlorophyll b ratio in some woodland mosses in SW Slovakia
(1984) .

Chlorophyll content (mg/g d.m.)

Species Loc. Date a b a+b ratio a:b
Polytrichum I/z 3/7 *7.7410.57 3.8220.60 11.56+1.16 2.1440.18
commune **5.3140.08 1.86+0.05 7.18#0.11 2.8510.08
Polytrichum ¥s 27/7 *6.37+0.12 2.67#0.08 9.04£0.15 2.3810.08
formosum No. 4 **6,1310.28 2.1610.26 8.2910.54 2.8510.21
Atrichum I/2 3/7 6.06+0.17 2.2740.07 8.3410.23 2.6710.01
undulatum

Plagiomnium No.4 %S 27/7 **%7,21+0.25 2.6220.06  9.82+0.28 2.75+0.09
undulatum No.3 9.084+1.22 3.7240.30 12.8041.51 2.4210.17

Ditrichum No.4 Zs 27/7 2.66x0.15 1.06+0.07 3.72#0.21 2.5110.02

flexicaule No.3 31/7  8.4110.25 3.3330.09 11.7410.34 2.5310.01
Hypnum No.l Zs 27/7  4.874#0.50 1.9110.11 6.60£0.60 2.4410.13
cupressiforme No.3 7.6410.11 3.0840.05 10.8510.16 2.5210.01
Pohlia 7s 27/1 8.2240.32 3.46+0.00 11.68+0.32 2.3810.09
sp. No.2

* 0ld plants

** Young plants
*** Generative plants
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many authors in vascular plants (e.g., Krupa 1978, Aro &
Valanne 1979). Conspicious is also the seasonal dynamics of
Chlc. In autumn and winter the Chlc in the leaves of mosses
(mainly epiphytic mosses) increases, whereas in the summer
months a marked decrease of Chlc is observed (Miyata & Hoso-
kawa 1961).

Martin & Churchill (1982) found that in 20 moss species of
the oak-hickory woods in north-eastern Kansas, Chlc varied
from 0.66 to 6.38 mg/g d.m. Mosses growing after full canopy
closure mostly had a significantly higher Chlc (4.36 mg/g d.m.)
and a lower Chlc a:b ratio (2.38) than before full canopy
closure (l1.46 mg/g d.m. and 2.51, respectively). The mean
value of the ChlC a:b ratio was 2.69 (2.29-2.99). The range
of Chlc a:b ratios for Kansas mosses was substantially
higher than that reported for 11 species of mosses collected
in North Carolina (1.4-2.1, Martin 1980).

However, not all mosses can alter their pigment composition
following changes in the irradiance levels of the environment
(Aro & Valanne 1979). This might explain the relatively low
a:b ratio observed by Martin (1980) in the mosses collected
in North Carolina.

Marked interspecific differences were found with 6 species of
mosses also by Krupa (1984). ChlC was highest in Mnium puncta-
tum (14.0 mg/g d.m.), lowest in Polytrichum piliferum (3.63

mg/g d.m.), Interspecific differences in tissue chlorophyll
concentration may be attributable to different morphologies
(Nobel 1977). For example, the low amounts of chlorophylls per
g d.m., characteristic of mosses examined in the paper of Mar-
tin & Churchill (1982), may be related to their extremely
thick cell walls.

High Chlc in shaded conditions would potentially increase
the capture of available light, while a low ChlC a:b ratio
reflects an increase in size of the light-harvesting Chl a:b
pigment protein complex (Alberte et al. 1976). Such changes
in the characteristic of the ligh-harvesting pigment system
appear to represent adaptations enhancing the efficiency of
light capture (Martin & Churchill 1982).
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Noteworthy are the results of experiments with Thuidium

delicatulum and Leucobryum glaucum (Martin & Walker 1984).

Neither ChlC nor Chl a:b ratios were significantly correlated
with the water contents for either species at either irradian-

ce.

Photosynthesis and respiration

Mosses belong to plants whose growth and development, and
occurrence in nature are closely connected with light condi-
tions. Mosses, like vascular plants, may be divided into photo-
(or helio-) and sciophilous ones. Frequently underlyingsuch
classification are the Ic and I values (Krupa 1978). In
studying photosynthetic processes we have therefore concent-
rated upon the analysis of light response curves for co,

c’ PN sat
dition to these parameters data were gained on the assimila-

uptake, thus obtaining data on Is’ 1 and o. In ad-
tion number (AN), the dark respiration rate (RD), on the
balance of assimilation and dissimilation processes (PN Sat/
RD) and average dry mass per plant.

The above mentioned parameters were examined in three moss

species: Polytrichum commune, Atrichum undulatum and Hypnum

cupressiforme, differing in water relations (E1i4% & Masarovi-

&ova 1986) and Chl, (this paper). The plants came from 6
different forest stands and measurements were made in Septem-
ber and October 1984.

On the basis of the quantitative features examined, P. com-
mune belongs to heliophilous and A. undulatum and H. cupressi-
forme to sciophilous woodland mosses (Table 2).

Pronounced interspecific differences were found in the
form of the light response curves for CO2 uptake (Fig. 1). In
P. commune a longer lasting plateau was reached, whereas in A.
undulatum and E. cupressiforme PN declined markedly after Is
was reached.

Generally, the value of Ic for sciophilous mosses range from
20 to 400 1lx (Bazzaz et al. 1970) and for heliophilous species
Ic lies between 1000 and 2000 1x. For heliophilous mosses Is
varies from 10-30 klx (Proctor 1981). In Ulota crispa, Is was
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Table 2. Net photosynthetic rate

ratio, assimilation number (AN),

rating (Is) irradiances, average

at Is (P

N sat

), dark respiration rate (RD), PN — and RD

photosynthetic efficiency (a), compensating (IC) and satu-

dry matter per plant in some woodland mosses in SW Slovakia.

Species Loc. Date °N sat Ry Py sat/RD Ass. number = Ic by, B
(mg O, g 1(d.m.)h™D)  (mg,CO,/mg Chl: (g O, I Wm D) (mg(d.m.)
B ) per plant)
Polytrichum 143 25/9  4.554 0.885 5.146 14.30 13 110 15.250
conmmune I/2 26/9 3.672 0.626 5.866 x=0.532 19.08 12 110 17.280
I1/2 13/9 5.616 0.691 8.129 28.60 12 80 13.170
ZS 1/8 '5.328 = = 11.40 ]2 165 15.530
Atrichum 1/9 29/9 3.492 2.829 1.234 2.68 8 9% 2,224
undulatum 1/4 28/9  3.492 1.949 1.791 x0.330 3.38 8 65 4,000
1/2 27/9 3:240 2.849 1,137 1.80 10 100 3.837
Hypnum
I/1 3/10 2.556 1.012 2.528 0.293 631 6 55 ==

cupressiforme




over 40 klx (Miyata & Hosokawa 1961). This means that Ic and I
of heliophilous plants are, approximately, 1O times higher
in comparison with sciophilous mosses. Our results are a bit

higher than the generally accepted values (Table 2, Fig. 1).
Krupa (1978) analysed the light response curve for CO2

uptake in Polytrichum juniperinum, P. piliferum, Mnium punc-

tatum, Catherinea undulata, Funaria hygrometrica and Aloina
rigida, finding Mnium punctatum to be a typically sciophilous
plant (Ic=0.6 and IS=15 W m-z, respectively), and P. piliferum
with Funaria hygrometrica typically photo- (or Helio-)philous
mosses (Ic=l.8, Is=55 and Ic=l.4, Is above 100 W m—z, res-

pectively). The maximal gross photosynthesis values were

5-6 times higher than RD’ this being in agreement with our
values (Table 2). Krupa also obtained similar response
curves for CO2 uptake in both (sciophilous and heliophilous)

mosses to those in our experiments (Fig. 1). He found pro-

Polytrichum commune
September 25,1984

e Atrichum undulatum

= September 28,1984
i
E 3
© .
o Hypnum cupressiforme
= x===x October 3,1984
L]
o
o
3 /
= 5}
Q.Z x x
L]
1 o
°
1 1 1 L |
80 100 120 %0 160
E, [Wm?]

Fig. 1. The light response curves for CO2 uptake of three moss

species growing in various forest communities in SW Slovakia.

120



nounced differences between P. piliferum and P. juniperinum
leaves. The different habitat of the former species and certain
differences in the morphology of its leaves find their reflec-
tion in the rate of gas exchange. At the same time, Krupa

draws attention to the cause of differences in the parameters
of the light curves of photosynthesis, namely that measurements
are made either with whole stems or with single leaves.

Proctor (198l) emphasize that Ic as such is of little
ecological relevance; what is important is that the plant
should be able to recoup during the day the net carbon loss
due to respiration at night.

In another paper Krupa (1984) correlated the photosynthetic
activity of the leaf area with the degree of differentiation
of the anatomical leaf structure. Mnium punctatum has the

largest leaf area but the smallest PN and RD. Polytrichum pi-
liferum and P. juniperinum exhibited a small leaf area, but
high PN and RD. A small leaf area ensures better water economy.
On the other hand, the leaves of Polytrichum species have on
their surface lamellae which no doubt increase the area of gas
exchange; the lamellae are partly shielded by the folded bor-
ders of the leaves. Krupa also obtained data on assimilation
number which were evidently higher in heliophilous species.
These mosses had lower ChlC per unit d.m. So the lower acti-

vity per unit ChlC found in the leaves of Mnium, as well as

other physiological differences between sun and shade leaves,
may be the cause of differences in the photosynthetic activity
of the leaves per unit ledf area.

The results of our research as well as other papers (e.g.,
Kallio & Karenlampi 1975, Dilks & Proctor 1979, Proctor 1981,
Martin & Churchill 1982, Di Nola et al. 1983. Krupa 1984) em-
phasize the need for further ecophysiological investigations
into moss adaptation to different levels of irradiance or
water conditions. This is important primarily from the view-
point of completing the data on chlorophyll content, photo-
synthesis and respiration of this life form of plants in order
to gain an overall survey about the production and production
processes (i.e., carbon balance) of plants in forest ecosys-
tems.
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SOME PHOTOSYNTHESIS-ECOLOGICAL CHARACTERISTICS
OF FOREST BRYOPHYTES*

K. BALO

Institute of Ecology and Botany, Hungarian Academy
of Sciences,
Vdcrdtdét, Hungary

The total photosynthetic pigment content and light
curves, of net photosynthesis in three common moss species
were measured by thin layer chromatography and infrared gas
analysis in May and July from two forest habitats with dif-
ferent light regimes.

In summer the amount of each photosynthetic pigment is
several times as large as it was in spring. By summer the
max PN values and PN/RD ratios increase and the light com-
pensation point decreases.

In summer we have found great differences in both the
pigment content and net photosynthetic rate between the popu-
lations of mosses living at the two habitats. Although in
spring the light intensity in the two habitats can be con-
sidered almost the same, differences in the investigated
photosynthesis parameters also can be found at this season. In
the investigated bryophyte species, on the basis of our data
we separated two ecotypes which are adapted to the local light
intensity, very probably genetically.

* Abbreviations used in this paper: a = chlorophyll-a, b =
chlorophyll-b, c = B-carotene, x = xanthophylls, car = carcte-
noids, PN = net photosynthesis, RD = dark respiration, RH =
relative humidity, PS I = photosystem I, PS II = photosystem II,

LHCP = light harvesting chlorophyll-protein complexes.
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INTRODUCTION

The photosynthesis-ecological behaviour of higher plants
has been studied for a long time. The plants can adapt to
changes of the quantity and quality of light. The manifesta-
tion of helio- or sciophilous character of species or indivi-
duals is due to this adaptation. The character of the response
to the light climate is less known in mosses, although know-
ledge of this should be very important because they are very
good indicators of the environmental factors which are impor-
tant for the vascular plants and communities, too. In this way
mosses can be used for characterization of the environment of
their habitat.

One of the responses to the changes of quality and q‘.ntity
of light is the change of composition of thylakoids in the
chloroplast. This can be shown on basis of analysing of photo-
synthetic pigments. The most important functional response is
the modification of the net photosynthesis rate. By analysis
of the composition of photosynthetic pigments and character-
istic points of light-curves of net photosynthesis we tried to
answer the following questions: First: do populations of the
same moss species show adaptation to different light-ecological
environments of different habitats, or in other words, can
moss species from physiologically different ecotypes similarly
to the higher plants? Second: do certain photosynthesis cha-
racters of moss species depend on seasonal changes of light
regime?

MATERIAL AND METHODS

The ecophysiological studies were carried out on dominant,
terricolous, woodland moss species of two forest communities

(Melitti-Fagetum subcarpaticum and Quercetum petraeae-cerris

pannonicum) in Pilis Mts, northern Hungary, ca. 400 m above

sea level. It is known that there is lower daily average air
temperature, higher relative air humidity and lower light in-
tensity values in the Melitti-Fagetum (M-F) community than in
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the Quercetum petraeae-cerris (Q.p.-c.) community. (For

example, daily average light intensities are 1,375 Klx and
3,175 Klx in M-F. and Q-P-c., respectively, in summer (see
Baldé 1985 for details). The species examined are Polytrichum
formosum Hedw., Atrichum undulatum (Hedw.) P. Beauv. and Pla-

giomnium affine (Bland.) T. Kop.

Photosynthetic pigment determination

Leaf pigments were extracted by acetone. Chlorophyll and
carotenoid components were separated by thin layer chromato-
graphy on cellulose powder (MN 300) and silica gel G to Stahl
plates (Maréti & Gabnai 1971). Chromatograms were developed
in dark at 5°C in benzene:isopropanol:water (100:12:0.25) as
solvent. Single components were eluted in ethanol (carotenoids)
and in acetone (chlorophylls) and pigment quantities were cal-
culated according to Hager & Meyer-Bertenrath (1966). The spe-
cific absorbance coefficients listed by Hager & Meyer-Berten-
rath (1966) and Grumbach et al. (1978) were used.

COZ—gas exchange measurements

The net Coz—uptake and dark respiration were measured with
an open flow infrared gas analysis system (Infralyt 4, Junka-
lor, Dessau) at 20°¢ + 0.5 tissue temperature at 70% RH at
60 l'h-1 flow rate. For C02-exchange measurements the photo-
synthetically active upper leafy part of the mosses were used.
Measurements were carried out at saturated water content
(Polytrichum formosum: 242.52%, Atrichum undulatum: 307.89%
Plagiomnium affine: 434.63: dry weight_l) in ventilated

chambers. Inside chamber control conditions were maintained
by Conviron E1l5 phytotron. The details of the system used for
Coz—exchange aredescribed by Tuba (this volume). Every de-
termination was repeated 3 times for each species.

RESULTS AND DISCUSSION

It is known that bryophytes have lower (net) photosynthesis
rates than the higher plants (Larcher 1980). Furthermore,
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Table 1. Photosynthetic pigment contents (mg'g_l dry wt) of

the species examined.

a b chl e x car pig

1. in spring
a) in Melitti-Fagetum
A. undulatum Q.67 0.260 1.03 ©:39 0:27 0:60 1.63

b) in Q. petraeae-cerris
A. undulatum 2,29 0.7k 3.00 0.44 0.93 1.36 4,37
P. formosum 1.07 0.42 1,55 0.20 0.56 0.75 2.3l

2. in summer

a) Melitti-Fagetum

F. vesca 3.54 1.26 4.80 0.35 0.76 1l.11 b5.91
A. undulatum 3.96 1.84 5.80 0.45 1.03 1.48 7.28
P. formosum 2.76 1.35 4.10 0.29 0.68 0,97 5.08

b) in Q. petraeae-cerris

F. vesca 3.11 0.97 4.08 0.28 0.68 0.97 5.04
A. undulatum 4,80 1.97 6.77 0.49 1.06 1.55 8.32
P. formosum 2.50 1.24 3.74 0:39 0.83 1.23 4.97

bryophytes generally show shade photosynthesis characters, even
in photophilous species (Tuba 1982). Therefore, first we have
compared the photosynthesis parameters of the investiated bryo-
phytes with the parameters of a vascular species growing in
the understorey of the same community.

Comparison of pigment composition in the mosses and the higher

species examined

Fragaria vesca (wild strawberry), a shade adapted higher

plant (Baldé 1985) from the same community contains more chloro-
phyll-a than P. formosum and less than A. undulatum (Table 1).
We pointed out that chlorophyll-b and carotenoid content in
the moss species mentioned are greater than in the shade-

adapted F. vesca.
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Table 2. Pigment ratios of the species investigated.

a/b a/c b/c x/c %%%
l. in spring
a) in Melitti-Fagetum
A. undulatum 2.64 3i:311. 1.46 1.80 1.42
b) in Q. petraeae-cerris
A. undulatum 3.25 527 1.:63 213 2420
P. formosum 2.66 5.74 1.88 2.82 1.91
2. in summer
a) in Melitti-Fagetum
F. vesca 2:81 los21 3.66 2.21 4.31
A. undulatum 2.16 8.90 4.12 2:39 3.88
P. formosum 217 9.60 4.68 237 399
b) in Q. petraeae-cerris
F. vesca 310 1113 3.44 2.34 4.15
A. undulatum 2.45 9.85 4.05 2416 4.41
P. formosum 2.14 6.98 3.16 2+32 2.45

This relation in the amount of pigments was the same in
both habitats.

It was found that the ratio of a/b in F. vesca is greater
and the ratio of b/c is smaller than in the moss species P.
formosum and A. undulatum (Table 2).

It is well-known that shade-plants contain chlorophyll-a
and B-carotene in smaller and chlorophyll-b and xanthophylls
in greater amount than sun plants do. These results reflect
the greater amount of LHCP in shade plants (Lichtenthaler
1982). The small a/b and the large b/c ratios are character-
istic of shadé plants because of their pigment content (Board-
man 1977, Lichtenthaler 1982). By means of analysing pigment-
protein complexes it has been concluded that the PS II+LHCP/
PS I ratio is greater in shade plants than in sun plants.
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On the basis of this fact, we established that the in-
vestigated woodland mosses have a greater degree of shade
character in comparison with a higher plant.

Seasonal changes in the pigment composition in the mosses

We have observed that in summer the amount of each pig-
ment is 2-8 times larger than in spring. The degree of in-
crease is the greatest in case of chlorophyll-b and xantho-

phylls, especially in A. undulatum.

As the amount of each pigment does not increase in the same
rate, by summer the chlorophyll a/b ratio decreases and the
a/c, b/c and x/c ratios increase (except x/c in P. formosum
growing in Q. p-c.).

In summer the increase of average daily temperature accele-
rates synthetic processes. As the canopy of trees becomes
closed, the decrease¢ of light intensity leads to the high pig-
ment content, mentioned before, and pigment ratios which are
characteristic of shade plants.

The effect of light regime of the two habitats

Although the properties of the investigated moss species are
similar to shade plants, great differences were found in pig-
ment content and pigment rations between the moss species grow-
ing in the two habiats.

In summer, the chlorophyll-a content in A. undulatum grow-
ing in Q.-p-c. is much greater than in M-F. The a/b and a/c
ratios were found to be greater in mosses growing in Q.p-c.,
and the x/c, and b/c ratios were greater in M-F. in the case of
A. undulatum.

Practically there is no difference either in pigment con-
tent or in the a/b and x/c ratios in P. formosum growing in
the two habitats. Nevertheless, the a/c and b/c ratios are
greater in the population growing in M-F.
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Fig. 2. Light curves of net photosynthesis of Polytrichum for-
mosum.
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All these data correlate closely with our earlier results,
namely: in summer in the herb layer the average light intensity
is twice greater in Q.p-c. than in M-F (3,175 Klx and 1,375
Klx, respectively).

Although in spring the light intensity in the two habitats
can be considered almost the same we found that chlorophyll-a
and carotene content in both moss species is greater in Q.p-c.
than in M-F. Similarly, the a/b ratio is greater in mosses
growing in M-F. as in summer. This relation in the pigment
content and pigment ratios between the two habitats is inde-

pendent of seasonal changes of light intensiéy.

Comparison of COg-exchange in the mosses and Fragaria vesca

According to our earlier results, the maximum value of net

1 1

photosynthesis for shade plants is 6 mg Coz-g- sh =, and for

1

sun plants is 11 mg C02-g-l.h_ in the case of Fragaria. In the

course of our investigations, we found that the PN max values

of the three investigated species (P. formosum, A. undulatum

and Plagiomnium affine) were much smaller, 4.5-7.5 mg coz-g_%rl.

PN 4 (mgCQ,- g-'-h-)

/,.'—_
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7 — -=— — in summer
¥
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Fig. 3. Light curves of net photosynthesis of Plagiomnium
affine.
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It is known that the dominance of PS II and the great amount
of LHCP besides other factors may cause the low maximum rate of
net photosynthesis in shade plants (Boardman 1977). This state-
ment can also be applied to the mosses investigated. In this
way a close connection can be found between the pigment compo-
sition mentioned above and the low Py max. values. On the basis
of these results we can consider the investigated moss species

as shade plants.

Seasonal changes of light curves of net photosynthestis

We observed three important facts in every case: by summer
the light-compensation point decreases (in spring 3-4.5 klx,
in summer 0.7-1 klx) and the P,, max. values and PN/RD ratios
i s=lie o

“h ) An

) . Probably there is a certain

N

are many times higher than in spring (1-1.26 mg C02-g_

1 =il
*h

connection between increase of the amount of LHCP and the de-

summer 4.5-7.6 mg CO2'g_

crease of light compensation point. It needs further investiga-

tions.

The effect of different light regime in the two habitats

We have not found any difference between the PN max values
of A. undulatum living in Q.p-c. and M-F. Nevertheless, at high
light intensity (25 klx) the net photosynthetic rate of species
from Q.p-c. remains unchanged while the photosynthetic rate
of mosses from M-F. decreases. This decrease can be explained
by the high light intensity, to which the plants are never
exposed under natural conditions.

The light compensation point and rate of dark respiration
of mosses living in M-F. are lower than in Q.p-c. and they reach
the saturation point more quickly.

In the case of P. formosum higher values of P, max. can

N
be observed than in A. undulatum in both habitats and it is

higher in Q. p-c. than in M-F. The saturation is reached

more quickly and the value of R, is lower in M-F., as in A.

D
undulatum.
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CONCLUSIONS

On the basis of the comparative analysis of the photosyn-
thetic pigment composition and light curves of net photosyn-
thesis, we can conclude that the investigated moss species have
more extreme shade-character than the shade-adapted higher
plants from the same community. The great amount of LHCP and the
low value of Py max. all support this statement. Since other
bryophyte species show similar properties (Martin 1980, Martin
& Churchill 1982) mosses appear generally to be shade plants.
This shade character may have close connections with their
taxonomic position and their way of living (Tuba 1982). How-
ever, although mosses can be considered shade-plants, like the
higher plants, they are capable of adapting to different light
intensity to a certain extent. On the basis of our data we can
draw the conclusion that P. formosum and A. undulatum have
two ecotypes which are adapted to their local light intensity.
The difference between the two populations is less strongly
expressed in case of P. formosum because it may prefer light
spots in both habitats.

Since differences in the photosynthetic behaviour of the
moss populations can also be found in spring under the same
light regime, we concluded that the adaptation to the habitat
is genetically determined.
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OF CO,-EXCHANGE IN THE DESICCATION-TOLERANT MOSS,
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It was hypothetized that the specific photosynthetic
("shade-1like") feature of bryophytes, at least in the case of
the desiccation-tolerant mosses, is a consequence of their
poikilohydric economy. This idea was investigated on the

desiccation-tolerant photophilous Tortula ruralis, by the

elimination of desiccation, the most important poikilohydric
character, at different combinations of light and water eco-
logical situations in field experiments. Desiccation, light
and temperature responses of Coz-exchange (net photosynthesis
and dark respiration) were measured under controlled condi-
tions using an open flow gas analysis (IRGA) system. The
C02-exchange investigations on T. ruralis confirm the specific
photosynthetic features of mosses. In the case of T. ruralis,
the "shade-like" characters are developed in close connection
with its poikilohydric economy. In the consequence of the
repeatedly occurring desiccation, tissue water relations that
ensure photosynthetic activity of T. ruralis, exist only at low
or moderate light intensity and in the lower temperature range.
After eliminating desiccation, with a continuous water supply,
T. ruralis shows shade and light adaptation as well. However,
T. ruralis growing at the high light intensity has extremely
low photosynthetic capacity, which is the consequence of the
specific temperature response of photosynthesis and dark

respiration, caused by the poikilohydric economy, too.

137



INTRODUCTION

It is generally known that the photosynthesis physiological
and ecological features of bryophytes are different from those
of higher C3 species. The most striking and important photo-
synthetic characteristics of bryophytes can be summarized as
1) they have lower photosynthetic capacity (see e.g., compari-
son of Larcher 1980, Aro 1984); 2) their photosynthetic struc-
ture and function reflect shade adaptation syndromes, even
in the case of the photophilous, sun-loving mosses (Proctor
1981, Aro 1982, Martin & Churchill 1982, Aro et al. 1981,
Valanne et al. 1982, Tuba 1984a); 3) in relation to their
poikilohydric water economy their photosynthetic activity at
any moment depends on their actual tissue water relations at
that time (e.g., Dilks & Proctor 1979, Tobiessen et al. 1978);
4) high tolerance of their photosynthesis against the environ-
mental stresses (Proctor 1981).

However, we have no evidence about the reasons responsible
for these special photosynthetic features or about the factors
contributing to their development. On various grounds I hypo-
thetized that the shade-like characters, at least of the de-
siccation-tolerant mosses, evolved in relation to their poi-
kilohydric economy. The photosynthetic activity, and indeed
all the metabolic activity of desiccation-tolerant mosses
generally takes place only at low or moderate light intensity
and in the lower temperature range, because of their very
rapid water loss and their frequent desiccation.

This idea was investigated on the photophilous, desicca-
tion-tolerant Tortula ruralis, growing in a semi-desert grass-

land. According to the hypothesis, by the elimination of the
most important poikilohydric character, the desiccation, Tor-
tula ruralis has to show shade, light and high light adapta-
tion, too, and the Tortula individuals growing in original
field circumstances at high light intensity with frequent
desiccation, haveto reflect shade photosynthetic features.

I investigated the photosynthesis responses of T. ruralis
growing at two levels of low irradiance with continuous water
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supply without desiccation and at high light intensity with
frequent desiccation, growing in a similar situation as in
the field.

MATERIAL AND METHODS

Plant material

Tortula ruralis was grown in a semi-desert continental

perennial grassland (Festucetum vaginatae danubiale) at Vic-
ratét (19°15'E, 47°42'N, 130 m a.s.l.).

Field experimental procedures (light and water ecological
situations)

On 12 March 1982, the Tortula cushions were collected and
transferred together with their soil substrate into the field
experimental area of the photosynthesis laboratory of the
institute. T. ruralis cushions were divided into 4 groups
and were kept outdoors until 21 June 1985, under the following
distinct light and water conditions: 1) in deep shade, at very
low light irradiance (during the experiment the highest light
intensity was 13 Klx), without desiccation, at continuous
field water saturation level (water content 288.6-389.9% of
dry weight); 2) in shade at low irradiance (highest light
intensity during experiment 19-20 K1lx), without desiccation at
continuous field water saturated level (water content 262.4-
342.0% of dry weight); 3) similar to the original field eco-
logical situation under high irradiance (daily average light
intensity during the experiment above 35 Klx and highest light
intensity 96 Klx) and under the naturally occurring water
regime, therefore exposed to repeated desiccation (water con-
tent between 15.9-356.0% of dry weight); 4) at high irradiance,
under the same light regime as described in the case of 3, but
without desiccation at continuous field water saturation level
(water content 273.5-325.6% of dry weight). The air temperature
measured 3 cm above the cushions kept in the deep shade and
shade (1 and 2) was 0.5 - 2.5°C, lower than above the cushions

kept at the high irradiance (3 and 4). Light intensity and
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air temperature were measured continuously during the expe-
riment (by a JU 16 type luxmeter and a thermometer of type
TM-25).

Measurements of 002-gas exchange

Net COz—uptake and dark respiration were measured using an
open-flow gas analysis system with a Peltier-module equipped
Infralyt-4 (Junkalor - Dessau) differential infrared gas anal-
yser (IRGA), at the ambient atmospheric co, level (330-360
vpm) . Chambers used in this system were constructed of plexi-
glas with the volume of 750 ml (Tuba 1984b). Flow rate through
the chamber was maintained at 500 ml~min—l. Ventilation inside
the chamber was provided by a radial fan.

Light responses of net photosynthetic rate were measured
at 20.0 + 1.0°C leaf tissue temperature at saturated water
contents (which were identical with the value given in the
description of the field experiments). Light was provided by
F72 12-CM-WHO 100 W (Sylvania) tubes.

Temperature responses of net photosynthesis rate were
examined also at saturating water contents and at saturating
light intensity (30 K1x).

The adaptation to a given light or temperature condition
was at least 30 minutes. Dark respiration at various tempe-
ratures was measured after half hour darkness.

During the measurements, the chamber and moss tissue tem-
perature was maintained by the temperature controlling system
of a Conviron E1l5 phytotron or by a refrigerator operated
temperature controlled assimilation chamber (Tuba 1984b). The
relative humidity of the air coming into the chamber was
controlled and maintained at 70% (+ 5.0%) with the relative
air humidity controlling system of a Conviron E1l5 plant
growth chamber.

Only the photosynthetically active upper leafy parts of
the moss were used for the investigations to avoid the
respiratory C02-re1ease of the lower parts. The cut leafy
parts of the individuals were kept in the chamber on moistened
filter paper. During the measurements, the mosses were sprayed
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with distilled water to maintain the water saturated level re-
quired. The moss tissue temperature was monitored with a
thermometer (TM-25).

All measurements were repeated at least 3 times. The COZ-
exchange rates are referred to 1 g dry mass, the water content
is given as a percentage of oven dry weight.

The quantity of total photosynthetic pigments (chloro-
phylls and carotenoids) was determined after TLC separation,

as described in Tuba (1984c).
RESULTS AND DISCUSSION

Effect of desticcation on the net photosynthetic rate of Tortula
ruralis

The relationship between the changes of tissue water
content and net COz-uptake of T. ruralis growing in the original
field situation can be described by a third degree polynomial
function (Fig. 1). The water content compensation point of
the species is 15% and the relative air humidity compensation

point indicates a very frequent desiccation of the species.

The combined effect of the different irradiance level and water
relations on the light and temperature responses of net CO o=

exchange

As in the literature data, the maximal net photosynthetic
rate of T. ruralis growing in all of the investigated situa-
tions, is lower than for higher C3 plants (e.g., Larcher 1980,
Aro 1984), even from the same grassland (Tuba 1984Db).

Light responses

The light compensation point and saturation light intensity
of net photosynthesis in T. ruralis growing in similar condi-
tions to the field (at high irradiance and exposed to repeatedly
frequent desiccation) is lower than for C3 flowering plants
(Fig. 2). This light response curve reflects shade photosyn-
thetic characters. The light compensation point of T. ruralis
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growing at low irradiance without desiccation is lower than
that of material growing in field situation with desiccation
(Fig. 2). T. ruralis growing in shade shows light saturation
already at 15 K1lx light intensity (Fig. 2). Among the treat-
ments investigated, T. ruralis which was growing at high ir-
radiance and continuous water supply without desiccation has
the highest light compensation point. At the same time its
photosynthesis shows saturation at the highest light intensity
(Fig. 2). On the basis of the light compensation points and
the initial slopes of the photosynthesis illumination curves,
compared with material growing in the field situation, T.
ruralis growing at low light intensity without desiccation
shows shade adaptation, while at high light intensity without
desiccation it shows high-light or sun adaptation (Fig. 2).
However, contrary to the results observed on higher plants
(Boardman 1977), the maximal net photosynthetic rate from both

of the shade adapted treatments is higher than that of the
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Fig. 1. Relationship between the net photosynthetic rate and
tissue water content of Tortula ruralis growing in original

field situation.
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Table 1. The total photosynthetic pigment content (chloro-
phylls + carotenoids) of Tortula ruralis, growing without de-

siccation in deep shade (A) and shade (B), at high light in-
tensity with desiccation (C) and at high light intensity with-
out desiccation with continuous water supply (D).

Photosynthetic pigment content
(mg - g-l dry weight)

A 2.879
B 2.778
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Fig. 2. Dependence of net photosynthesis upon light intensity

in Tortula ruralis, growing without desiccation at continuous

water supply in deep shade (A) and shade (B), at high light in-
tensity with frequent desiccation (C) and at high light inten-
sity without desiccation with continuous water supply (D).
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light adapted T. ruralis, growing without desiccation (see
Fig. 2). The increased photosynthetic capacity in T. ruralis
growing in shade is the consequence of the synthesis of ad-
ditional photosynthetic units, developed by continuous un-
limited water supply (Table 1). The synthesis of new photo-
synthetic units is shown by the increased amount of the photo-
synthetic pigments (total photosynthetic pigments = carotenes
+ xanthophylls + chlorophylls) - see Table 1. The synthesis of
new photosynthetic units in the moss exposed to frequent de-
siccation is much less or may e&en be inhibited (Table 1).
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Fig. 3. Temperature dependence of light-saturated Coz-uptake in
Tortula ruralis, growing without desiccation with continuous

water supply in deep shade (A) and shade (B), at high light in-
tensity with frequent desiccation (C) and at high light inten-
sity without desiccation with continuous water supply (D).
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At the same time, decrease in the photosynthetic unit den-
sity can be observed in the moss growing at high irradiance
level and continuous water supply without desiccation (Table
1) . This decrease of the density in the photosynthetic units
results in a marked decline in photosynthetic capacity (Fig.
2). (The details of the photosynthetic pigmént composition
change with the effect of different light and water conditions;
the relationship between pigment composition and net photosyn-
thetic C02-uptake will be the subject of another paper).

The net photosynthetic rates in T. ruralis from all of
the treatments declines very rapidly above 30°C, and above 37°C
there is only negative C-balance in every case which indicates
the dominance of catabolic processes (Fig. 3). Since T. ruralis
kept at high light intensity without desiccation usually ex-
ceeds 30°C and often reaches the 37°C upper temperature com-
pensation point (Tuba 1984b), catabolic processes are likely
to cause at least partial decomposition of the photosynthetic
units, and lead to decrease of the net photosynthetic capacity,

too.

Temperature responses (Fig. 3)

The characteristic temperature responses of net COZ-ex-
change in T. ruralis, growing under different light and water
ecological conditions, are as follows: 1) they show net COZ-
uptake already at.OOC, even in summer, which is highest in
the material growing at high irradiance; 2) the optimal tem-
perature of net photosynthesis in T. ruralis, growing at high
light intensity is similarly low (between 13-26°C) than re-
ported for other bryophytes, even for desert ones (see Proctor
1981); in the shade-grown material this temperature optimum
is a bit higher (18-30°C); 3) the photosynthesis of T. ruralis
growing at high irradiance remains close to the maximum over a
rather wider range, especially at lower temperatures; 4) the
upper temperature compensation points of each of the investi-
gated batches of T. ruralis, growing in different light and
water ecological conditions, are very similar and lie between
35 and 38°c.
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These values are lower than those of the C3 vascular
species in the same community (Tuba 1984b). This points very
clearly to the fact that T. ruralis, in its metabolically
active condition, cannot tolerate the higher temperature which
occurs after its desiccation. This seems to be genetically
fixed, since all of the investigated material from the dif-
ferent ecological conditions show similar responses in this
respect.

This is confirmed by the increase of dark respiration with
increasing temperature (Fig. 4). At 38-40°C, the mitochondrial
respiration rate is greater than the C02-uptake, therefore at
38-40°C there is only net CO2 release (Fig. 4). The ratios of
net photosynthesis to mitochondrial respiration, which inform

Ry P=5 %
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mg CO, . ¢l dw . n?

0 . A > z o
0 10 20 30 40 c
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Fig. 4. Temperature dependence of dark respiration in Tortula
ruralis, growing without desiccation with continuous water
supply in deep shade (A) and shade (B), at high light inten-
sity with frequent desiccation (C) and at high light intensity
without desiccat®on with continuous water supply (D).

146



Table 2. Temperature dependence of light saturated net photo-
synthesis /dark respiration ratio in Tortula ruralis, growing

without desiccation in deep shade (A) and shade (B), at high
light intensity with desiccation (C) and at high light inten-
sity without desiccation with continuous water supply (D).

Py/Rp

o

0=C 20°C 30°C 40°C

g Q w B
'.-J
N

only CO2

release

us about the efficiency of COZ-assimilation, are highest at
lower temperatures (at O and 20°C); at 30°C the ratio decreases
significantly due to the enhancement of dark respiration and
at 40°C we find already a negative carbon-balance (Table 2).

CONCLUSIONS

The present investigations, performed on the photophilous,
desiccation-tolerant, ectohydric moss Tortula ruralis sup-

port and confirm the specific photosynthetic features of
mosses (and other bryophytes), which differ from those of Cs
higher plants and can be summarized as shade-like photo-
synthetic features.

According to my results, in the case of the photophilous,
desiccation-tolerant T. ruralis, the shade-like photosynthetic
characteristics are developed in close connection with the
poikilohydric water economy. In consequence of repeatedly
occurring desiccation, tissue water relations generally ensure
that photosynthetic, and indeed all metabolic activity of T.
ruralis takes place only at low or moderate light intensity

and in the lower temperature range. These limitations are
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expressed by the light and temperature responses of photo-
synthesis in T. ruralis, growing under field conditions. After
eliminating desiccation, the most important poikilohydric
feature, then on the basis of the light response of photo-
synthesis, T. ruralis shows shade and high light adaptation.
However, the high light adapted material growing without
desiccation has much lower maximal net photosynthesis rate than
the shade adapted, or even than material growing at high ir-
radiance with desiccation. This extremely low photosynthetic
capacity is nevertheless the consequence of the specific tem-
perature response of photosynthesis, caused by the poikilo-
hydric economy, too. Since because of its desiccation, T.
ruralis during its metabolically active stage is not exposed
to higher temperature than the upper temperature compensation
point for net photosynthesis, adaptation to higher temperature
has not yet been developed. This is reflected clearly by the
temperature responses of COZ-exchange, the temperature depend-
ence of mitochondrial respiration and net photosynthesis/dark
respiration ratio. In other words, because of desiccation, in
T. ruralis adaptations were developed only to those light and
temperature situations and their combinations which occur in
its metabolically active hydrated stages. The nature of the
adaptations to the extremely high light and high temperature,
occurring after its desiccaticn, is anabiotic.

The above-mentioned facts probably are valid for most
mosses, at least for the desiccation-tolerant species, knowing
their "shade-like" characters and their rather low upper
temperature compensation point of net photosynthesis, and these
are probably not unimportant for the distribution of terrestri-

al mosses.
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Determination of chlorophyll a and b is an important
parameter in ecophysiological research. The aim of this study
is to develop a standardized method for the use of DMSO as a
solvent to extract chlorophyll from mosses, and to compare

it with the 80% acetone extraction method. Pleurozium schre-

beri is used as a test species. DMSO proves to be a reliable
solvent: it is easier to use and gives a more complete ex-
traction than 80% acetone, the extract has a low turbidity,
and the extracted chlorophyll can be stored for 64 hrs at 4°c

without degradation.
INTRODUCTION

Determination of chlorophyll content in plants is a useful
estimation of primary productivity or has been used in bio-
assays of environmental stresses in ecophysiological research.
Extraction of chlorophyll in acetone has been the common method
among bryologists (Wolf 1958, Martin 1980, Martin & Churchill
1982, Glime & Keen 1984, Penuelas 1984).

Although dimethyl sulfoxide (DMSO) was known as a solvent
for proteins and starch before it was used to extract photo-
pigments from algae (Seely et al. 1972), there have been no
reports, until recently (Alpert 1984), on its use to extract
chlorophyll from bryophytes. Hiscow & Israelstam (1979) used
DMSO to extract chlorophyll from higher plants, Ronen & Galun
(1984) tested DMSO to extract chlorophyll from lichens. Shoaf
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& Lium (1976) extracted chlorophyll from algae in a 1l:1 mix-
ture of DMSO and 90% acetone.

The high dielectric constant of water and DMSO, in comparison
to acetone, enables both molecules to pass the hydrophilic
heads of the phospholipid layers of the cell membrane. However,
water won't pass the hydrophobic tail of the phospholipid
layers, whereas DMSO will do so because of its two methyl
(-CH3) groups. A result of this is that DMSO opens up the mem-
branes and makes them permeable for other molecules, such as
chlorophyll. The solubility properties of DMSO and acetone
with respect to chlorophyll are less understood. We can hypo-
thesize that acetone, because of its weaker dipole moment and
smaller size, penetrates the chlorophyll-protein complexes
better than DMSO. Chlorophyll might be more soluble in acetone
than DMSO. However, the dielectric constant properties or the
ability of DMSO to make membraﬁes permeable is of far more
importance in this context than the dipole moment interactions.

The objectives of our study were to develop a method to
extract chlorophyll from mosses using DMSO, and to compare the
extraction of chlorophyll a and b by DMSO with the 80% acetone
method. We also tested the stability and optical characteris-
tics of pure chlorophyll a and b in DMSO. Both extraction
methods have been criticized in overestimating chlorophyll a
content because of the overlapping absorption spectrum of
chlorophyll a with that of other photopigment degradation
products. However, prior chromatographical separation to ob-
tain our chlorophyll pigments requires advanced techniques
and is more expensive without being ecologically significant

for most biocassay types of research.
METHODS

Because of our eco-physiological work on boreal bryophytes,
we selected Pleurozium schreberi (Brid.) Mitt. as the test spe-

cies. The bryophytes were collected under jack pine (Pinus
banksiana Lamb.) in Alberta, Michigan (88°40'E, 4604O'N). We

air-dried 1 cm green stem tips in the dark for 24 hrs, weighed
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them and extracted chlorophyll. Five to ten replicates were
used in each experiment. We used pure chlorophyll a and b from
spinach (Sigma Chemical Company) to develop standards.

Extraction of chlorophyll in 80% acetone

To soften tissues for easier maceration and facilitate
more efficient extraction, we immersed three air-dried moss
tips in distilled water for 15 seconds. We ground the tips in
80% acetone with a mortar and pestle and a few grains of sand.
Following complete maceration, we precipitated the particles
with gravity and filtered it through Whatman #1 filter paper.
(Centrifugation of such a small quantity proved to be unef-
fective). We washed the filter paper with 80% acetone to flush
remaining pigments from the filter paper thus obtaining 5 ml
of the extract, measured in graduated test tubes. We read
absorbance on 3-ml samples at 663 (chl a), 645 (chl b), and
750 nm (turbidity) against 80% acetone blank using a Beckman
DU-8 Spectrophotometer with a slitwidth of 0.5 nm. We cal-
culated chlorophyll concentration (mg chlorophyll/gram air-
dried moss) using Arnon's equation (Arnon 1949). We worked
in subdued light throughout both acetone and DMSO extraction.

Extraction of chlorophyll in DMSO

We submersed the air-dried moss tips in water for 5 minutes
to insure complete hydration, then pressed them between dis-
posable paper tissue to remove excess water. We transferred
the stem tips to test tubes with 5 ml of DMSO (Fischer Scien-
tific, d-128), closed the test tubes with aluminium caps, and
placed them in the oven at 65°C. The extraction time differed
among the various experiments. After extraction we cooled the
solvent to room temperature or placed it in the refrigerator
at 4°C until absorption readings were taken. Absortion read-
ings (against DMSO as a blank) and calculation of the chloro-
phyll concentration followed the same steps as described
above for 80% acetone.

153



Experimental design

a. To determine extraction time in DMSO we read absor-
bances of extracted P. schreberi chlorophyll after 2, 4, 8,
16, 24, 32, 48, 64, and 72 hours. At each time interval we
pipetted 3 ml of the DMSO to a cuvette to read absorbances,
then returned the chlorophyll extract to the sampled test
tube. After 72 hours, the stem tips were completely bleached
and further extraction was omitted.

b. To determine stability of chlorophyll extract in DMSO
after extraction for 32 hours at 65°C, we removed the stem
tips from the solvent and stored the test tubes with the
extract at 20°C and at 4°C in the dark. We read absorbances
after O (immediately after DMSO extraction), 32, 64, 126 hrs,
2, and 4 weeks. We measured absorbances in three ml aliquots
which we returned to the same test tubes for further storage.
We stopped the experiment after 4 weeks because there were
significantly lower chlorophyll concentrations compared to
those at the start of the storage period.

c. To determine stability of pure chlorophyll a and b in
DMSO we prepared stock solutions of 2 mg/l of chlorophyll a
and b (this corresponds with the amount of chlorophyll we
found in P. schreberi stem tips). Solutions of chlorophyll a
and b were stored in the dark at 25°C and 65°C for Oy 44 8
and 16 (period of maximum extraction) hours before reading

absorbance.

d. Based on the degradation of pure chlorophyll at 65°¢c
in DMSO in experiment c, we tried to improve the extraction
of chlorophyll by changing the temperature during the 16 hr
extraction period. We submersed one set of P. schreberi stem
tips in DMSO for 4 hrs and a second set for 16 hrs at 65°C.
We measured absorbance at the end of the extraction period.
We extracted a third set for 4 hrs at 65°C, followed by 12
hrs at 25°C. The 4 hr period was selected because no decrease
of pure chlorophyll a and b in DMSO at 650C occurred within

this time in experiment c.
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RESULTS

a. Substantial amount of chlorophyll a and b is extracted
by DMSO during the first two hours (Fig. la,b). Chlorophyll a
is optimally extracted after 8 to 16 hrs submersion in DMSO
at 65°C. Chlorophyll b tends to have a slower extraction rate,
which reaches a maximum at about 16 hrs. Further prolongation
after 16 or 24 hrs reduced the level of chlorophyll a and b
in solution, showing significant differences after 72 hrs
(chl a: p=0.001, chl b: p=0.000, t-test). Because of the dif-
ferent extraction rates of chlorophyll a and b there was a
sharp drop of the chlorophyll a/b ratios during the first 8
hours of the extraction and leveled off after 16 hrs. We
therefore selected 16 hrs as an. optimal extraction time for
chlorophyll in DMSO. We found significantly higher extraction
of chl a in DMSO than in acetone (p = 0.0l1, t-test). No further
extraction of chlorophyll was evident when the moss tips were

kept in the DMSO after removal of test tubes from oven.

b. Chlorophyll a and b in DMSO are most stable at 4°c in
the dark, where they can be stored for 64 hrs (Figs 2 and 3).
A significant decrease of chlorophyll a and b showed up at
5 days (chl a: p = 0.007, chl b: p = 0.006, t-test), but the
chlorophyll a/b ratio remained stable for two weeks. We found
a significant decrease of chlorophyll a and b after 32 hrs
if the DMSO extract was stored at 25°C (chl a: p = 0.04, chl b:
p = 0.019, t-test). Chlorophyll a tends to decrease at a
faster rate than chlorophyll b at 250C, and although a similar
trend seemed to occur at 4°C, we did not find significant dif-

ferences between chlorophyll a and b in this respect.

c. Although chlorophyll a remained stable for 16 hrs at
25°C, we found a significant decrease at 8 hrs if we kept the
DMSO at 65°C (p = 0.038, t-test), (Fig. 4). However, no sig-
nificant differences in chlorophyll a showed up between 25
and 65°C at any of the different time periods. Chlorophyll b
decreased significantly after 8 hrs at 65°C, (p = 0.000, t-
test), but no significant degradation occurred over a 16 hr
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Fig. 1. Determination of extraction time in DMSO. (a) Chloro-

phyll a and chlorophyll b content (mg/g DW) in function of
the extraction time. (b) Chlorophyll a/b ratio as a function
of the extraction time. Open dots represent the 80% acetone
extraction levels. (Vertical bars represent the 95% C.I.,
n=10) .
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Fig. 2. Stability of chlorophyll a and b extract in DMSO.
Storage at 25°C and 4°C in dark. (Vetical bars represent the
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Fig. 3. Stability of chlorophyll extract in DMSO. Chlorophyll
a/b ratio. Storage at 25°C and 4°C in dark. (Vertical bars
represent the 95% C.I., n=10).
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period at 25°C. We also found significantly less chlorophyll b
at 65°C than at 25°C at 8 and 16 hrs (8 hrs: p = 0.008, 16 hrs:
p = 0.000, t-test)

d. No significant differences in chlorophyll a were ob-
served among the three extraction procedures (Fig. 5). However,
we found significantly more chlorophyll b after submersion of
the stem tips for 16 hrs in DMSO at 65°C than after a short
submersion of 4 hrs in DMSO at 65°C (p = 0.000, t-test), even
when followed by a further extraction for 12 hrs at 25°% (p =
0.034, t-test).

DISCUSSION

Submersion of mosses in DMSO for 16 hrs at 65°C proved to
be a reliable, reproducible method to extract chlorophyll. We
found extraction of chlorophyll by DMSO preferable over the
extraction of chlorophyll by acetone. DMSO-mediated extraction
does not require maceration of the plant samples. The elimina-
tion of this step reduces analytical errors and yields a sol-
vent with less turbidity than found in the 80% acetone-mediated
extraction. DMSO gives a more complete extraction of chloro-
phyll pigments and these are more stable over time than in 80%
acetone. We also found that further extraction after 16 hours
by DMSO produced no additional dissolved chlorophyll. Shoaf
& Lium (1976) also observed this for algae.

To provide a consistent biomass measure, moss samples
should be air-dried in the dark at 20°C or less to prevent
destruction of chlorophyll. Drying of the tips at high tem-
peratures, as reported by Alpert (1984), might degrade the
chlorophyll in some species. Glime (pers. comm.) dried Fon-
tinalis in the oven at 60°C and the color was lost in two
hours. In order to be consistent with the 80% acetone ex-
traction, we decided to re-wet the samples prior to submersion
in DMSO. We often found significatnly higher chlorophyll b
levels in rewetted samples, although there was no consistency
among the different experiments we carried out. Glime (1984)

likewise found that re-wetting greatly improved chlorophyll
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extraction of Fontinalis in 80% acetone.

An extraction temperature of 65°C was optimal and Ronen
(pers. comm.) did not find any detrimental effect on the
total chlorophyll content of lichens if the DMSO was heated
up to 85°C for a short period. Only a slight extraction took
place at 25°C which means that heating is probably necessary
to destroy the proteins associated with the chlorophyll mole-
cules and to put chlorophyll into solution.

The optimal extraction time in DMSO should be determined
for each species. We found 16 hours to be most effective for
the boreal pleurocarps Pleurozium schreberi and Ptilium

crista-castrensis (Hedw.) De Not. Alpert (185) found optimal

extraction between 3 and 9 hours for xerophytic bryophytes,

depending on the species. It seems that the extraction time

for bryophyte chlorophyll needs to be longer than for higher
plants. Hiscox & Israelstam (1979) submersed angiosperms be-
tween 15 minutes and 2 hours, and determined the extraction

time visually when the leaf-fragments appeared clear.

It is advisable to perform the extraction under subdued
light conditions. In a preliminary experiment we found signi-
ficantly lower chlorophyll a if the DMSO extract was kept
at "full room light" for 30 minutes.

According to Ronen & Galun (1984) Arnon's equation
(Arnon 1949, Mackinney 1941) can be used for the quantifica-
tion of total chlorophyll with DMSO. However, there is a shift
in the peak positions for chlorophyll a and b from 80%
acetone (663 and 645 nm, respectively) to DMSO (665 and 648.5
nm, respectively). This shift in the peak maxima of the red
bands is probably caused by the different refractive indices
of the two solvents (Seely & Jensen 1965). However, Ronen &
Galun (1984) did not find different extinction coefficients
for chlorophyll a and b between DMSO and 80% acetone.

DMSO extracts from mosses reveal high chlorophyll a/b
ratios (between 3 and 4). Martin (1982) and Aro (1982) re-
ported low chlorophyll a/b ratios in mosses, which are
characteristic for shade plants, even though mosses are not

obligate shade plants. The low chlorophyll a/b ratio might be
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caused by the large amount of light-harvesing chlorophyll
protein complexes (LHCP) in the thylakoids from mosses compared
to higher plants (Aro 1982). LHCP complexes have chlorophyll a
and b in about equal amounts, whereas the photosystems (PS I
and PS II) have much more chlorophyll a than chlorophyll b
(Salisbury & Ross 1985). The higher chlorophyll a/b ratio in
DMSO extracts might be caused by a slower denaturation of

the LHCP complexes by DMSO than by 80% acetone, or by a con-
tinuous breakdown of chlorophyll b during extraction in DMSO

at 65°C as suggested in our experiments.

We cannot assume that careful measurements using 80%
acetone or DMSO will give an unbiased measure of the true
amounts of chlorophyll a and b. Our experiments with pure
chlorophyll a and b show a significant degradation of chloro-
phyll a and b at 65°C, and degradation of total chlorophyll in
80%acetone has been documented by Hiscox & Israelstam (1979).

The DMSO extracts should be kept in the dark at 4°c where
they can be stored up to 64 hours ( a significant decrease in
chlorophyll a and b showed up after 5 days). Ronen & Galun
(1984) kept the DMSO extracts for 10 days at 4°C, without any
decrease in chlorophyll content. However, based on three re-
plicates, Alpert (1984) found a decrease after 18 hours, even
when stored at 4°c.

SUMMARY

The advantages of DMSO to extract chlorophyll from mosses
are numerous. The chlorophyll can be extracted without macera-
tion of the moss sample, rendering the method very simple.
The turbidity of the extract is very 1low. More chlorophyll is
extracted with DMSO than with 80% acetone, although neither
of the two solvents gives the true amounts of chlorophyll a
and b in the moss sample. Chlorophyll is more stable in DMSO
than in 80% acetone. Dry weight can be obtained after extrac-
tion, if necessary, so that chlorophyll can be extracted
immdetiately upon sampling.

162



ACKNOWLEDGEMENTS

The authors wish to thank Dr. Martin Auer who suggested
the use of DMSO extract chlorophyll from bryophytes, and Dr.
Janice M. Glime for her continuous advice during the prepara-
tion of the experiments and discussion of the results. The
research was in partial fulfillment of the doctoral thesis
requirements by the first author and was sponsored by the
National Park Service, Air Quality Division.

REFERENCES

Alpert, P. 1984. Analysis of chlorophyll content in mosses
through extraction in DMSO. Bryologist 87:363-365.

Arnon, D. I. 1949. Copper enzymes in isolated chloroplasts.
Polyphenoloxidase in Beta vulgaris. Plant Physiol. 24:
1=15.

Aro, E. M. 1982. A comparison of chlorophyll-protein composi-
tion and chloroplast ultrastructure in two bryophytes
and two higher plants. Z. Pflanzenphysiol. 108:97-105.

Glime, J. M. & R. E. Keen. 1984. The importance of bryophytes
in a man-centered world. J. Hattori Bot. Lab. 55:133-146.

Hiscox, J. D. & G. F. Israelstam. 1979. A method for the ex-
traction of chlorophyll from leaf tissue without macera-
tions ‘Cans Js Boks. 57:21332-1334.

Mackinney. G. 1941. Absorption of light by chlorophyll solu-
tions. J. Biol. Chem. 140:315-322.

Martin, C. E. 1980. Chlorophyll a/b ratios of eleven North
Carolina mosses. Bryologist 83:84-87.

Martin, €. E. & S. P. Churchill. 1982. Chlorophyll .concentra-
tions and a/b ratios in mosses collected from exposed and
shaded habitats in Kansas. J. Bryol. 12:297-304.

Penuelas, J. 1984. Pigments of aquatic mosses of the river
Muga, NE Spain, and their response to water pollution.
Bryologist 10:127-132.

Ronen, R. & M. Galun. 1984. Pigment extraction from lichens
with dimethyl sulfoxide (DMSO) and estimation of chloro-
phyll degradation. Env. and Exp. Bot. 24:239-245.

Salisbury, F. B. & C. W. Ross. 1985. Plant Physiology. Wads-
worth Publ. Co.

Seely, G. R., M. J. Duncan & W. E. Vidaver. 1972. Preparative
and analytical extraction of pigments from brown algae
with dimethyl sulfoxide. Marine Biol. 12:184-188.

163



Seely, G. R. & R. G. Jensen. 1965. Effect of solvent on the
spectrum of chlorophyll. Spectrochimica Acta 21:1835-
1845.

Shoaf, W. T. & B. W. Lium. 1976. Improved extraction of chloro-
phyll a and b from algae using dimethyl sulfoxide. Limnol.
Oceanogr. 21:926-928.

Wolf, F. T. 1958. Comparative chlorophyll content of the two
generations of bryophytes. Nature 181:579-580.

164



Symposia Biologica Hungarica 35 (1987)
LYOPHYLLUM PALUSTRE, A PARASITE ON SPHAGNUM
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The sphagnicolous basidiomycete Lyophyllum palustre (Peck)

Singer is only found in Sphagnum carpets where it causes nec-
rotic patches. The fungus kills the moss plants by penetrating
the cell wall enzymatically and digesting the protoplasm. The
decay of the cell walls was studied, using light microscopy
and electron microscopy, and enzymes secreted by the fungus
into the cell culture liquids were investigated. A high pec-
tinase and a low cellulase activity was found in conjunction
with a considerable capacity for breakdown of Sphagnum cell
walls.

INTRODUCTION

Bogs are more than any other biotopes dominated by a
single genus of bryophytes, the peat mosses. Yet, Sphagnum is
not only the dominating but also the determining plant in this
habitat. The actively growing Sphagnum carpet causes a high
water table, a low pH and an extreme microclimate (Mueller
1983). These unfavourable environmental conditions in addition
to the lack of nutrients allow only a few plants and micro-
organisms to live in bogs (Dickinson et al. 1974, Clymo 1965).
Peat accumulation is a consequence of the reduced microbiolo-
gical activity, and Sphagnum is the main peat-forming plant
(Given et al. 1975). Sphagnum peat shows the lowest rate of
decomposition (Rakovskii et al. 1968), and during the course

of decay the Sphagnum tissues are not as quickly decomposed as
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those of other plants, which leads to an enrichment of Sphagnum
fragments in the deeper layers (Rakovskii et al. 1968, Collins
et al. 1978, Latter et al. 1967a, Rumjantzewa 1939). Both are
due to a considerable resistance of Sphagnum cell walls to
decay by those microorganisms that are actively growing in

bogs (Coulson et al. 1978, Kilbertus 1972, Kox 1954, Wolter
1964) .

Bacteria hardly play any role in decomposition of cellulose
in bogs. Here, nearly the whole desctruction of cellulose is
brought about by fungi (Clymo 1965, Latter et al. 1967a).. In
the case of breakdown of Sphagnum cell walls only a small
percentage of the loss of dry weight is due to the activity
of micromycetes (Chastukhin 1967) while the predominant part
is left to basidiomycetes (Chastukhin 1967, Latter et al.
1967b) s

Amongst the sphagnicolous basidipmycetes Lyophyllum
palustre is remarkable because of the necrotic patches in
Sphagnum carpets that are always associated with the occurrence
of its fruit bodies (Jahn 1964, Redhead 1981, Untiedt et al.
1985). Using axenic cultures Redhead (1981) showed that L.
palustre is a parasite on Sphagnum. The fungus kills the moss
plants and causes the necrotic patches. Our own research (Un-
tiedt et al. 1985), using light microscopy, transmission elec-
tron microscopgy (TEM) and scanning electron microscopy (SEM),
revealed that intimate contact between hyphae of L. palustre
and Sphagnum cells is common. The hyphae penetrate the cell
walls of the moss plant and colonize the cells digesting the
protoplast, thus causing the macroscopically visible discolour-
ation of the plant. At the early stage of infection the plant
shows the formation of an uncommon type of additional walls,
that seem to be destroyed very soon after the hypha has en-
tered the cell, as we never found any of these walls in cells
that contain hyphae.

Furthermore, the investigations showed that infection
occurs from outside as well as from neighbouring cells, and
that stems are infected as well as leaves. Though hyphae were

also present in mature hyaline cells, we found that living
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cells are infected rather than dead ones. The cell walls of
the infected moss plants only showed signs of slight decay, but
some observations of Sphagnum plants infected by L. palustre
led us to the assumption that the fungus is able to destroy

the moss plants almost completely. However, at that time
microscopical investigations on more intensively decayed
Sphagnum plants had not yet been carried out. Results of such
research will be outlined below.

Transmission electron micrographs of hyphae penetrating
the cell wall had previously shown the dislocation of wall
layers in assocation with opaque material that may have ori-
ginated from the fungus or from both organisms. The space
that exists between the hyphal peg and the attacked wall
layer indicates that penetration is effected by enzymes. Re-
sults of the latest electron microscopical research support
this thesis. Using liquid culture, enzymes that are secreted
by the fungus into the surrounding medium are investigated.

MATERIALS AND METHODS

Microscopical research

Axenic cultures of L. palustre and Sthagnum fallax were

provided and, after three month of culture, the vigorously
growing moss was inoculated with mycelium of the’ fungus (Un-
tiedt et al. 1985). As soon as the plants had become chloro-
tic, and looked wet and pulpy and collapsed, branches were
fixed and prepared for investigation with light microscopy
and TEM as previously described (Untiedt et al. 1985).

Studies on enzymes in liquid culture

As a growth medium for liquid culture we used either a
hot water extract ("Sphagnum extract") of Sphagnum plants
or a synthetic nutrient solution. 20 um Tetracyclin per ml
culture liquid was added and every 25 ml culture liquid was
inoculated with 1 ml homogenate of mycelium grown on Sphagnum
extract agar. All cultures were kept at 2929k (19°C) in the
dark, normally for 14 days.
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Sphagnum extract: 1 g dried Sphagnum powder is extracted
with 100 ml boiling lO“l M potassium phosphate buffer (ph 5.6)

for 4 minutes. The filtrate is used as the culture medium.

Synthetic nutrient medium: A mineral salt solution deve-

loped by Voigt (1981) as nutrient liquid for Sphagnum cultures

is combined with 10'1 m potassium phosphate buffer to a pH of
5.6. As carbohydrate source either glucose (1% (w/v)), cellu-
lose (in form of filter paper) or pectin (1% (w/v)) is added.

After sterilisation at 120°C under pressure for 20 minutes

a sterile-filtered aminoacid solution is added (100 ul/25 ml
culture liquid) that contains the aminoacids of 1 g dried
Sphagnum in 400 ul (Thoenes et al. 1983).

Experiment 1l: 72 assays with 25 ml Sphagnum extract each
were cultivated for different periods of time. One half of
the assays contained cellulose in form of filter paper. My-
celial growth was recorded by measuring the dry weight of
the grown mycelium. During the first 16 days every second
day and afterwards once a week two assays of each sort were
evaluated.

Experiment 2: Carefully dried and weighed portions of
Sphagnum fragments were incubated with solutions of several
purchasable enzymes (cellulose, pectinase, pectinesterase,
hemicellulase) that might cause decay of the cell walls. The
enzymes were used alone or in combinations and at different
pH and temperatures. As a control, Sphagnum fragments were
incubated with buffers only. After a week of incubation the
dry weight of the Sphagnum fragments was recorded again in
order to establish decay of the cell walls by loss of dry
weight.

Experiment 3: Mycelium was grown in synthetic nutrient
liguid cultures, containing either glucose, cellulose or
pectin as the only carbohydrate source. As a control, the
mycelium was grown in synthetic nutrient liquid containing
dried Sphagnum powder (1 g/100 ml) and in the normal Sphagnum
extract, respectively. After 12 or 23 days of culture the
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mycelium was separated from the culture liquid. Dry weight of
the grown mycelium and protein contents of the culture liquids
were determined. Further, the effects of the culture liquids

on cellulose, polygalacturonic acid and on fragments of dried
Sphagnum plants were tested. For this purpose, the culture
liquids were sterile-filtered and incubated either with
cellulose for four days at 370C, with polygalacturonic acid

at 29°C for 24 hrs or with dried and weighed Sphagnum fragments
at 30°C for one week. As control the same assays were performed
as above but with the culture liquids heated to 120°C under
pressure for 20 minutes to denature the enzymes. Breakdown of
cellulose was recorded by determining the increase of glucose
concentration, using the GOD/POD method (Werner et al. 1970).
Breakdown of polygalacturonic acid was measured by decrease

of viscosity according to Kox (1954). Decay of Sphagnum tissue
was tested by determining the loss of dry weight as described
in Experiment 2.

RESULTS AND DISCUSSION

Microseopy

Light micrographs of semi-thin sections of Sphagnum plants
that had become wet and pulpy by advanced infection show that
the cells of stems and leaves are packed with hyphae. At some
points the cell walls have been destroyed completely which
explains the collapse of the plants. The worst decay can be
observed in the centre of the branch, especially at the stems
where leaves initiate.

Transmission electron micrographs show that the destruc-
tion of the cell walls starts from the middle lamella, where
the highest concentrations of pectin should be expected, and
proceeds into the wall layers of the secondary wall that are
rich in cellulose. These pictures showing that wall layers
not in direct contact with the hyphae are destroyed first
indicate that the fungus secretes enzymes that permeate the
cell wall, thus reaching the oldest wall layers that seem to
be more easily destructible than the secondary wall. A thin
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layer on the surface of the leaves, however, remains un-

destroyed and is detached from the wall that is progressively
disintegrated beneath. As this superficial layer is obviously
more resistant to decay than theother wall layers it might be

a kind of cuticle or wax layer.

Enzymes

Experiment 1 (Fig. 1) shows that during the first two
weeks mycelial growth is equal in cultures with and without
cellulose. After a lag of 3 or 4 days the dry weight increases
until the 12th to 14th day. During this time, I assume, soluble
sugars that are present in the Sphagnum extract are used up
by the growing fungus. As-the culture liquids run short of
soluble sugars the mycelial growth in cultures without cel-
lulose ceases and after a few days the dry weight decreases
due to autolysis. After 6 weeks the dry weight of mycelium re-
mains constant indicating that the cultures have reached a
steady state with equal rates of mycelial growth and lysis. In
cultures with cellulose, however, the period of net growth is
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Fig. 1. Experiment 1: Time course of mycelial growth. O:
assays with cellulose, e: asssays without cellulose.
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Table 1. Results of Experiment 3.
Experiment 3a 3b 3¢
Period of
culture [d] 23 12 12
Growth rate I: NL+glucose 37.5 29.6 34.5
(dry weight II: NL+cellulose 21.4 8.7 4.5
mg III:NL+Sph.powder 55.5 46.0 41,3
IV: NL+pectin 32.7 26.8 30.3
V: Sph.extract 64.4 37.6 46.7
Protein I: NL+glucose 294 319 295
content II: NL+cellulose 208 200 220
[ug/m1] III:NL+Sph.powder 203 291 265
IV: NL+pectin. 470 432 430
V: Sph.extract 291 307 285
Cellulose I: NL+glucose 0 0 0
destruction II: NL+cellulose 7.6(6.8-9.1) 0 0
(increase III:NL+Sph.powder 0 0 0
of glucose IV: NL+pectin 0 0 0
[mg/100ml] ) V: Sph.extract 0 0 0
Pectin I: NL+glucose 0 22 0
destruction II: NL+cellulose 0 24 21
[mg/20m1] III:NL+Sph.powder 117 107 125
IV: NL+pectin 110 138 137
V: Sph.extract [¢] 50 37
Breakdown I: NL+glucose 0
of Sph.frag- 1II: NL+cellulose 4.2(3.2-5.4)
ments (de- III:NL+Sph.powder 7.7(6.3-10.4)
crease of IV: NL+pectin 7.6(5.1-10.2)

dry weight

[¢])

V: Sph.extract

0

NL = synthetic nutrient liquid:

Sph. = Sphagnum

extended and autolysis is not obvious during the 86 days of
the experiment. This indicates that cellulose is used as a
carbohydrate source.

Experiment 2: Purchasable enzymes (cellulase, hemicellu-
lase, pectinase, pectinesterase) did not cause any breakdown
of Sphagnum tissue.

Experiment 3: Table 1 shows the results of Exp. 3a-c.

Mycelial growth had occurred in all assays. Growth was best,

and nearly equal, in cultures with Sphagnum extract (V) and
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in synthetic nutrient liquid (NL) containing Sphagnum powder
(III), and it was second best in assays containing glucose (I)
as the only carbohydrate source, followed by the assays with
pectin (IV). The lowest growth rate was recorded in assays
containing cellulose (II). Comparison of Experiment 3a with

3b and 3¢ shows that in assays I, III, IV and V growth was
rapid during the first 12 days of culture and slowed down
afterwards. In assay II (cellulose), however, the growth rate
was very low during the first 12 days but increased gradually,
so that by the twenty-third day the dry weight of assay II was
not much less than that of assay IV (pectin). Cellulase acti-
vity was only found in assays with no other carbohydrate

than cellulose after 23 days of culture (3a, II). After 12
days of culture, however, the same assays did not show any
cellulase activity.

Pectinase was found in all assays containig pectin or
Sphagnum powder, no matter how long the culture period had
been.

These findings suggest that the formation of cellulase
needs a long time and is only initiated if no other carbo-
hydrate source is available, whereas pectinase appears very
soon and in any case if pectin is present. The low pectinase
activities in the assays lacking pectin may be artificial, but
perhaps a low pectinase production is usual.

Sphagnum breakdown was found in assays containing either
cellulose (II), pectin (IV) or Sphagnum powder (III) as cadr-
bohydrate sources. Loss of dry weight of the Sphagnum frag-
ments was equal in culture liquids of assays III and IV. It
is very likely that in these cases the loss of dry weight is
due to pectinase activity whereas in assay II it should be
due to cellulase activity. The low rate of Sphagnum breakdown
in the latter case corresponds with the low cellulase activity
that had been found in this culture liquid.

The rate of breakdown of Sphagnum tissue caused by culture
liquids of L. palustre seems to be very low. However, pur-
chasable enzymes did not cause any breakdown at all. In this

respect even a small capacity for Sphagnum breakdown deser-
ves emphasis.
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CONCLUDING REMARKS

The results of the enzymatic research correspond well with
those of the microscopical studies. The high pectinase activi-
ties, which are quickly induced, and the low cellulose acti-
vity, which is induced only if cellulose becomes the only avail-
able carbohydrate, explain why wall layers rich in pectin are
destroyed first. The results suggest a mechanism of infection
and decay as follows: The hypha enters the cell penetrating
the cell wall by enzymic means. The cell contents are digested
very quickly and pectin serves as an additional carbohydrate
source. Cellulose, on the contrary, is only destroyed when no
other carbohydrates are left. This idea, however, applies to
axenic cultures. In the field interactions with other micro-

organisms play an important role and may cause modifications.
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Poznan, Poland

Using electrophoresis in starch gel, variability of more
than ten enzymes has been analyzed in Central European Pellia
taxa and in Pellia samples from other geographic regions. In-
dividual taxa of Pellia in the region of Poland have been found
to exhibit differences in their genetic structure. In P. endi-
viifolia and P. epiphylla two enzymatic forms have been dis-
tinguished, with fixed distinct alleles in several loci. The
detected enzymatic differences are correlated with complexes
of other distinct biological properties of the species. Pos-
sibly, the forms represent distinct biological units (taxa?).

P. neesiana and P. borealis are very uniform in their ge-
netic structure. Variability level in Polish Pellia populations
is low. The diploid taxon of P. borealis is enzymatically
slightly different from P. epiphylla S, thought to represent
its parental form, which indicates that P. borealis may be an

old polyploid.
INTRODUCTION

The genus Pellia is represented in Poland by two widely
distributed (America, Asia, Africa) dioecious taxa, P. endivii-

folia, n=9, P. neesiana, n=9, and by two monoecious taxa, P

* Genetic Variation and Evolution of the Liverwort Genus Pellia

with Special Reference to Central European Territory. X.
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epipyhlla, n=9, and P. borealis, n=18 (Schuster 1981). Pellia
borealis is thought to represent an autopolyploid form of P.
epiphylla and is considered to be restricted in its occurrence
to Europe (Lorber 1934, Mller 1947, Paton & Newton 1967,
Mendelak 1971).

Liverworts of this genus show extensive morphological plas-
ticity, most evidently expressed in plants growing in atypical
biotopes. For example, Pellia growing in water forms thalli of
a very peculiar shape which are, as a rule, sterile. For the
above reasons, identification of Pellia species and studies on
their variability encounter several obstacles.

Individual Pellia taxa have been characterized using elec-
trophoresis and peroxidase markers (Szweykowski et al. 1981).
This has opened up opportunities to conduct broader studies on
variability of the liverworts, including samples difficult
for taxonomic interpretation, which might represent interesting
or unique variability types. Results of studies on Pellia
presented below pertain in particular to: a. genetic variability
of P. endiviifolia in Poland, as compared with that of P. endi-
viifolia from Japan and of P. megaspora from the U.S.A.%; b.
genetic variability in P. neesiana; c. genetic variability in
P. epiphylla and in its natural diploid, P. borealis.

TWO DIFFERENT GENETIC FORMS OF PELLIA ENDIVIIFOLIA IN POLAND

Electrophoretic analysis of Pellia endiviifolia from Po-

land has shown than the species includes two enzymatic forms
(Zieliniski 1985a,b; Figs 1-2). The typical form of P. endivii-
folia 1is identified by the peroxidase marker PxI 5,6 (band in

the lower gel zone) and the new form by the PxII 1 marker (band

* P. megaspora has-been differentiated from P. endiviifolia in
the U.S.A. on grounds of comparative morphological-anatomical
studies (Schuster 1981), additional cytological studies (Newton

1981, Mendelak 1981) and by peroxidase isoenzyme patterns
(Krzakowa 1981).
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in the upper gel zone). Enzymatic variability of P. endivii-
folia has been noted to correlate with variability in other
characters, too. A set of traits differentiating the two forms
of P. endiviifolia has been established. Common traits in the
two forms include: a. dioecism, b.development of pitcher-1like
perithecia, c. karyotype similar in respect to chromosome num-
ber (n=9) and to absolute as well as relative lengths of chro-
mosomes, d. common phenotypes of some enzymes, in particular
GOT, which differentiates the species from the remaining Pellia
taxa. Traits which are distinct in the two forms are as fol-
lows: a. fixation of distinct alleles in 16 out of 19 analyzed

Fig. 1. Occurrence of the new Pellia form (solid circles) and
P. endiviifolia in Poland except for the Tatra Mountains.
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loci (coefficient of genetic identity i=0.231). At the same
time, each of the two forms has been internally uniform and
showed no variability in respect to phenotypes of 10 enzymes,
b. distinct ecological requirements. The typical form of P.
endiviifolia grows preferentially in places of high calcium
content and even on limestone. It rarely grows directly in
water, acquiring the so-called aquatic form. The new Pellia
form grows on substrates of lower calcium content and it has
as yet never been encountered on limestone. In its ecological
requirements, the latter form resembles P. neesiana. Very-
frequently it forms mixed populations with P. neesiana, in
which the plants may grow as immediate neighbours (Zielinski
1985a) . The new P. endiviifolia form cccurs frequently in mires,
springs and other watery sites. Eighty percent of collected
samples have been found growing directly in water. c. in con-
trast to the typical P. endiviifolia, (this plant does not form

rosette-like outgrowths in the spring in nature (even when

Fig. 2. Occurrence of the new Pellia form (solid circles) and

P. endiviifolia (open circles) in the Tatra Mts.
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growing out of water). However, such outgrowths are produced
in culture. d. geographical distribution. The new Pellia form
seems to be more frequent in mountain regions (e.g., the Tatra
Mountains) whereas P. endiviifolia is more frequent in the low-
lands of Poland (Figs 1-2). In the mountains the new Pellia
form has been encountered in 25 localities and the typical P.
endiviifolia in 9 localities. In the lowland, the respective
numbers of localities have been 6 and 15. The new form has
been encountered at elevations of 950-1650m above sea level and
the typical form at 880-1300 m.

The new form of P. endiviifolia has also been detected in
Belgium (unpublished data).

COMPARISON OF THE TYPICAL AND THE NEW FORM OF P. ENDIVIIFOLIA
FROM POLAND WITH P. ENDIVIIFOLIA FROM JAPAN AND P. MEGASPORA
FROM THE U.S.A.

To assess the taxonomic value of the detected enzymatic
differences between P. endiviifolia and the new Pellia form
from Poland, I have determined, for comparison, levels of en-
zymatic differences between the well-distinguished taxa within
the' P. endiviifolia complex, i.e., between P. endiviifolia and
P. megaspora (Zielinski 1985b).

Phenotype comparison for 13 enzymes in the studied complex

P. endiviifolia-megaspora has demonstrated its differentiation

into four equivalent categories, corresponding to: a. P. endi-
viifolia from Poland, b. P. endiviifolia from Japan, c. P. me-
gaspora, and d. the new form from Poland. Each of the 12 ca-
tegories featured 5 specific enzymatic phenotypes. Coefficients
of genetic identity between the examined taxa have shown low
values, ranging from 0.077 to 0.461. P. endiviifolia from Po-
land has differed in phenotypes of 9-10 enzymes of P. endivii-
folia from Japan and in phenotypes of 11 enzymes from P. mega-
spora. The demonstration of a similar level in enzymatic dif-
ferences between P. endiviifolia and P. megaspora taxa and be-
tween P. endiviifolia and the new Pellia form from Poland
allows us to suggest that the latter probably corresponds to
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a new Pellia taxon, overlooked until now using the classical
taxonomic methods. It is worth stressing that analysis of mixed
populations, including the new Pellia form, P. endiviifolia

and P. neesiana, has demonstrated existence of a reproductive
barrier between the taxa (Zielifski 1985a).

GENETIC VARIATION IN P. NEESIANA

P. neesiana exhibits a non-uniform distribution in the
area of Poland. It is much more frequent in the southern,
mountainous part of Poland than in the lowland. In mountains,
particularly in the Tatra Mountains, P. neesiana not infrequent-
ly forms large populations whereas in the lowland it occurs as
isolated colonies.

Analysis of 10 enzymes in 33 samples of P. neesiana from
the whole region of Poland (Figs 3-4) has demonstrated that
the genetic structure of the species is very uniform and
shows no resemblance whatsoever to the structure described
above for P. endiviifolia. The only variability detected in-
volves the existence of thiee peroxidase alleles, len, px2"
and px3" (zieliriski 1985c). In the lowland stands, peroxidase
phenotype has been restricted to the single, most frequent
allele Px1™. In the Tatra Mountain stands all three alleles
have been detected, occurring even within a single population.
The smaller P. neesiana populations in the Tatra Mountains
also carried only a single allele, like the lowland stands.
However, apart from len allele, the populations have shown
also Px2b allele which might have resulted from more extensive
P. neesiana polymorphism in the Tatra Mountains. In one of the
mountain populations in Sudety Mountains, two out of three

peroxidase alleles have been encountered (px1" 57%, px2" 43%).

ELECTROPHORETIC PATTERNS OF THE PELLIA EPIPHYLLA AND P. BOREA-
LIS COMPLEX

The most interesting aspect of studies on P. epiphylla-

borealis complex involves problems associated with clarifica-

180



tion of the origin of the diploid form, P. borealis. Prelimina-
ry electrophoretic studies (Zielifiski 1984b) have demonstrated
that P. epiphylla includes in the area of Poland two different
multi-enzyme forms and that the only one of them (P. epiphylla
S) corresponds to the variability type noted in P. borealis
(see also Szweykowski et al. 1981, Zielifiski et al. 1985,
Zieliniski 1985, in prep.). The conclusion has also been con-
firmed by cytological studies on the complex (Zielifiski 1984b).
The distribution of the forms is allopatric: P. epiphylla S
occurs mainly in southern Poland and P. epiphylla N in the

centre and north of the country (Figs 5-6).

Q7

O4
O3
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2 G

Fig. 3. Occurrence of peroxidase alleles in lowland (1-11) and
mountain (12-14) stations of Pellia neesiana in Poland, except
for the Tatra Mts. o: len, e: Px2n, o: Px3".
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Comparison of 17 enzymes in the P. epiphylla-borealis

complex (Table 1) showed that P. epiphylla S differs from P.
borealis in phenotypes of two enzymes (PX, GDH) and P. epiphylla
N in phenotypes of six enzymes (AF, EST, ME, HEX, PX, GDH).

The results confirm the assumption that P. epiphylla S may re-
present the parental form for P. borealis.

In artificial diploids developed from P. epiphylla S and N
(zielifiski 1984b), the analyzed phenotypes have not been al-
tered by polyploidization.

Distinct phenotypes of peroxidases and glutamic acid de-
hydrogenase in P. borealis, as compared to P. epiphylla, may
indicate that P. borealis is an old polyploid. This is indicated
also by geographic distribution of the two taxa. In Poland,

P. borealis is more frequent than P. epiphylla S (Figs 5-6) and
occurs in all regions of the country whereas P. epiphylla S
manifests itself mainly in southern Poland.

Fig. 4. Occurrence of peroxidase alleles in Pellia neesiana in

the Tatra Mountains. o: len, e: Px2n, e: Px3".
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Fig. 5. The geographic distribution of Pellia epiphylla (o)

and P. borealis (e) in Poland (a) and in the Tatra Mountains
(b) .
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Table l. Electrophoretic phenotypes of 17 enzymes in two Pellia
epiphylla forms, P. epiphylla S and N, and in P. borealis (based
on the Polish plants studied).

Enzyme P. epiphylla S P. borealis P. epiphylla N
AF 1 il 2
EST 1 1 2
ME 1 1 2
HEX 1 1 2
PX i o 1 3
GDH il 28 3 21
SHI Ly 2 il al
LAP 1 L it
GOT 1k 1 1
EST FE 1 1 ik
MDH 1 1 i B
G-3 di 1 2 b
ALD 1 1 i1t
PGM 1 1 1
PGI 1 1 1
GPGD 1 1 1
IDH i . .
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Fig. 6. The distribution of two Pellia epiphylla forms, P.
epiphylla S (o) and P. epiphylla N (e) in Poland.

DISCUSSION

One of the most interesting results obtained in studies on
the enzymatic variability of Pellia involves discovery of two
levels of genetic variability.

At the first, polymorphic loci are present (Zielinski
1984a, 1985c,d,e, 1986). Several genotypes can arise. In P.
neesiana one polymorphic locus has been detected with three
peroxidase alleles while ten remaining enzymes examined have
proven monomorphic. In P. borealis, 2 polymorphic loci, each
with two alleles have been described, with four possible geno-

type combinations while 11 loci have been monomorphic. In
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particular Pellia populations a few genotypes only (1-4) were
detected. This situation is probably connected with the predo-
minantly vegetative propagation of those liverworts. The va-
riability type detected in Pellia is analogous to those found
in other organisms and used to be given the term of polymor-
phism. However, an evidently lower level of the variability is
noted, as compared to higher plants, particularly when ex-
pressed by the genetic diversity index H. Genetic diversity
index, HT, amounts to 0.025 in P. neesiana and 0.045 in P.
borealis against an average of 0.1-0.2 in flowering plants
(Nevo 1984, ZzZielifiski 1985, in prep.).

The second level is associated with complex differences in
multi-enzyme phenotypes, noted in P. endiviifolia and P. epi-
phylla within Poland. Such differences allow us to distinguish
two enzymatic forms of P. endiviifolia and P. epiphylla, with
fixed distinct alleles in multiple analyzed loci. For example,
in P. endiviifolia, the two forms distinguished have carried
distinct alleles in 16 out of 19 analyzed loci (genetic iden-
tity coefficient I = 0.231).

The differences detected in multi-enzyme phenotypes cor-
relate with distinct biological properties in the species
examined.

In the two P. endiviifolia forms from Poland, not only
structural gene differences (fixation of distinct alleles)
but also differences in regulatory genes (differential expres-
sion of peroxidase isoenzymes, lack of rosette-like outgrowths
in the field in the new P. endiviifolia form) have been noted
as well as distinct ecological requirements. Enzymatic dif-
ferences noted between P. endiviifolia from Poland, that from
Japan and the new P. endiviifolia form detected in Poland are
of the same rank as differences between individual Pellia taxa
or between flowering plant species (in the latter the res-
pective genetic identity coefficient I is lower than 0.65, cf.
Crawford 1983).

The variability detected at the molecular level within the

P. endiviifolia-megaspora complex is much greater than the de-

scribed morphological (Schuster 1981) and cytological variabi-
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lity (Newton 1981, Mendelak 1981) within the complex. Using
enzymatic analysis, P. endiviifolia from Poland, P. endivii-
folia from Japan and P. megaspora and the new Pellia form
have been shown to represent equivalent units, each exhibiting
differences of a similar level, while morphological studies
have distinguished only P. endiviifolia and P. megaspora (va-
riability noted in P. endiviifolia has been of a lower rank).

Two similar groups have been distinguished in cytological
studies.

In P. epiphylla, not only have differences of geographic
distribution of its S and N forms been noted, but also mor-
phological-anatomical variability (Zielifiski, unpubl.) and
distinct reactions at the cytological level after their arti-
ficial polyploidization (Zielifiski 1984b) have been detected.
P. epiphylla N has a wider geographical range as noted in
Sweden and U.S.A. Pellia epiphylla S has been demonstrated in

Western Europe. In U.S.A., another, totally distinct form of
P. epiphylla has also been noted (Zieliniski 1985, in prep.).
The results obtained indicate that liverworts of the Pellia
genus exhibit extensive variability and further, particularly
morphological and cytogenetical studies should establish the
taxonomic rank of the detected forms. Indispensably, the
studies should also be extended to other geographical regions.
As demonstrated by samples of the material from Japan and U.S.A.
significant genetic variability of Pellia occurs in these
regions.
However, the evidence already available gives us substan-
tial ground to treat the detected forms as separate biological

units and to regard the individual taxa as complex species.
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UK

A wide-ranging study enables us to present the following

account of the life history of Atrichum undulatum in Britain.

A. undulatum is a colonist of disturbed soil in woodland or
open habitats, forming tall, loose turfs of parallel, erect,
predominantly unbranched shoots. The turfs are capable of
rapid expansion but normally peréist for only 2-3 years at a
given point. They consist primarily of first year shoots, and
older shoots, many with sporophytes, that are no longer ac-
tively growing. Sexual reproduction follows a clearly defined
annual cycle and sporophytes may develop within 12 months of
colony establishment. Annual spore output reaches at least 449
million per m2 of turf. Most are released from January to
March. They are deposited at high density in and immediately
outside the parent colony, but over half the spores appear to
be transported to distances greater than 2 metres. Spores col-
lected in winter germinate on agar, but viability declines
after 8 months air-dry storage. Asexual reproduction appears
to be the principal method of colony development and mainte-
nance, due to failure in spore germination and early stages in
protonema development under field conditions. Experimentally
planted spores have only rarely given rise to shoots at field
sites. There are no specialized asexual propagules but juvenile
shoots arise as buds on gametophyte fragments, at the base of
established shoots, or several- centimetres away on rhizoid
wicks. A. undulatum is monoecious, but most individual shoots

produce gametangia of only one sex each year, and many sporo-
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phytes clearly arise following cross-fertilization between
shoots. There is considerable electrophoretic variation within
British material, and the occurrence of genetic variation in
some colonies, combined with the sex distribution pattern, sug-

gests that inbreeding is unlikely to be obligatory.

INTRODUCTION

Reproductive biology of selected mosses is being studied
to establish the influence of the reproductive system on varia-
tion in these haploid organisms (Longton & Miles 1982). Parti-
cular interest lies in determining the effectiveness of repro-
duction by spores and the incidence of inbreeding in monoecious
taxa (Longton & Schuster 1984, Wyatt & Anderson 1984). This
presentation summarises the results for Atrichum undulatum.

More detailed accounts of the methods and data for this and
other species will be given in future papers. In Britain, A.
undulaﬁum is common in rich woodland, occurring less frequent-
ly in open habitats. It is most abundant as a colonist of dis-
turbed soil where it forms extensive tall turfs of parallel,
erect, rather loosely packed shoots.

METHODS AND RESULTS

Reproductive phenology

A. undulatum is monoecious and regularly produces sporo-
phytes. The seasonal pattern of reproductive development has
been determined by the methods of Longton & Greene (1969).
Juvenile antheridia are first seen in January and archegonia
in April, with fertilization following during May and June.
Sporophytes develop rapidly, and mature spores are present by
September. Spore release begins in December or January, and

continues for two to three months.

Colony development and longevity

Little information is available on the rates at which
bryophyte colonies develop, or on their stability in time.
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We have obtained data relevant to these points through obser-
vations extending up to five years on eleven 50-cm square
quadrats in typical woodland habitats. Twice yearly, the cover
of A. undulatum and other species was recorded and the quad-
rats were photographed overlain with a 5 cm wire grid. More
detailed information was gained from photographs of individual
grid squares. The sporophytes in each grid square were counted
annually.

Results for a quadrat on an unstable soil slope in the
Aber Valley, north Wales, are summarized in Fig. 1. In Decem-
ber 1980, cover of A. undulatum was 40%, with the remainder of
the quadrat bare ground. A. undulatum cover increased to 60%
by autumn 1981l: it remained roughly constant until early 1983
and then declined to 5% by spring 1985. Other bryophytes be-
came established and bare ground decreased to 10% in 1983, sub-
sequent data indicating disturbance. Sporophytes of A. undula-
tum were produced abundantly during the two successive annual
cycles corresponding with maximum cover, and their frequency
also subsequently declined. Observations on 5 cm squares show-
ed that sporophytes may develop within 12 months of gameto-
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Fig. 1. Variation in the performance of Atrichum undulatum in a
50-cm square quadrat on an unstable soil slope in deciduous
woodland in the Aber Valley, North Wales, showing percentage
cover of A. undulatum (e), number of sporophytes (x), and the

percentage of bare ground (Q).
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phytes becoming established, indicating that gametangia are
sometimes produced during the first six months of growth. The
pattern of rapid colony expansion but limited longevity at a
given point was repeated in other quadrats, suggesting that
turfs of A. undulatum normally persist for only to to three
years. In some parts of the quadrats, A. undulatum was replaced
immediately by other mosses, but elsewhere it gave way to bare
ground indicating that its decline was not due solely to com-
petition. In no quadrat has A. undulatum yet become extinct:
rather, it has persisted as isolated shoots among other mosses.

Spore output and deposition

The counts of sporophytes in the quadrats, combined with
haemacytometer estimates of spore content in individual cap-
sules, gave values for spore output per unit area of moss
turf. The mean number of spores per capsule was 381,000 in
plants from Aber, and 145,000 in plants from Sulhamstead, near
Reading, in southern England. Spore output per square metre of
turf at these sites was estimated at 449 million and 116 mil-
lion, respectively, being higher in freely fruiting parts of
the colonies (Longton & Miles 1982).

The pattern of spore deposition was investigated to deter-
mine whether spores land sufficiently close to the parent co-
lony to play a role in its expansion, or whether they could act
as vectors in gene flow over greater distances. Circular por-
tions of turf 20-30 cm in diameter were transplanted from de-
ciduous woodland at Padworth to a similar habitat 11 km away
on the Reading University campus during November in 1981, 1982
and 1983 to provide an isolated source of spores. After pre-
liminary studies in 1982, spore trapping was carried out during
January and February for 30 days in 1983 and 34 in 1984 using
microscope slides coated with petroleum jelly and placed hori-
zontally on the ground, a technique considered effective in
assessing spore deposition (Gregory 1979). Similar records
were obtained during 10-11 days in 1983 and 1984 at an undis-
turbed colony at Sulhamstead. One slide was placed in the
centre of the colony, with 28 others radiating to distances of
2 m from its edge. Slides were replaced daily and the spores
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on a 2 cm2 area of each one were counted microscopically. The
preliminary observations showed that heavy rain removed the
petroleum jelly. Accordingly, in 1983 and 1984 each slide was
sheltered by a 9 cm diameter petri-dish 1lid suspended 15 above
it on a thin cane. It is not clear what influence the shelters
had on air movement, but the effects may have been comparable
with those of angiosperm leaves that overlie many natural
colonies.

The capsules were initially undehisced, and spore content
of ten capsules was estimated each year using a haemacytometer.
At the end of the trapping period the numbers of spores remain-
ing in ten dehisced capsules were also estimated. Spore release
during the trapping period was calculated as the product of
the number of sporophytes and the difference between the ini-
tial and final mean spore content per capsule.

Some spores were caught on all the slides. The mean catch
per unit area throughout the 1984 trapping period at Reading,
for different distances from the colony, is shown in Fig. 2.
The pattern is markedly leptokurtic. The catch was high in,
and at the edge of the colony, but fell dramatically with dis-
tance. There was little directional bias in the results. A
computer was used to integrate the curve through 360° and thus
estimate the number of spores deposited within the trapping
area, i.e., a circle extending for 2 m from the edge of the
colony. In 1984, 41,419 spores were trapped and it was esti-
mated that 8.2 million spores were deposited in the trapping
area, a figure equivalent to 12% of the estimated spore re-
lease of 66.3 million. In 1983, the estimated deposition in
the trapping area was 16% of the estimated spore release. These
figures suggest that spores are deposited in large numbers
within and immediately outside the parent colony, but also that
the majority of spores travel to distances greater than 2 m.

The form of the cyrve (Fig. 2), which was repeated at the un-
disturbed colony at Sulhamstead, suggests that the maximum dis-

persal distance may be substantial.
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Fig. 2. Variation in mean spore catch per unit area of trapping
surface with distance from the centre of an A. undulatum colony,

based on 29 traps. The point at O cm represents the centre, and
that at 14 cm the edge of the colony. The data are based on

total spore catch during 34 days in 1984. The curve was fitted
by hand.

Methods of colony expansion

A. undulatum turfs are clearly capable of rapid expansion
(Fig. 1), and scattered juvenile shoots are frequently present
several centimetres outside the area of continuous cover. The
deposition study suggests that such shoots could arise from
spores liberated by the adjacent colony. On the other hand, A.
undulatum is known to undergo asexual propagation through buds
arising either at the base of established shoots, on rhizoid
wicks extending for several centimetres from existing shoots,
or less commonly on detached shoot fragments. The potential
for establishment of closed turf through asexual reproduction
from single shoots has been demonstrated in greenhouse cul-

ture (Longton & Miles 1982). Observations were therefore made
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to investigate which method of reproduction predominates under
natural conditions.

The occurrence of spore germination was investigated by
microscopic examination of spores and sporelings present on
the surface of shoots from four fruiting colonies and from ad-
jacent soil. In all, 11,490 spores were detected on leafy
shoots and of these 5.4% were germinated, the figures for soil
being 747 spores with 27.5% germination. However, none of the
sporelings was more than seven cells in length.

A total of 513 juvenile shoots was carefully dissected from
portions of A. undulatum turf and adjacent soil from six
colonies. The shoots fell into three categories: first, 49%
were attached to older shoots, usually by rhizoid wicks; se-
cond, 42% were similar, but the rhizoid wicks, after dissec-
tion, did not extend to older shoots; third, 9% were attached
to green protonema, single-stranded rhizoid or both. Shoots
in the first category had clearly arisen by vegetative repro-
duction. Given the fragility of the rhizoid systems and the
ease with which they are broken during dissection, it seems
likely that most of the shoots in category two had also arisen
asexually. Protonema was commonly present near the colonies.
In some cases its origin and identity were unclear. In others,
it had been initiated as branches of single-stranded rhizoids
or rhizoid wicks. Therefore one cannot conclude with certainty

that shoots in the third category had arisen from spores.

Experimental establishment of colonies

The observation that at least half, and possibly all the
juvenile shoots examined had arisen asexually agrees with the
fact that no sporelings more than seven cells long were re-
corded from the field. However, it is not clear whether larger
sporelings would have been recognised as such or classed as
unidentified protonema. Because of these uncertainties, ex-
perimental planting of spores and fragments of gametophyte
was carried out. Spore germination .leading to protonema deve-
lopment and initiation of leafy shoots took place in experi-
ments both on agar, and on soil in a cool greenhouse. However,
the viability of spores in undehisced capsules collected in
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December declined after eight months air-dry storage at labo-
ratory temperature, falling to 1% after 14 months (Table 1).

Of greater interest, however, are the results of experi-
mental plantings under field conditions. In the first experi-
ment, 10 ml of suspensions containing ca. 10,000 spores per
ml of deionised water was applied to the soil surface in a
total of 40 1l0-cm square quadrats at four sites in woodland and
a fifth on a ditch bank in an open habitat. Other spores from
the same suspensions germinated when planted on agar, but no
evidence of germination and protonema development visible to
the naked eye was observed at the field sites.

In other experiments, spores were planted at intervals un-

der laboratory conditions so that cultures at different stages

Table 1. Variation with time in percentage germination of spores

in undehisced capsules collected at Padworth, near Reading, in
December 1983.

Date Max Mean Min
January 1984 92 88 81
March 1984 98 93 90
May 1984 99 97 95
July 1984 89 82 el
August 1984 67 47 34
October 1984 30 18 1
December 1984 15 8 0
February 1985 1 1 0

Based on spores from five capsules for each date. The spores
from each capsule were dispersed onto a plate of 2% agar with
half strength Knop's solution of macronutrients. The plates
were maintained at 20°c night/lOOC day with a 16 hour photo-
period at irridance of 240 uE m_2 sec’ 1 PhAR. Records are based
on at least 100 spores per plate after 7 days. Similar results
were obtained after 14 days. Axenic culture techniques were
employed.
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of development became available for planting into the field

to determine at what stage development under natural conditions
is blocked. Soil from field sites was placed in 5 cm square
plastic pots lined with nylon net so that the contents of the
pots could subsequently be removed intact. Cultures were initi-
ated by scattering spores onto the soil, two pots being in-
oculated per capsule. The pots were kept moist in a growth
chamber under the conditions indicated in Table 1. Field ex-
periments were set up by immersing the contents of the pots

to the level of the surrounding soil. Similar plantings of
freshly sown spores and of gametophyte fragments were made at
the same time. In all, six experiments involving 180 plantings
were established at three sites. Seasonal effects were tested
by initiating experiments both at the time of spore release
and later in the year. Soil from pots containing protonema and
ungerminated spores was collectec periodically for microscopic
examination. Some of the freshly planted spores germinated,
but the largest sporelings recovered were only three cells
long (Table 2). Where sporelings were planted they developed
slightly, but did not give rise to shoots. Shoot production
was sometimes recorded where older protonema was planted, and
cultures planted as protonema with young shoots gave rise to
closed turf. These experiments thus gave no evidence that
spores can germinate and give rise to gametophore colonies in
the field. In contrast, regeneration and the development of
closed turf occurred readily from gametophyte fragments. Rapid
onset of fruiting in the artificially established turfs (Table
2) agrees with results from the permanent quadrats.

In another experiment, 34 pots of soil from Sulhamstead
were inoculated with spores as described above. The contents
of ten pots were immediately immersed in soil at the field
site, eight pots were placed on a tray standing on the ground
at the field site, and 16 pots were placed on trays on a con-
crete path at Reading. Half the Reading pots were covered with
nylon net to provide shade and shelter from direct rainfall.
No development was recorded in either treatment at Sulhamstead,
but at Reading sporelings were present after seven days, and
shoots after 96 days in all the pots both covered and exposed.
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Table 2. Summary of results

from experimental planting of Atrichum undulatum in the field.

Material planted

Age of culture
when planted (days)

Result

Ungerminated spores

Sporelings 2-3 cells long

Protonema

Protonema with shoots

Shoot fragments up to 1 cm
long or individual leaves
planted at varying density

Controls without an
innoculum of A. undulatum

24
38

(o]

0]

-146

-146

Some sporelings up to 3 cells long
present after 7-64 days. No further
development recorded.

Sporelings up to 12 cells long present
after 54 days. No further development
recorded.

Shoots produced after 28-128 days.

Shoots survived and gave rise to
closed turf in some cases. Sporophytes
developed after 1 and 2 years in one
experiment.

Regeneration occurred leading to shoot
formation. Closed turf developed and
produced sporophytes after one year,
in one experiment in which shoot
fragments were planted.

No plants of A. undulatum developed.




No development occurred in control pots without an inoculum
of spores. This result suggests that neither gross climatic
nor edaphic factors are responsible for the inhibition of pro-
tonema development noted in the field.

Finally, ten nylon net bags, ca. 10 x 3 cm, were filled with
soil from Padworth and a capsule was opened inside each bag.
The bags were immersed in soil at the Padworth site during
January 1981. After 154 days spores, sporelings, protonema and
over 20 juvenile shoots of A. undulatum were present in two
of the bags. This is the only occasion when shoots appear to
have arisen from spores planted in the field, and even here no
material of A. undulatum was recovered from the eight other
bags, or from 15 bags in a similar experiment.

Considered overall, the.experimental results agree with
the observations on naturally occurring spores and sporelings
in suggesting that failure in germination and early stages of
protonema development reduces the effectiveness of sexual re-
production in A. undulatum. The ease with which colonies were
established from fragments of gametophytes supports the con-
clusion that vegetative propagation is important in colony
expansion. However, the net bag experiment suggests that re-
production by spores may occur occasionally under as yet un-
defined circumstances, and the possibility that spores are

effective in the initiation of new populations cannot be ex-
cluded.

Electrophoresis and inbreeding

Although A. undulatum is monoecious, most individual shoots
produce gametangia of only one sex during a given year. Indeed,
"84 of 101 young sporophytes examined in four populations had
clearly resulted from cross-fertilisation between shoots (Long-
ton & Miles 1582). However, the possibility remained that re-
production was functionally by inbreeding if each colony nor-
mally contained plants representing only one genotype. Abder-
rahman & Smith (1982) have commented that British material of
A. undulatum shows little morphological variation although

three levels of ploidy occur. Therefore, enzyme electrophoresis

203



was employed as a means of detecting genetic variation. Turf
from 18 colonies in 11 populations in England and Wales was
collected and cultured in a cool greenhouse to reduce the
likelihood of environmentally induced variation, and then 158
shoots from this material were ground individually in extrac-
tion buffer. The extracts were absorbed in paper wicks and run
in 12% starch gels. Fourteen enzymes were surveyed and acti-
vitiy was detected in Esterase (Est), Glutamate oxaloacetate
transaminase (Got), Malate dehydrogenase (Mdh), Malic enzymes
(Me), 6-Phosphogluconate dehydrogenase (6-Pgdh), Phosphoglu-
cose isomerase (Pgi), Phosphoglucomutase (Pgm), and Shikimic
dehydrogenase (Skdh). Variation in bending pattern was seen

in Est, Mdh, 6-Pgdh and Pgi, being evident between populations,
between colonies from the same populations, and between shoots
from five of the 18 colonies. The data suggest that a minimum
of 12 genotypes was present in the material analysed.

DISCUSSION

Clearly defined seasonal patterns of reproductive develop-
ment have been demonstrated in many mosses, though often with
minor variation in relation to climatic differences between
sites or from year to year, but there is considerable varia-
tion between species in the timing and duration of the
cycles. There have been fewer studies of temporal aspects of
the development and decline of bryophyte colonies. Rapid turn-
over of colonies was reported in several successional communi-
ties in Scotland (Watson 1960), but other colonies may persist
for long periods. We have observed specific hummocks of Poly-

trichum alpestre over five years in Welsh blanket bog, and

radiocarbon dates from the base of peat profiles suggest that
stands of this species have persisted more or less continuously
for 5,000 years in the maritime Antarctic (Smith 1979). A. un-
dulatum normally persisted for only two or three years at a
given point in the permanent quadrats. This result is consis-
tent with an analysis of age distribution, since most shoots
examined were either in their first year of growth, or were

older but no longer actively growing, in many cases having
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sporophytes at the apices (Longton & Miles 1982). It is not
clear why shoot replacement by basal branching should not
continue on an annual basis, particularly where there is no
evident competition from other species, and it is possible
that rapid colony turnover is an intrinsic feature of A. undu-
latum.

The data for spore content in A. undulatum capsules are
within the range commonly recorded for other mosses (Longton
& Schuster 1984). There is considerable variation between cap-
sules, however, and thus the data for spore release from-colo-
nies where trapping was undertaken, as well as estimates of
deposition within the trapping area, are to be regarded as
first approximations. This does not invalidate the conclusion
that spores are deposited at high density within and immediate-
ly outside the parent colony and that the majority of spores
are nevertheless transported outside.the trapping area. A lep-
tokurtic pattern of spore deposition has been reported for
pollen grains and pteridophyte spores (Proctor & Yeo 1973).
There are no published data for bryophytes, but the present
results appear to be in broad agreement with a preliminary
report for A. angustatum (Wyatt & Anderson 1984).

The observational and experimental studies of spore ger-
mination and colony expansion point strongly towards asexual
reproduction as the principal method of colony maintenance
and expansion in A. undulatum, despite the abundant output

of viable spores, although there is some evidence that spores
may occasionally give rise to protonema and shoots under field
conditions. The reasons for the general failure in germination
and early stages of protonema development in the present ex-
periments are obscure. The fact that spores germinated and

gave rise to protonema and shoots on soil from natural habitats
under laboratory conditions, and also in pots placed on a con-
crete path under the prevailing climatic conditions, leads us
to suspect that chemical inhibition may be involved in natural
environments. In this context, it should be noted that the ex-
perimental plantings were normally placed with 10 m of es-
tablished colonies of A. undulatum. Other possible explana-

tions include subtle microclimatic requirements and the possi-
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bility that substrate instability disrupts protonema develop-
ment under natural circumstances.

Despite the apparent prevalence of asexual reproduction,
the electrophoretic studies indicate the presence of sub-
stantial genetic variation in British populations, and, com-
bined with the data on sex distribution, suggest that inbreed-
ing is unlikely to be obligatory, at least in some colonies.
The occurrence of electrophoretic variation in A. undulatum
is in agreement with data for other bryophytes (Daniels 1982,
Szweykowski 1984), including the related, dioecious species A.
angustatum (Cummins & Wyatt 1981).

These observations, together with the previous report
(Longton & Miles 1982) contribute towards a broad outline of
the reproductive biology of A. undulatum in Britain, as sum-
marised in the Abstract. It may be noted that the life his-
tory pattern of this species differs in several significant
respects from each of the strategies proposed by During (1979),
indicating that bryophytes may be more variable in this res-
pect than previously realized.

ACKNOWLEDGMENTS

This work was supported by a Research Grant from the
Natural Environment Research Council. We wish to thank the
Nature Conservance Council, Brigadier D. C. Barbour and

Englefield Estate Woods Department for permission to conduct

experiments on their land.

REFERENCES

Abderrahman, S. & A. J. E. Smith. 1982. Studies on the cyto-
types of Atrichum undulatum (Hedw.) P. Beauv. I. Morphology
and distribution, J. Bryol. 12:265-271.

Cummins, H. & R. Wyatt. 1981l. Genetic variability in natural
populations of the moss Atrichum angustatum. Bryologist
84:30-38.

Daniels, R. E. 1982. Isozyme variation in British populations
of Sphagnum pulchrum (Braithw.) Warnst. J. Bryol. 12:65-76.

During, H. J. 1979. Life history strategies of bryophytes: a
preliminary review. Lindbergia 5:2-18.

206



Gregory, P. H. 1979. The Microbiology of the Atmosphere. 2nd
ed. Leonard Hill, London.

Longton, R. E. & S. W. Greene. 1969. The growth and reproduc-
tive cycle of Pleurozium schreberi (Brid.) Mitt. Ann. Bot.
33:83~105.

Longton, R. E. & C. J. Miles. 1982. Studies on the reproductive
biology of mosses. J. Hattori Bot. Lab. 52:219-239.

Longton, R. E. & R. M. Schuster. 1984. Reproductive biology. In:
Schuster, R. M. (ed.), New Manual of Bryology. Hattori Bot.
Lab., Nichinan. Vol. 1:386-462.

Smith, R. I. L. 1979. Peat-forming vegetation in the Antarctic.
In: Kivinen, E., L. Heikurainen & P. Pakarinen (eds),
Classification of Peat and Peatlands. International Peat
Society. Helsinki. pp. 58-67.

Proctor, M. C. F. & P. Yeo. 1973. The Pollination of Flowers.
Collins, London.

Szweykowski, J. 1984. Species problems and taxonomic methods
in bryophytes. In: Schuster, R. M. (ed.), New Manual of
Bryology. Hattori Bot. Lab., Nichinan. Vol 1:1130-1171.

Watson, E. V. 1960. Further observations on the bryophyte
flora of the Isle of May: II. Rate of succession in select-
ed communities involving bryophytes. Trans. Bot. Soc.
Edinb. 39:85-106.

Wyatt, R. & L. E. Anderson. 1984. Breeding systems in bryo-
phytes. In: Dyer, A. F. & J. G. Duckett (eds), The Expe-
rimental Biology of Bryophytes. Academic Press, London.
pp. 39-64.

207






Symposia Biologica Hungarica 35 (1987)
THE BIOLOGY OF LETHOCOLEA SQUAMATA
G.A.M. SCOTT and K. BECKMANN

Department of Botany, Monash University, Clayton,
Victoria, Australia

Lethocolea squamata (Tayl.) Hodgson, a species with an un-

usually wide ecological amplitude, is shown to comprise three
different species. A form in mallee vegetation is probably
Gongylanthus scariosus (Lehm.) Steph. A form in sclerophyll

forests and swamps is a true Lethocolea, L. pansa (Tayl.)
comb. nov. hitherto known as L. squamata Tayl. A third, pre-
dominantly thallose form with uncertain morphological varia-
tion and biology, appears to be a new genus.

Lethocolea squamata (Taylor) Hodgson, a leafy liverwort

in the family Arnelliaceae or Acrobolbaceae, has been recorded

from a wide range of forest habitats in the State of Victoria,
Australia, and has come to be regarded as one of the most
widely distributed and ecologically tolerant Australian liver-
worts. In particular, there are four habitats, differing in
moisture regime and forest type (Groves 1981), each

apparently characterised by a different form of the plant.

1. Swamps of the myrtaceous shrubs Leptospermum and Mela-
leuca, with an understorey of dense Restionaceae, such as Hy-
polaena. These swamps are enclaves in dry sclerophyll forest
(see 3. below), caused by impeded drainage, sheltered from
wind by the surrounding forest and sheltering the bryophytes
from insolation in the dense restionaceous undergrowth. The

plants here are deeply crimson-brown tinted, forming densely
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overlapping mats and, in extreme cases, may be loose and free-
floating among the sedges. This particular form of the plants
seems to be always sterile and is, so far, only known from the

Grampian Mountains of Victoria.

2. Wet sclerophyll (tall open) forest, dominated by very tall
trees (up to ca. 100 m) of Eucalyptus regnans. The rainfall in

such forest is high, from 1000 mm (but more usually from 1500
mm) to 2000 mm. On relatively dry and open clay banks in this
wet forest, Lethocolea forms prostrate green Lophocolea-like
mats. It lacks crimson colouration and reproduced both by
discoid gemmae and by very long marsupia, up to 2 cm long,
driving down into the soil. The leaves are clearly alternate,
circular or lingulate and horizontally spreading. There are
no underleaves. This is by far the commonest form of the

species.

3. Dry sclerophyll forest (open forest), dominated by a range
of Eucalyptus spp. such as E. obligga, with usually a rich
shrub understorey of leguminous, myrtaceous and proteaceous
shrubs. Rainfall here is generally less than 1000 mm. In rela-
tiveiy wet parts of this dry forest a flat thallose form
occurs, more or less invariably associated with the leafy
forms, with similar oil-bodies, and often with traces of

leaves very much like a moribund Lethocolea squamata.

4. Mallee. This is an endemic type of low shrubland (up to ca.
8 m) confined to dry areas (mostly 250-450 mm rainfall) domi-
nated by many species of Eucalyptus with a characteristic
multi-stemmed growth form, sprouting from a lignotuber (burl)
at or below ground level as a post-fire response. In this
habitat, there are plants where the leaves are concave, sil-
very, erect and rather densely imbricate in most cases; but
where there is extra moisture they become more spreading, flat

and green.

We have investigated this unusually wide ecological range
and come to the, not surprising, conclusion that three species
are involved.
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1. As a result of culture experiments, we have recently
come to believe that the mallee form (4) is possibly Gongylant-
hus scariosus (Lehm.) Steph. hitherto considered to be endemic

to South Africa. It differs from Lethocolea squamata in having

sub-opposite leaves which are more concave, less wettable
(probably because of very finely verruculose surface) and in
the oil bodies which tend to be more numerous and hyaline
rather than slightly brownish. The marsupium is similar to that
of Lethocolea and the tube of this is lined with the same kind
of swollen, almost hair-like cells. One of the puzzles of
mallee bryophytes has been the appearance of isolated marsupia
in cultured mallee soil, not attached to any liverwort stem.
These turn out to be the marsupia of this plant and are clearly
capable of persisting after the parent shoots have decayed and
disappeared. This plant shares with Cephaloziella arctica the

distinction of being virtually the only leafy liverworts in
the soil crusts of these dry areas which are otherwise dominated
by Fossombronia, Riccia and many mosses, as well -as lichens

and blue-green algae (Scott 1984).

2. In 1846, Taylor described Podanthe squamata from speci-

mens collected by Drummond in Western Australia (Swan River
Colony as it was known then) and known by the herbarium name

of Riccia squamata. Taylor pointed out that the plant had a

marsupium ("receptacle") like Gymnanthe, but it was Mitten
(1854-5) who first synonymised his own Gymnanthe drummondi

from New Zealand, with Taylor's Podanthe squamata. He later

(1867) .gave it separate generic status as Lethocolea drum-

mondii, without commenting on the fact that Taylor used the
word frons in his Latin description, thus implying that it
had a thallose rather than leafy axis. It was not until 1958
that Mrs Hodgson took the final step of transferring Podanthe
squamata to the genus Lethocolea, the genus Podanthe being
treated as an othographic variant, and hence homonym, of the
earlier name Podanthes Haworths (Asclepiadaceae). Mitten gave

no reasons for uniting Podanthe and Lethocolea but we believe

he was right to do so. The presumed holotype material in the

Farlow Herbarium contains a Riccia as well as Lethocolea squa-
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mata and it seems probable that Taylor confounded the two
plants in his description, hence his use of the word frons.
Surprisingly, however, the specimen does not contain any of
the thalloid plant which hitherto has been associated with the
name Lethocolea (see 3 below). Moreover, it seems clear after
the Sydney amendments to the ICBN that the genus Podanthe is
not a homonym of Podanthes, but a valid genus. Since the name
has been in abeyance for the past 100 years we believe that
the name Lethocolea should be conserved against it and will
be submitting a proposal to that effect.

A slightly earlier name, Jungermannia pansa Taylor was

dubiously proposed as a synonym of Gymnanthe drummondii by
Mitten (1854-5). Gottsche (1880) concurred but without the
examination of the type of J. pansa, and his views have been
accepted by Hodgson (1958) and Grolle (1965). Examination of
isotype material in the British Museum confirms this. The

specific epithet pansa, however, sihce it appeared in the first
part of Taylor's (1846) paper and therefore presumably was
published earlier than the second part, must take priority over
squamata. The name of the leafy liverwort is therefore Letho-
colea pansa (Tayl.) G.A.M. Scott & K. Beckman comb. nov. (Ba-
sionym: Jungermannia pansa Taylor. London J. Bot. 5:275. 1846).

The plant of sclerophyll forests and swamps is the true
Lethocolea squamata, more correctly named L. pansa. This seems

to be always leafy, but produces discoid gemmae which germi-
nate by direct growth of a new leafy shoot from the centre
rather than the rim of the disc as Goebel (1906) illustrates.
These gemmae are produced from the upper stem surface among
the leaves, but on only a minority of plants.

In winter the stems and leaves may enlarge greatly and
among the terminal leaves is produced a very long marsupium,
up to 2 cm long, sunk into the ground, appearing more like an
angiosperm root with a swollen tip (enclosing the sporophyte).
The marsupium tube is lined with swollen hairs, similar to
those of Gongylanthus.

The ecological amplitude of this species therefore extends
from dry forests to free-floating; no small range, but much
less than had formerly been thought.
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3. The thallose plant we are concerned with seems likely to
be not Lethocolea but a new genus. It is not uncommon in her-
baria, masquerading as "Riccia sp." The plant is extraordi-
narily interesting. In the resting stages it consists of a
yellowish green, * homogeneous discoid thallus, sometimes with
traces of scales or leaves near the'apex. What happens to this
later is not yet certain but in autumn new plants arise which
are clear green, instead of yellowish, and have a very curious
upper surface of loosely arranged turgid cells. At the apex
two rows of semicircular leaves (or scales) develop, which may
straddle a large patch of gemmae near the apex; when plated
on agar, these gemmae are more angular than those of Lethocolea
and develop directly into similar thalli. Alternatively the
thallus apex between the scales may become depressed, indi-
cating the formation of a robust marsupium beneath. It is too
soon, from our cultures, to say what the sporophytes produced
in these will be like. Until then it is not possible to be
certain that the plant is basically a leafy rather than a
thallose one, Jungermanniales rather than Metzgeriales, but

we suspect this to be true. The marsupium tube is lined with
swollen hairs of the Lethocolea/Gongylanthus type, which

strongly suggests a relationship within the Arnelliaceae.

Probably, with age at the end of the season, the thallus
will thicken up and turn yellowish, and the leaves will tend
to erode, producing the familiar Riccia-like stage. Whether
this can act as a tuber, producing new young growths in the
following year, we cannot yet say but are following marked
colonies in the field to determine this.
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ON THE GEMMAE OF WEST TROPICAL AFRICAN MOSSES
E.A. ODU
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There is a great multiplicity of forms in gemmae of West
Tropical African mosses from globose and stellate (Hyophila),
spherical or pyriform (Bryum cruegeri) to elongated forms in
the Calymperaceae. Gemmae are often borne on specific diag-
nostic portions of the gametophyte but sometimes more than one

gametophytic portion are gemmate (Bryaceae). Both leaf and
axillary gemmae have diagnostic values at specific level. Con-
currently gemmae are of immense ecological importance to tro-
pical mosses especially in stressed environments. They occur
and regenerate readily on sterile as well as fertile plants
while the pH for optimum regeneration parallels the substrate
pH of the shoots. The alternate production and dispersal of
gemmae and spores in the Calymperaceae during wet and dry

seasons of the year, respectively, suggest a maximum input to
the reproductive effort ensuring a successful spread of the
species.

INTRODUCTION

Reproductive biology is gradually becoming a new line of
study in biology. This is a significant shift in bryophyte
systematics as it is now increasingly clear that features of
the reproductive biology and life history do influence evo-
lutionary processes within bryophytes (Anderson 1963, Longton
1.976)
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Sporophyte production, especially in dioecious bryophytes,
is an indication of genetic variability within the group. But
the loss of the capacity to produce sporophytes is a common
and widespread tendency in bryophytes. This has been due mainly
to massive regression in sexual reproduction (Longton & Schus-
ter 1984) and/or spatial separation of d&' and @ plants. In cases
where sporophytes are freely produced successful spore germi-'
nation on artificial or natural media in the laboratory has not
been widely repeatable on the field and there has been no
frequent occurrence of gametophyte establishment from sporelings
in nature.

A whole array of asexual reproduction methods in mosses
provides 'reliefs' for the development and spread of popula-
tions in the face of various setbacks in sexual reproduction.
There are records of the occurrence of specialized asexual
propagules in 15% and 17% of the moss floras of eastern North
America (Crum 1972) and the British Isles (Smith 1978), res-
pectively. The bryophyte flora of tropical Africa is suscept-
ible to the prevailing harsh environment, e.g., drought,
desert-encroachment, and insolation. These most probably elicit
adaptive features in the flora. Various specialised asexual
propagules abound in the moss species and these play a vital
role in their reproductive biology. This account represents
an initial study in the documentation of propaguliferous

mosses of West Tropical Africa.

RESULTS

Calymperaceae

Edwards (1980), in a revision of West Tropical African

Calymperaceae, considered the heterogeneous family as contain-

ing five genera: Calymperes, Syrrhopodon, Mitthyridium, Calym-

peropsis, and Hzgodontium. The family is mainly lowland pan-
tropical and subtropical but occasionally extending well be-
yond the equator to Cape of Good Hope in the South and Majorca
in the north. In the Americas the family is represented by the
genera Calymperes, Syrrhopodon and Mitthyridium (Reese 1979)
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which all bear foliar gemmae on both sides of the Atlantic.
Hypodontium, mainly subtropical in distribution, is about

the only genus lacking gemmae. Foliar gemmae are papillose

in Mitthyridium and when present in Syrrhopodon (as in S. arma-

tus from the delta plains of southern Nigeria, Odu No. 638)

are usually borne terminally on otherwise undifferentiated

leaves. In Calymperopsis the leaves are characteristically di-

morphic: those that bear gemmae ('comal') and the non-gemmi-
ferous type ('cauline') (Richards & Edwards 1972). The needle-
like and variable gemmae range from 420 to 900 um and are
usually bunched laterally on both sides of the costa in the
mid-lamina region of the 'comal' leaves.

The genus Calymperes is very diversifiéd in the humid
forests of West Tropical Africa mainly as epiphytes but occa-
sionally on earth-covered rocks in less shady habitats. Calym-
peres 1is basically dioecious and dimorphic producing gemmi-
ferous and non-gemmiferous leaves on the same shoots. In the
former, the gemmae (> 20) are variously arranged in clusters
on the proboscis, a specialized extension of the costa. In
some cases all leaves on particular mature shoots may lack
gemmae but the opposite has been rarely observed in nature.
The gemmae are generally clavate, multicellular and consist
of 6-10 uniseriate cells (Fig. la, b, e). They are green,
mostly 150-300 (-500) x 25-30 um with no stalks.

Gemmae germinate very readily within 1-2 days after dis-
lodgement from the leaves. Protonemal filaments grow from
both ends and rarely form the lateral sides (Fig. 1d, f). This
mode of gemma germination appears to be different from that in

the obclavate protonemal gemmae of Schistostega pennata where

protonemal filaments develop laterally from one or both larger
basal cells (Edwards 1978).
Reproduction in most of the Calymperaceae would partly be

by means of the elongated gemmae judging from the observed
viability of the propagules both in the laboratory and on the
field. Moreover, while most plants of Calymperes produce
fruits quite freely, sporophytes seem to be rare in both the
African and Asiatic species of Calymperopsis (Richards & Ed-
wards 1972).
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Bryaceae

The Bryaceae is a very large cosmopolitan family noted
among others for the high frequency of occurrence of asexual
propagules (Hart & Whitehouse 1978, Lewis & Smith 1978, Smith
& Whitehouse 1978, Nordhorn-Richter 1984). Field studies have
revealed propagules on some African bryoid mosses and further
work is in progress in this respect.

Bryum nitens Hook. (B. cruegeri Hampe) is a highly va-
riable, tuberous moss known from the American tropics, Flo-

rida, Bermuda (Whitehouse 1978) and also from Liberia, Ghana

80 um

")

Fig. 1. Asexual propagules. a-d. Foliar gemmae of Calymperes

rabenhorstii. c-d. 2-day old germinating gemmae, e-f. Foliar

gemmae of Calymperes afzelii. f.

l12-day old germinating gemma.
g-h. Rhizoid gemmae of Bryum cruegeri. h.
gemma.

3-day old germinating
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and Nigeria. In West Africa, it occurs commonly on pH-neutral
unstable habitats in open situations. Tubers are character-
istically multi-cellular, brownish, rhizoidal in origin and
may be spherical, 125-200 pm in diameter (Fig. 1lg) or some-
times ellipsoidal to pyriform. The great variability of the
species is pronounced, sometimes to the extent of separating
the habitat .variants into seemingly distinct species. The same
plant may bear gemmae on the stem in leaf axils and on rhizoids.
Axillary gemmae, however, possess very short stalks. B. nitens
is commonly sterile and. reproduction is no doubt is through
the dispersal and germination of the tubers. Gemmae detach
quite easily from the shoots and germinate within 2-3 days,
radially, producing eventually up to 5(-8) protonemal fila-
ments (Fig. lh). Asexual reproduction is accentuated by the
additional occurrence of numerous bulbils (Fig. 2d) on

the shoot tips of variants in drainage culverts. In some po-
pulations of this species it seems that stem gemmae occur much
later in the season on the older parts of stems leaving the
current season growing portions free of gemmae (Fig. 2b, c).
This apparent rhythm of gemmae production, endogenously or
environmentally controlled or both is comparable to the pe-
riodic production of foliar gemmae in Calymperes species (Odu
& Owomoto 1982). However, there is a distinction in the latter
species where gemmae develop simultaneously with the leaves

on the upper, younger parts of the shoots (Fig. 2a).

Pottiaceae

Among the Pottiaceae, Barbula and Hyophila produce diag-

nostic and ecologically differentiated axillary gemmae in

southern Nigeria. Barbula indica (Hook.) Spreng. occurs com-

monly on basic soils, mortar walls and concrete slabs of cul-
verts in open environments. It is pantropical in distribution
occurring in southern and central Africa, the Indian subcon-
tinent, southern and southeast Asia and Japan (Magill 1981).
Its colonisation and fast spread within weeks on uncompleted
buildings, cement blocks in building sites and drainages has

put this species into the class of weedy plants in urban areas.
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(a)

Fig. 2. a-c. Seasonal development of gemmae in (a) Calymperes
erosum, b-c. Bryum cruegeri. Single line = non-gemmiferous

zone; double line = gemmiferous zone. d. Axillary bulbil of

Bryum nitens.

Although it is dioecious, most plants are female. Sporophytes
and male plants are rare.

The fast spread of B. indica is attributable to the dis-
persal and subsequent germination of numerous gemmae from each
shoot (ca. 50-100 . Gemmae are obovate, multicellular (8-10
cells), greenish-brown, shortly stalked and measuring 50-100
um across (Fig. 3a, b). Leaves are arranged on the lower parts

of the stem in such a way that the gemmae are freely exposed.
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Fig. 3. Asexual propagules. a-d. Gemmae of Barbula indica. c.
Stem apex with multiple budding of gemmae. 4. 2-day old ger-

minating gemma. e-f. Hyophila involuta. f. 5-day old germinat-
ing gemma.

At the shoot tips leaves are crowded together forming "gemma-
cup' structures. The propagules which bud off copiously at the
stem apices (Fig.3c) most probably collect into these "gemma-
cups' and at the appropriate time are dispersed as powdery

masses. Germination occurs within 2 days, protonemal filaments
forming radially on the propagules (Fig. 3d). The basic nature

of the plant's substrates must have favoured the initial es-
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tablishment of the gemmae which germinated well at high pH
whereas germination of propagules of Bryum nitens is suppressed
at high pH (Fig. 4).

Hyophila involuta (Hook.) Jaeg. produces highly polymorphic

multicellular axillary gemmae with long rhizoidal stalks (Fig.
3e). The species is generally characteristic of shady habitats.
Although dioecious and always producing seasonal crops of
sporophytes the species also bears 16-20(-25) greenish, axil-
lary gemmae along the whole length of each shoot. The gemmae
are distinctly stellate with 5-11 multicellular uniseriate
arms (lesser variations from this type may occur). The mode

of germination of the gemmae is through the elongation of all
the stellate arms (Fig. 3f) producing a network of protonemal
filaments within 5 days. The rhizoidal stalks in all cases are
multi-seriately branched, each branch terminating in a gemma.
An abscission cell, or 'tmema', separates each gemma from the
branch as in the protonémal gemmae of Schistostega pennata

(Edwards 1978). Hyophila crenulata has been reported by

Olarinmoye (1981) to produce polymorphic axillary gemmae in
Nigeria. But the nearly similar habitat conditions, morpholo-
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Fig. 4. Influence of media pH on germination of gemmae. A. Bar-

bula indica, B. Bryum nitens.
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gies and dioecity suggest that H. involuta and H. crenulata

are synonyms or at least the latter species is a variant of
typical H. involuta (Odu, in press). H. involuta is a largely
tropical species which Magill (1981:230) says is probably new
to Africa, having been previously known from Europe, southern
Asia and India, Micronesia and North, Central and South Ameri-

ca.

DISCUSSION

The varied forms of gemmae in West African mosses play
vital roles in the dispersal and maintenance of bryophyte po-
pulations in the alternating humid and dry environment of tro-
pical Africa. These propagules undoubtedly disperse the plants
judging from the rapid spread of many non-fruiting weedy
species into new areas. The distribution pattern of the gem-
mae agrees with the existing opinion in literature about the
occurrence of asexual structures in temporary unstable sub-
strates (Whitehouse 1966) where they would survive field dis-
turbance in a dormant state and then regenerate from tubers
at the advent of suitable growing conditions. In addition,
the propagules are advantageous to non-fruiting or sterile
plants where they could compensate for lack of spores in re-
productive spread. Even when sporophytes are produced propa-
gules could still out-score spores in plant dispersal. Bryum
coronatum, a dioecious, widespread commonly fruiting weedy
species in Nigeria propagates more efficiently by axillary
propagules than by spores (Egunyomi 1982). Occurrence of gemmae

in non-fruiting plants seems not to be as significant as oc-

currence in dioecious plants. The production of asexual pro-
pagules in mosses is associated more directly with the dio-
ecious condition than with failure to fruit (Longton & Schus-
ter 1984).

Gemmae polymorphism in Hyophila involuta is probably
due to the micro-climatic effects. Zander & Ireland (1979)
reviewed cases of environmental effects on the expression of

asexual reproduction in otherwise potentially fertile mosses.

The West African species of Calymperes exhibit a regular pe-
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riodicity in the development of foliar gemmae (Odu & Owotomo
1982). This biological rhythm is endogenously determined but
likely subject to environmental modification. The result is
that while lighter spores are dispersed in the dry season
gemmae formed at the onset of the rainy season mature, are
dispersed and would be able to germinate in mid-rainy season.
Gemmae are generally larger in size than bryophyte spores
and therefore are less likely to be involved in long range
dispersal. The only possible option is local dissemination of
species by short range dispersal of propagules. If this is
possible a gemmiferous species such as Barbula indica can

cover considerable wall surfaces through step by step disper-
sal. The large-sized gemmae may contain considerable stored
food materials which would be of value to their early and
rapid germination in unstable temporary habitats. Alternately,
the gemmae could act as survivors or, perennating structures
in stressed environments.
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PROTONEMA-GEMMAE IN EUROPEAN MOSSES
H.L.K. WHITEHOUSE

Botany School, University of Cambridge,
Cambridge, UK

A range of moss species has been tested for the occurrence
of gemmae on the protonema by growing the plants on Knop's
agar. Any species that produces gemmae on the leaves or in the
leaf axils seems also able to produce similar gemmae on the
chloronema. Numerous other species, not known to produce gem-
mae elsewhere on the plant, have been found to produce gemmae
on the protonema in culture. If, as seems likely, similar
gemmae are produced in nature, they are likely to be important

for the life strategy of the species.
INTRODUCTION
Gemmae arising on moss protonema, as distinct from rhi-

zoids, have been reported in several species: Pseudocrossidium
revolutum* (Miller 1874), Tortula muralis (Miller 1874, Maheu

1908), T. ruralis (Maller 1874, Maheu 1908), T. papillosa
(Maheu 1908), Zygodon forsteri (Malta 1926), Gyroweisia tenuis

(Monkemeyer 1927), Orthodontium lineare (Whitehouse 1961), Eu-

cladium verticillatum (Dalby 1926, Vajda 1966), Bryum kling-
graeffii (Chopra & Rawat 1973) and Schistostega pennata (Edwards

1978). Five years ago I reported their occurrence in Didymodon
luridus and also in 18 European species with gemmae found
elsewhere on the plant (Whitehouse 1980). Three of the species

mentioned above also fall into this category (P. revolutum,

* Nomenclature follows Corley et al. (1981).
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T. papillosa, B. klinggraeffii). I have now tested some ad-

ditional species of mosses for the occurrence of gemmae on

the protonema in culture.
METHODS

The technique I have used to start cultures is top dip a
fragment of the plant - leaves, shoots, capsules, or gemmae if
present - in 1.5% sodium hypochlorite solution for a few
seconds to sterilize the exterior, and then to use sterile
needles to place the material in a drop of sterile distilled
water on the surface of Knop's agar in a petri dish. With
capsules, the spores are then released by puncturing it with
the needles. Within a few days protonema should emerge from
the moss material. It is then transferred with needles to an
agar slope in a 10 cm tube plugged with cotton wool. If alga
or fungus is present it will be necessary to repeat the steri-
lization process when moss shoots have appeared.

RESULTS

The results I have obtained concerning the occurrence of
gemmae have surprised me.

First, mosses with gemmae formed on the leaves or in leaf-
axils seems always to produce similar gemmae on the protonema.
This does not apply to species with bulbils. I have seen proto-
nema-gemmae in culture in the following 26 Eufopean species

already known to be gemmiferous on leaves or in leaf axils:

Dicranaceae: Dicranoweisia cirrata, Dichodontium pellucidum,

Ceratodon purpureus;

Encalyptaceae: Encalypta streptocarpa;

Pottiaceae: Tortula latifolia, T. papillosa, Scopelophila li-

gulata, Pseudocrossidium revolutum, Didymodon nicholsonii,

D. cordatus, D. rigidulus, D. glaucus, Leptodontium gemmas-

cens, Gymnostomium luisieri, Anoectangium warburgii;

Bryaceae: Bryum pallens, B. flaccidum, B. pseudotriquetrum;
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Orthotrichaceae: Zygodon viridissimus, Z. baumgartneri, Z. co-

noideus, Orthotrichum lyellii, O. pumilum, O. diaphanum;

Leskeaceae: Habrodon perpusillus;

Plagiotheciaceae: Plagiothecium latebricola.

Many species with rhizoid gemmae also produce similar gemmae

on the protonema (Chopra & Rawat 1973, Whitehouse 1980).
Secondly, numerous species have gemmae on the protonema

even though gemmae, or at least gemmae of this morphology, have

not been recorded elsewhere on the plant. Within these species,

two categories of protonema gemma can be recognised on the

basis of their morphology.

1. Gemmae little differentiated

Segments of aerial protonema, little differentiated from
normal aerial filaments, become detached. Such gemmae, which
usually consist of 3-6 cells and measure 150-200 x 20-40 pm,
seem to occur particularly in the Bryaceae. In addition to the
species with axillary filamentous gemmae, I have seen fila-
mentous protonema-gemmae in cultures of the following 10

species:

Dicranaceae: Dicranella staphylina;

Splachnaceae: Splachnum sphaericum, S. luteum;

Bryaceae: Orthodontium lineare, Leptobryum pyriforme, Bryum

radiculosum, B. ruderale, B. klinggraeffii, B. sauteri;

Orthotrichaceae: Zygodon forsteri;

In Dicranella staphylina the protonema-gemmae have thicker

walls to the filament cells than is usual with this type of
propagule. In Bryum radiculosum the filament cells are strongly

papillose. In B. klinggraeffii and B. sauteri the filamentous
protonema-gemmae have one or more short branches ending in a

gemma resembling those on the rhizoids.

2. Gemmae well differentiated

Protonema gemmae well differentiated by rounding off and

detachment of individual cells or groups of cells seem to be of
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widespread occurrence in mosses. I have seen such gemmae in
cultures of the following 36 species:

Dicranaceae: Ditrichum pusillum;

Encalyptaceae: Encalypta rhaptocarpa;

Pottiaceae: Tortula ruralis, T. ruraliformis, T. intermedia,

T. virescens, T. subulata, T. marginata, T. vahliana, T.

muralis, T. stanfordensis, Aloina ambigua, A. brevirostris,

Barbula unguiculata, Leptobarbula berica, Pseudocrossidium

hornschuchianum, Didymodon luridus, D. sinuosus, D. spadi-

ceus, D. fallax, Eucladium verticillatum, Gyroweisia te-

nuis, G. reflexa, Gymnostomum calcareum, G. aeruginosum;

Bryaceae: Bryum alpinum;

Orthotrichaceae: Zygodon gracilis, Orthotrichum rupestre, O.

cupulatum, O. rivulare, O. sprucei, O. tenellum, Ulota
crispa;

Leucodontaceae: Cryphaea heteromalla, C. lamyana;

Neckeraceae: Homalia trichomanoides.

When unicellular, the gemmae usually measure about 25-45
pm in diameter. When multicellular, measurements of 60-120 x
25-45 pym are usual. The cell walls in some species are strongly

thickened, for example, up to 4.5 um thick in Didymodon sinuo-

Sus.
DISCUSSION

Protonema-gemmae arise on primary or secondary chloronema
and are often produced in large numbers in culture. For example,
in Eucladium verticillatum I estimated that there were at
least 100 per mm2 (Whitehouse 1980). I assume that they also

occur abundantly in nature under suitable conditions, although
this will be difficult to establish. In culture, the thicker-
walled gemmae arise when the culture starts to dry up and are
presumably adaptations to survive desiccation. On the other
hand, the thinner-walled gemmae arise when the chloronema is
actively growing and are perhaps primarily adaptations for

short-range dispersal.
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From the lists of species in which protonema gemmae have
been observed it is evident that they occur in species from a
great diversity of habitats. It would be of interest to look
at their occurrence in relation to the life strategy of the
species (During 1979). It seems likely, in particular, that
primary colonizers of open habitats might gain a considerable
advantage from the rapid spread made possible through the pro-
duction of protonema-gemmae before leafy shoots have appeared.
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THE BRYOPHYTE PROPAGULE BANK OF ANTARCTIC FELLFIELD SOILS
R.I. LEWIS SMITH

British Antarctic Survey, Natural Environment,
Research Council,
Cambridge, UK

In the Antarctic the totally cryptogamic fellfield eco-
system is dominated by lichens and bryophytes. Colonisation of
recently deglaciated substrata is dependent on the immigration
of propagules from both local and remote sources. Soil samples
from unvegetated areas of fellfield on Signy Island were in-
cubated at temperatures from 2 to 25°C for up to 23 weeks to
determine the colonisation potential of the soil propagule
bank. Numerous bryophyte colonies, belonging to a total of
14 taxa, developed from buried spores and gametophyte fragments.
Species diversity and production was greatest between 10 and
20°C but growth of some taxa occurred at the extreme tempera-
tures. A much greater incidence of colonisation occurred in
superficial than in sub-surface samples, but amending the soils
with nutrients did not increase the number of species or pro-
ductivity. Most were typical fellfield taxa, but the dominant
species were not represented. The propagule bank also contained
an element of exotic species providing evidence of long-distance
wind dispersal. The importance of this reservoir of diaspores
in the soil with regard to primary colonisation and succession

is discussed.
INTRODUCTION
A knowledge of plant colonisation and early successional

processes is important in understanding the development of com-
munities. In most systems this is a complex series of inter-

233



actions between a wide range of plant, and subsequently animal,
species and their environment. There are therefore distinct ad-
vantages in investigating ecosystem dynamics and testing ecolo-
gical hypotheses in biologically simple systems. Thus a com-
munity of low species diversity and reduced interactions lends
itself to ecological interpretation much more readily than one
comprising high diversity and complex ihterrelationhsips. In
this context the Antarctic biome offers ideal opportunities

for such research. Here, the terrestrial biota are restricted
to cryptogam-dominated vegetation and a small number of in-
vertebrate taxa belonging to a few phyla. Unlike the Arctic
biome where vascular plants dominate most systems, the An-

tarctic supports only two vascular species (Colobanthus quit-

ensis and Deschampsia antarctica) which are confined to the

most favourable habitats in the maritime Antarctic. Communities
composed entirely of bryophytes, lichens and algae are wide-
spread and locally extensive throughout this region and also
occur more sparsely in suitable ice-free habitats on conti-
nental Antarctica (Smith 1984a).

In this environment it is possible to follow the course
of colonisation and succession from the earliest stages with-
out them being overwhelmed and obscured by the development of
vascular plants or by being affected by herbivory. Most accounts
of primary colonisation and succession, even in extreme envi-
ronments, relate to higher plants and the occurrence of avas-
cular cryptogams is usually reported merely as incidental
associates. However, these lower plants and micro-organisms
are undoubtedly the true primary colonists followed closely by
phanerogams in the more advanced ecosystems. In the Antarctic
biome communities of bryophytes and lichens represent the
climax vegetation type, and therefore it is possible to examine
and assess their role in the process of ecesis and possibly
determine what autogenic changes they induce which enhance
secondary development.

While there is a growing awareness of the importance of
the pool of buried seed in maintaining stability, continuity
and recovery from perturbarion in phanerogamic communities

(Roberts 1981), very few studies refer to the bryophyte com-
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ponent of the soil diaspore* bank (e.g., Leck 1980, During &
ter Horst 1983). However, no comparable studies have been made
of unvegetated soils. It is in such a substratum that any
viable propagules* present must play a crucial role as poten-
tial colonists, and those for which the prevailing conditions
favour germination and development will be the pioneer macro-
phyteé of any subsequent succession. The work reported here is
a preliminary assessment of the composition of viable pro-
pagules present in skeletal Antarctic soils to test the colo-
nising potential of the soil propagule bank. The study was
carried out as part of the British Antarctic Survey's Fell-
field** Ecology Research Programme at Signy Island, South
Orkney Islands (lat. 60043'8, long 45038'W) (Smith 1985).

DESCRIPTION OF SITES

The two study sites, each over 1 ha in area, represent
fellfields undergoing primary colonisation, but of different
age (since ice retreat) and nature of instability. The Jane
Col site (150 m altitude) is a level saddle uncovered by the
receding ice cap about 25 years ago. Much of the site is de-
void of macroscopic vegetation but primary colonisation by
cryptogams occurs very sparsely in several places; a slight
rise at the west has been ice-free for longer and supports
patches of relatively abundant vegetation. Denser vegetation
occurs several hundred metres to the north and east. The site
is extensively patterned with small sorted circles and

stripes. The Moraine Valley site (35-60 m) is an unstable

* Diaspore, propagule, disseminulate - any spore (seed or
fruit) or vegetative portion of a plant capable of being
dispersed and able to produce a new plant.

** Fellfield is the dominant ecosystem in the Antarctic biome,
comprising a continuum of communities of sparse bryophytes
and lichens on dry exposed mineral substrata subjected
to continual freeze-thaw and desiccation-hydration cycles.
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slope, adjacent to a glacier, and ice-free for sewveral centu-
ries. It has sparse vegetation on the more stable sorted
stripe margins and scattered boulders. The higher eastern

slope of the valley is extensively vegetated.
METHODS

At each site in February 1981 samples of fine mineral
soil from periglacial features were placed in 5 cm diameters
by 2 cm deep polystyrene petri dishes and their lids sealed
with adhesive tape in the field. Within a few hours of col-
lection the dishes were stored in darkness at -20°C until re-
quired for culture in England several months later.

At the Jane Col site the surface 0.1-0.5 cm was sampled

from five sub-sites:

Soil A: fine soil from the centre of a sorted gravel stripe
c. 25 m from the nearest visible very sparse bryophyte or
lichen colonies and close to the receding ice edge at the
north-east of the site;

Soil B: an accumulation of black detritus washed down from an
adjacent ice slope at the south side of the site; also c. 25
cm from the nearest sparse vegetation;

Soil C: fine soil from the centre of a sorted circle near the

centre of the site and surrounded by very sparse bryophytes;
Soil D: as Soil C towards the south-west of the site;

Soil E: barren fine soil from the centre of a sorted circle at
the west side of the site, and with relatively dense bryophytes
and lichens around the margin and beyond.

At the Moraine Valley site a sorted stripe 130 wide and
10 m long was sampled from five positions at 0.1-0.5 cm and
4-5 cm depths along a transect across the feature. Some sparse
bryophyte and lichen colonies occurred on the stable coarser
stripe margins, but the progressively finer and more mobile
material towards the centre was barren.

Prior to culturing the soils on a thermogradient incubator

similar to that described by Grime & Thompson (1976), the
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plates were thawed slowly at 2°c for several days. Duplicates
of each soil were then arranged along five parallel aluminium
bars 70 cm long and 8 cm wide, each of which provided a tem-
perature gradient from 2-5 to 25°C which was maintained 24 h
d-l. The plates were kept moist by the addition of deionised
water as required. In the Jane Col series a duplicate set of
plates was treated weekly with a fertilizer solution ("Phos-
trogen") containing N (10% of dw), P (10%), K (27%), Mg (1.3%),

Fe (0.4%), Mn (trace) diluted 0.5 g 171, Tllumination was by

two HQI lamps providing c. 175 uE m 25”1, The plates were cul-
tured for up to 160 d and the percentage cover afforded by
different algae and bryophytes was recorded at intervals
(usually every two weeks). The identities of all taxa were

determined when the experiments were terminated.
RESULTS

Development of bryophyte colonies from buried or super-
ficial spores or vegetative propagules on the various soil
plates is illustrated in Figs 1 and 2 (that of the algae will
be reported elsewhere). In each series bryophytes appeared on
many of the plates throughout the range of temperatures tested,
although the amount of growth and diversity of species were
much less at 2-5°C and 25°C. The optimum temperature for most
species was between 10 and ZOOC, a range commonly attained
for several hours per day on many summer days at the soil
surface -in the field. Development also usually commenced
earlier at these medial temperatures, although the first
appearance of protonemata on some plates occurred after two
weeks and the first gametophytes by the third week (notably

Ceratodon cf. grossiretis and Bartramia patens). The abundance

of shoots increased steadily with time on most soils, but in
a few instances at the highest and lowest temperatures the
shoots died after a few weeks. Maximum growth (as percentage

cover) was achieved at 10-20%c by several species after about
10-15 weeks but slightly later at the more extreme temperatures.
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Fig. 1. The development of bryophytes on soils from five
vegetated sub-sites at Jane Col and incubated at a range
temperatures. DW: soils treated with deionised water;

nutrient solution.

Jane Col experiment (Fig. la-b).

The cultures revealed that even soils remote from

established vegetation (soils A and B)

propagules. Several bryophyte taxa appeared on soil B
was formed by the down-washing of detritus blown onto
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field south of the site and which was prominent as accumula-

tions on melting ice and in cryoconite holes following periods
of melt - see Wharton et al. 1981). Additional culturing of
such debris from the ice cap also yielded gametophytes of se-
veral bryophyte taxa. Although the greatest production of
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shoots occurred on soils associated with neighbouring vegeta-
tion, notably soil E which was surrounded by a relatively dense
bryophyte stand, the greatest diversity of taxa (eight of the
12 recorded on all the plates from this site) was on soil B,
indicating the importance of the ice cap as a reservoir of
viable propagules which can eventually reach terrestrial sub-
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