
Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology   581

_____________________________ _____________________________

The Ecological Significance of
Sexual Reproduction in Peat Mosses

(Sphagnum)

BY

SEBASTIAN SUNDBERG

ACTA UNIVERSITATIS UPSALIENSIS
UPPSALA 2000



Dissertation for the Degree of Doctor of Philosophy in Ecological Botany presented at
Uppsala University in 2000

ABSTRACT

Sundberg, S. 2000. The ecological significance of sexual reproduction in peat mosses (Sphag-
num). Acta Universitatis Upsaliensis. Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 581. 37 pp. Uppsala. ISBN 91-554-4847-X.

Peat mosses (Sphagnum) are widely distributed and are a major component of mire vegetation
and peat throughout the boreal and temperate regions. Most boreal Sphagnum species regu-
larly produce sporophytes, but the ecological role of the spore has been questioned. This study
shows that the spores can form a spore bank and have the ability to germinate and contribute
to moss establishment whenever suitable conditions occur. The results suggest that spore pro-
duction is important for explaining the wide distribution and omnipresence of Sphagnum in
nutrient-poor wetlands. The results further imply that initial recruitment from spores predomi-
nates in Sphagnum after disturbance or formation of suitable habitats.

A series of experiments showed that addition of phosphorus-containing substrates, such
as fresh plant litter or moose dung, resulted in spore establishment on bare, moist peat. A field
experiment indicated establishment rates of about 1% of sown, germinable spores on peat
with added substrates. Plant litter on moist soil, without a closed cover of bryophytes, is an
important safe site for the establishment of Sphagnum spores. The results fit the observed pat-
tern of colonisation by Sphagnum beneath Eriophorum vaginatum tussocks in mires severely
disturbed by peat extraction. Successful long-distance dispersal was indicated by the occur-
rence of several regionally new or rare Sphagnum species in disturbed mires.

Spore number per sporophyte ranged among Sphagnum species from 18 500 to 240 000,
with a trade-off between spore number and spore size. Annual spore production was estimated
at 15 million spores per square metre on two investigated mires. Sporophyte production
showed a large interannual variation. Sporophyte production was positively related to the
amount of precipitation the preceding summer. This was probably because a high water level
promoted gametangium formation. Spore dispersal occurred in July and August. The earlier
timing of spore dispersal in the more drought-sensitive, hollow-inhabiting sphagna should re-
duce the risk of sporophytes drying out prematurely during summer droughts.

Spores kept refrigerated up to 13 years retained high germinability. A field experiment
showed that Sphagnum can form a persistent spore bank, with a potential longevity of several
decades.
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There is
no such thing as a problem

without a gift for you
in its hands
You seek problems

because you need
their gifts

(Richard Bach, Illusions)

Till Mia och Isak,
min lilla familj



This thesis is based on the following five papers, referred to in the text by their Roman
numerals.
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V Sundberg S & Rydin H. Habitat requirements for establishment of Sphagnum
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Papers I, II and IV are reproduced with kind permission from the publishers.

In paper I the three of us planned, carried out and closed the study together. Antonella
Soro was responsible mainly for the data collection (under my supervision), analyses
and writing of the part dealing with species associations and niche metrics, while I did
most on the regional survey of abandoned peat pits. In the other joint papers I was re-
sponsible for planning, field and laboratory work, data analysis and writing of manu-
script drafts, with continuous support by the second author. For paper IV we consulted
a statistician (Lennart Norell, Swedish Agricultural University) for an optimal statisti-
cal solution to the main analysis.
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Swedish summary – Populärvetenskaplig sammanfattning

Sporer – en nyckelfaktor för torvbildande vitmossor

Stora delar av Europas våtmarker har exploaterats och förstörts under de senaste tvåhundra
åren i jakten på ny odlingsbar mark och torv till bränsle och jordförbättringsmedel. På senare
år har vi sett ett ökat behov av kunskap om vitmossorna - våtmarksbyggarna - och hur de
fortplantar sig, då vi har insett våtmarkernas betydelse för den biologiska mångfalden. Ny
växtekologisk forskning visar att de talrika sporerna är viktiga för vitmossornas förmåga till
spridning och kolonisation. Det här är en viktig kunskap för att kunna återskapa och restaurera
näringsfattiga våtmarker och, inte minst, för vår förståelse av varför vitmossorna finns i nära
nog varje näringsfattig våtmark i Sverige.

Vitmossor (Sphagnum) har en vid utbredning och utgör en av de viktigaste komponenterna i
vegetation och torv i näringsfattiga våtmarker på nordliga breddgrader. Mellan 5 och 10% av
Sveriges yta täcks av vitmossor. Omkring 300 vitmossarter har beskrivits, varav 45 finns i
Sverige. Alla svenska arter finns även i Nordamerika och de flesta svenska arter är vanliga.

Skapar våtmarker

Vitmossor är ekologiskt mycket viktiga, då de till stor del bildar de våtmarker, myrarna, som
utgör livsrummet för en mängd organismer, exempelvis andra växter, fåglar och insekter.
Myrarna utmärker sig genom att de bildar torv, som utgörs av döda, ofullständigt nedbrutna
växtdelar. Här har vitmossorna en nyckelroll, då de genom en kombination av olika egenska-
per skapar förutsättningarna för torvbildning: (1) De har en mycket stor förmåga att suga upp
och hålla vatten (upp till 20 gånger sin egen vikt), vilket leder till vattenmättnad och syrebrist,
(2) de innehåller extremt lite näring, (3) de avger försurande ämnen och (4) de innehåller vis-
sa syror som har en antibiotisk effekt vilket ytterligare bromsar nedbrytningen.

Mest kol i världen?

Torv i mossar anrikas med ett netto (nedbrytningen borträknad) av ca en millimeter per år, så
det tar ungefär 1000 år för en myr att producera en meter torv. Vitmossorna binder och anri-
kar stora mängder kol i torven genom upptag av växthusgasen koldioxid, och det är möjligt att
de spelar en roll för klimatet på jorden. Det finns beräkningar på att det finns mer kol uppbun-
det i vitmossor, döda eller levande, än i något annat växtsläkte.

Så attraktiva att de nästan försvunnit

Förutom att vara ekologiskt och klimatologiskt viktiga, har vitmossorna och deras torv en
mängd användningsområden också för oss. De används som jordförbättringsmedel, bränsle,
absorptionsmedel, vattenreningsmedel, isolering och som smakämne i skotsk whisky. Torv är
huvudbeståndsdelen i krukväxtjord och används numera i vissa intimhygienprodukter.

I de flesta länderna i Central- och Västeuropa och i delar av Nordamerika har största
delen av de forna, vitmoss-dominerade våtmarkerna förstörts genom utdikning, torvbrytning
eller genom uppodling. Exempelvis i Danmark, Holland, Tyskland och Ungern finns endast
1% av den ursprungliga myrarealen kvar. I Sverige har vi dock ”bara” förlorat omkring 35%
av den ursprungliga arealen, men med de största förlusterna i den södra delen av landet. De
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stora förlusterna av myrmark har på senare år inneburit att man mer och mer försöker att åter-
skapa och restaurera denna typ av ekosystem.

Tidigare vetenskapligt dilemma

De flesta av de nordliga vitmossarterna producerar sporkapslar regelbundet, men sporernas
ekologiska funktion har ifrågasatts eftersom endast ett fåtal forskare någonsin har påträffat
groende sporer i naturen. Dessutom har det visat sig att sporerna inte kan gro i vatten från
myrar där de vuxna plantorna frodas. Orsaken har ansetts vara fosfatbrist i vattnet. Därför har
man trott att sporerna har varit värdelösa och att spridningen främst har skett genom avsevärt
färre och större plantfragment (med dålig spridningsförmåga). Forskare som har arbetat med
att försöka restaurera myrar har därför utgått helt från plantfragment.

De nya kunskaperna…

Mina studier visar att vitmossornas sporer kan överleva flera år och visst kan gro och etablera
sig när gynnsamma förhållanden uppstår. Resultaten antyder att sporproduktionen är en viktig
faktor för att förklara vitmossornas vida utbredning och att de finns i så gott som varje liten
näringsfattig våtmark i Sverige. Resultaten indikerar också att vitmossporerna är viktigast i
samband med kolonisation av nybildade, fuktiga miljöer och vid återkolonisation efter kraf-
tiga störningar av växttäcket i våtmarker.

En serie groningsexperiment visade att tillförsel av olika naturliga substrat, exempel-
vis färsk bladförna eller älgspillning, resulterade i etablering av vitmossporer på fuktig torv.
Växtförna på fuktig mark som saknar ett slutet täcke av levande mossor är en viktig grogrund
för vitmossornas sporer. De här resultaten stämmer väl överens med de kolonisationsmönster
i anslutning till tuvor av tuvull jag har observerat i gamla, övergivna torvgravar i Uppland. Att
vitmossornas sporer kan spridas långväga understryks av att flera regionalt sällsynta eller tidi-
gare ej funna arter hittades i torvgravarna. Exempelvis påträffades hedvitmossa (Sphagnum
molle), som främst finns längs västkusten, för första gången i Uppland.

Enorma mängder sporer de flesta år

Vitmossornas utbredning är knappast begränsad av brist på sporer: på två undersökta myrar
producerades i genomsnitt 15 miljoner sporer per kvadratmeter myr. Om man extrapolerar
dessa siffror till att gälla Sveriges alla myrar, produceras det årligen i storleksordningen en
triljon (1018) sporer i landet! Året efter en torr sommar blir dock sporproduktionen sämre, tro-
ligen genom att könsorganen förstörs av torkan. Vitmossornas sporer sprids under juli och
augusti genom att de aktivt skjuts upp i luften vid varmt och torrt väder.

Ett experiment i fält visade att mer än hälften av sporerna överlevde i tre år under fuk-
tiga förhållanden, och att den potentiella livslängden hos 1% av sporerna skulle kunna vara
tiotals år. Detta innebär att sporerna kan ligga och vänta på rätt tillfälle att gro i flera år.

Nya möjligheter för att återskapa våtmarker

De nya kunskaperna ger oss nya verktyg för återskapande av förstörda våtmarker. Det vik-
tigaste är att det finns riklig tillgång på näringsfattigt vatten. Återkolonisationen kommer att
ske spontant i långsam takt med att kärlväxter vandrar in, om det finns sporproducerande
vitmossor inom några mils radie. För att snabba på utvecklingen skulle man kunna pröva att
strö ut nyskördat hö, som ger ett nödvändigt skydd och näring åt de groende sporerna. För
ännu snabbare resultat kan skörd av sporkapslar och sådd av sporer vara ett alternativ att
utveckla – därigenom skulle man kanske kunna styra urvalet av vitmossarter, då vissa arter
har visat sig vara mer värdefulla än andra som absorptionsmedel i hygienprodukter.
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Introduction

Peat mosses are globally widespread and important…
Peat mosses (Sphagnum) are a major component of acid to neutral, nutrient poor wet-
lands in the boreal and temperate zones of the world (Gorham 1991), but are also spar-
sely found on tundra in the arctic and in mountain ranges in the tropics (Eddy 1979,
Daniels & Eddy 1990). The distribution of Sphagnum is limited by a humid climate,
with a ratio of annual precipitation/evaporation ≥ 1 (Gignac 1993). Sphagna are mostly
recognised for their proliferation in and formation of mires (= peat forming wetlands),
but they also constitute a large proportion of the bottom layer in wet forests and along
nutrient-poor lakes. Mires cover 11% of the surface area of Sweden, and additional 8%
is covered by wet forests dominated by wetland bryophytes in the bottom layer (Hånell
1990). Assuming a 50% cover of Sphagnum in the mires and 20% in the wet forests
dominated by wetland bryophytes the cover of Sphagnum would be approximately 7%
of the land-area of Sweden. Furthermore, Sphagnum is the major peat former in mires,
and it has been estimated that there may be more carbon accumulated in Sphagnum,
alive or as peat, than in any other plant genus in the world (Clymo & Hayward 1982).
The ability of Sphagnum to form peat is attributed to its (1) extraordinary water hol-
ding capacity (20 times its dry-weight) in specialised ‘hyaline cells’, that makes the
environment water-logged and low or devoid of oxygen which slows down decompo-
sition, (2) low content of major nutrients, which further slows down decomposition,
(3) acidifying ability that lowers the array of possible microbes, and, possibly,
(4) ‘antibiotic’ capacity by the action of Sphagnum acids (Clymo & Hayward 1982,
Sjörs 1993, Johnson & Damman 1993, Aerts et al. 1999).

There are about 300 species of Sphagnum described (Clymo & Hayward 1982),
of which 45 have been found in Sweden (Söderström 1998). All Swedish species have
an amphi-Atlantic distribution in eastern North America and several of the Swedish
species are found also on other continents across the equator (Daniels & Eddy 1990).
A majority of the Swedish species are widespread in the country and only a few are
considered rare (Sjörs 1993). Besides its ecological role, Sphagnum and its peat are
economically valuable. Peat has been intensively mined and used for soil conditioning
and other horticultural uses, fuel, absorption, insulation, biofiltration, and as a flavou-
rer in Scotch whisky (Turner 1993). In large parts of Europe and North America a ma-
jority of the Sphagnum-dominated wetlands have been destroyed by peat extraction
and drainage activities (Joosten 1997, Rochefort 2000). It can hardly be doubted that
Sphagnum is globally important, both ecologically and economically.

…but the puzzle of the Sphagnum spore has not yet been resolved
The ecological significance of the spore in Sphagnum and other perennial bryophytes
has been seriously doubted (Anderson 1963, Mischler 1988, Miles & Longton 1990,
Longton 1997 and references therein), even though many species regularly produce
sporophytes. In Sphagnum this doubt has arisen when experienced bryologists have
failed to find Sphagnum protonemata in the wild (Clymo & Duckett 1986, see Cron-
berg 1993 for a review). Altogether, there are very few records of Sphagnum proto-
nemata and plants arisen from spores in nature (Anderson & Crosby 1965, McQueen
1985, Daniels & Eddy 1990). Furthermore, it was discovered that the spores were un-
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able to germinate and form new plants in the mire waters where the adult plants pro-
liferated, mainly because of deficiency of phosphorus (Boatman & Lark 1971, Rydin
1986, McQueen 1987).

Other means of reproduction
Many bryophyte species produce specialised asexual propagules (Longton 1997), but
these are lacking in Sphagnum. Despite this, sphagna reproduce easily from detached
branch and stem fragments (reviewed by Andrus 1986 and Cronberg 1993). Vegetative
propagation by lateral branching of shoots and the production of innovations (new
shoots) from branch intersections of the stem is probably the most important means for
the multiplication and persistence of sphagna at a site (reviewed by Cronberg 1993 and
Rydin 1993a). Further reasons for the assumption that spores are less important than
vegetative propagation in bryophytes are that vegetative diaspores have been shown to
establish more readily than spores and that they are produced earlier in the life-cycle
(Kimmerer 1991, Newton & Mischler 1994, Longton 1997). Anyhow, asexual propa-
gules are generally produced in lower quantities and have a much lower dispersal po-
tential (because of their larger size) than spores (Kimmerer 1991, Newton & Mischler
1994). The suggestion is then that spores are more important for dispersal and asexual
propagules are more important for local persistence of bryophyte populations (Kim-
merer 1991, 1994, Newton & Mischler 1994). Despite these evidences, Slack (1997)
went as far as to proclaim that ‘Asexual reproduction is the major means of dispersal,
establishment and regeneration in this genus’ (about Sphagnum).

Circumstantial evidence for the importance of the Sphagnum spore
There is some evidence that Sphagnum spores are important for long-distance disper-
sal and colonisation of disturbed habitats (Sjörs 1949, Clymo & Duckett 1986 and
references therein, Jones 1986, Lönnell et al. 1998). Cronberg (1993) suggested that
the lack of evidence of successful sexual reproduction in Sphagnum could reflect ex-
perimental imperfection. Indications of the significance of the Sphagnum spore are
also provided by the amphi-Atlantic distribution of virtually all European species, and
by the high genetic variation found within populations of most studied species
(Daniels 1982, 1985, Shaw & Srodon 1995, Cronberg 1996, Stenøien & Såstad 1999).
Degrees of genetic differentiation among moss populations are in general similar to
those found in seed plants, except that intercontinentally disjunct populations of mos-
ses are only weakly differentiated (Wyatt 1994). The greater genetic heterogeneity
found at sites with a recent history of disturbance or formation, as compared to undi-
sturbed and old sites (Daniels 1985, Cronberg 1996), suggests that initial recruitment
by spores is general in Sphagnum. The number of genets will gradually decrease be-
cause of interactions between neighbouring plants and chance when the habitat stabi-
lises (Daniels 1985, Cronberg 1996). Furthermore, Andrus (1986) reported that many
Sphagnum species, often relatively short-lived ones, on the coastal plain of south-
eastern United States frequently produce sporophytes, and suggested that this is an
adaptation for recolonisation after frequent summer droughts and fire. Cronberg
(1993) observed that monoicous, potentially self-fertilising sphagna frequently pro-
duce sporophytes, have a patchy distribution, and often occupy habitats with relatively
short duration and a high turnover rate (e.g., woodlands and marginal habitats). Sphag-
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num compactum, S. fimbriatum, S. lindbergii, S. molle and S. tenellum are monoicous
species that have been classified as ruderals, because of their weak competitive ability,
occurrence on disturbed or stressful sites and frequent sporophyte production (Wilcox
& Andrus 1987, Heikkilä & Lindholm 1988, Økland 1990, Slack 1990, Lönnell et al.
1998).

The disbelief in the ecological significance of the Sphagnum spore has made
mire ecologists rely on vegetative propagation of Sphagnum in their attempts to restore
severely disturbed mires (e.g. Campeau & Rochefort 1996, Ferland & Rochefort 1997,
Buttler et al. 1998, Sliva & Pfadenhauer 1999, Rochefort 2000).

Environmental constraints on sexual reproduction in bryophytes
In bryophytes, in contrast to seed plants, the haploid phase of the life cycle dominates,
and only the sporophytes are diploid. Sphagna are highly dependent on moist condi-
tions, at least periodically, not least during their cycle of sexual reproduction. Among
bryophytes in general, two parts of the reproductive cycle are especially dependent on
water, namely fertilisation and spore germination (Longton & Schuster 1983). Fertili-
sation works by means of small, mobile spermatozoids that are dispersed by water
droplets or in a water film. This may limit fertilisation distance to only a few centi-
metres in Sphagnum (McQueen 1985), although it has been proposed that running
water might enhance fertilisation distances considerably (Cronberg 1993). Formation
of sex organs is initiated in late summer (male antheridia) or early autumn (female
archegonia) at northern latitudes (Pujos 1992, see review in Cronberg 1993). Fertili-
sation occurs in spring, with development and maturation of sporophytes following in
late spring and early summer. Monoicous species tend to produce sporophytes fre-
quently, while dioicous species often do so occasionally or rarely (Cronberg 1993).
This difference may at least partly be due to the fact that monoicous species are able to
self-fertilise (Cronberg 1993), while dioicous species might suffer from unequal sex-
distributions or the absence of one sex (Pujos 1994).

The existence of sporophyte bearing patches of dioicous species always means
that at least two individuals of opposite sex are present close to each other. Thus it can
be used to indicate clone size and/or sex distribution.

Sporophyte production and its variation among years
The quantity of diaspore production has been suggested to influence population dyna-
mics and distribution patterns in bryophytes (e.g. Söderström and Herben 1997), and is
a key parameter in patch occupancy models (Herben et al. 1991). No figures have been
published on the spore content in the spore capsules (= sporophytes) in Sphagnum so
far.

Virtually all Sphagnum species produce sporophytes in boreal regions, while
many species are reported to lack sporophytes on the British Isles (Hill 1978, Daniels
& Eddy 1990, reviewed by Cronberg 1993).

Maass and Harvey (1973) reported that the majority of Sphagnum species in
Nova Scotia produced sporophytes in four out of five years. They suggested that the
lack of sporophytes in one year was an effect of a long dry period in March to May
that inhibited fertilisation. Brock and Bregman (1989) proposed that spore production
of S. fallax in one year was triggered by a drop in the water table the same summer. In
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contrast, Cronberg (1993) argued that it was more likely that the same summer drought
was instead responsible for the lack of sporophytes the following year, due to the dis-
turbed formation of sex organs in late summer. Timing of the different stages of repro-
duction shows a clearly defined seasonality in many perennial bryophyte species,
while it is more variable in colonists (Longton 1997).

Spore dispersal and the role of spore size
Spores in Sphagnum are dispersed during summer at northern latitudes, by means of a
unique explosive mechanism of spore liberation that discharges a majority of the
spores into the air, activated under warm, dry conditions (reviewed by Cronberg
1993). After liberation spores are passively wind-dispersed, with usually a minute
chance for an individual spore to land in a spot suitable for germination and establish-
ment. Spore size has been shown to affect spore dispersal distance negatively in bryo-
phytes (Miles & Longton 1992, Söderström & Herben 1997), with a large proportion
of the spores being deposited close to the parent plant (McQueen 1985, Miles & Long-
ton 1992, Söderström & Herben 1997). Spore size has further been suggested to affect
juvenile growth rate positively (Hedderson & Longton 1996) and spore longevity in
the soil (Cronberg 1993, During 1997).

Spore longevity and the formation of a spore bank in the soil
Evolutionary models suggest that seed banks function as 1) risk spreading in spatially
and temporally heterogeneous environments, 2) escape of crowding, and 3) escape of
sibling competition (partly confirmed by empirical data; see reviews in During 1997,
Baskin & Baskin 1998). A seed bank might function as a ‘genetic memory’ of con-
ditions past, thus increasing genetic diversity in a given population, and can promote
species co-existence in combination with disturbance (Baskin & Baskin 1998). Seed
bank models further suggest that seed banks are most important for short-lived species
in spatially rare patches with high temporal variation in patch quality and low fre-
quency of favourable years (Baskin & Baskin 1998).

During (1997) concluded that the predictions of the seed bank models are also
largely applicable to bryophytes, and that the generally low proportion of perennial
bryophytes in the investigated diaspore banks is in clear accordance with the predic-
tions of the models. Some characters, though, differ markedly between phanerogams
and bryophytes: the bryophyte spores are generally much smaller and contain only
little storage material, with the consequence that they rarely meet conditions suitable
for successful establishment (Miles & Longton 1990, During 1997). In bryophytes and
other cryptogams, spore viability in the soil could also be linked to resilience against
drought, extreme cold and UV-radiation, experienced during long-range dispersal (van
Zanten 1978, van Zanten & Gradstein 1988).

Sphagnum spores share the characteristics of other presumably long-lived moss
spores in their reduced photosynthetic apparatus, which lowers metabolic rates, and
their storage of lipids, which have a higher energy content than starch (Mogensen
1983, Clymo & Duckett 1986, Duckett & Renzaglia 1993, During 1997). Diaspores
from Sphagnum spp. have been shown to produce protonemata and new shoots fre-
quently in peat from mires (Clymo & Duckett 1986, Duckett & Clymo 1988, Poschlod
1995) and in soils from coniferous forests (Jonsson 1993, Rydgren & Hestmark 1997).
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Clymo & Duckett (1986) showed that protonemal shoots, presumably from spores,
arose from slices of peat cores 20 to 30 years old. They suggested that a Sphagnum
spore bank with a half-life of 5 to 10 years would not be improbable, but on the other
hand they could not eliminate the possibility that the spores had been washed down
from younger layers in the peat (cf. Clymo & Mackay 1987). Poschlod (1995) also
found protonemal shoots arising from peat cores, even from species not present in the
actual vegetation. He suggested that diaspores of Sphagnum need to be hydrated to
remain viable.

Objectives

The objectives of this study were:

(1) To compare Sphagnum species occurrence, species richness, abundance and niche
relations on a virgin bog and in mires being heavily disturbed (by peat extraction),
in order to detect patterns and requirements of establishment and dispersal.

(2) To quantify spore number in sporophytes of sphagna and to find out if spore num-
ber is generally dependent on spore and/or sporophyte size.

(3) To quantify Sphagnum sporophyte production at two contrasting sites (one virgin
bog and one bog heavily disturbed 50 years ago) and to examine factors affecting
variation in sporophyte production between years, mires and species.

(4) To document interspecific variation in timing of spore dispersal in Sphagnum.
(5) To determine experimentally whether Sphagnum can form a persistent spore bank

under natural conditions, to identify factors affecting spore viability and to estimate
spore longevity.

(6) To test experimentally whether the Sphagnum spore can establish on peat and in
the presence of other natural substrates, and to determine the limiting factors for
establishment. One further aim was to test whether variation in spore establishment
on different kinds of peat and mire water can explain why some species are found
mainly in acid mires (bogs and poor fens) while others are found mainly in more
calcium-rich mires with a higher pH (rich fens).

Nomenclature follows Söderström & Hedenäs (1998) for bryophytes.

Material and methods

Studied species
Five Sphagnum species were studied more intensively and were included in all studies:
S. fuscum, S. balticum, S. tenellum and S. cuspidatum (Table 1). These are the most
common species on eastern Swedish bogs and represent the microtopographic gradient
from wet hollows (S. cuspidatum) to high hummocks (S. fuscum; Rydin 1986). A par-
ticular interest was paid to S. lindbergii because it often colonises heavily disturbed
mires, such as peat pits abandoned after small-scale peat mining (Sjörs 1949), while
being otherwise rare in undisturbed mires in the province of Uppland. In the spore
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Table 1. The 30 Sphagnum species for which data are presented in the papers of this
thesis. The table shows the sections (= sub-genera; from Flatberg 1994) the species be-
long to, their main habitats (adapted from Anonymous 1995 and Rydin et al. 1999),
their breeding systems (according to Table 1 in Cronberg 1993), and the papers they
appear in. The habitats are bog (b), poor fen (pf), rich fen (rf), fen in general (f) and
wooded wetland (w). The breeding systems are dioicous (D = unisexual) and monoicous
or polyoicous (M = bisexual).

Section (sub-genus) Species Habitat Breeding
system

Paper

Sphagnum S. centrale rf, w D V
S. magellanicum b-pf, w D I, III, V
S. papillosum pf D I, V

Acutifolia S. capillifolium pf, w M I
S. fimbriatum f, w M I, V
S. fuscum b-f D I, II, III, IV, V
S. girgensohnii pf, w D I
S. molle pf M I
S. rubellum b-pf D I, II, III
S. russowii f, w D I, III
S. subfulvum rf M I
S. subnitens rf M I, V
S. warnstorfii rf D V

Squarrosa S. squarrosum f, w M I, II, V
S. teres rf D I

Insulosa S. aongstroemii pf D I
Subsecunda S. contortum rf D V

S. subsecundum f D II
Cuspidata S. angustifolium b-f, w D I, III, V

S. balticum b-pf D I, II, III, IV, V
S. cuspidatum b-pf D I, II, III, IV, V
S. fallax pf D I, V
S. flexuosum f, w D I
S. isoviitae pf D I
S. lindbergii b-pf M I, II, III, IV, V
S. majus b-pf D I
S. pulchrum pf D I
S. riparium pf, w D I, V

Mollusca S. tenellum b-pf M I, II, III, IV, V
Rigida S. compactum pf M I, V

establishment experiments (V), 12 more species were included, representing various
habitats (from bogs via rich fens to forests), sections (sub-genera) and breeding sys-
tems (Table 1). In total, data on 30 Sphagnum species are presented in the papers
(Table 1).

Field study and experimental sites
The field study sites are situated in the province of Uppland (60° N, 17° E), eastern
central Sweden. The main study areas were the bog expanse of the Ryggmossen mire
and the ombrotrophic peat pits of the Stormossen mire, 25 and 45 km NW of Uppsala,
respectively (I and III). In the regional study (I), we additionally sampled old peat
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cutting sites, abandoned ca 50 years ago, in ten other mires situated within a 30 km
radius in the central and western parts of the province of Uppland. The sites are de-
scribed in more detail in paper I.

 The experiment on spore longevity in the field (IV) was performed at the bog
expanse of the Ryggmossen mire.

The spore establishment experiment in the field (V) was performed in a bog
pool at the Kulflyten mire, province of Västmanland, 100 km W of Uppsala (see Rydin
1986 for a more detailed description of the mire). This mire is one of the nearest to
Uppsala that contain bog pools, becoming more common in more humid areas further
to the west and north (Sjörs 1983).

Collection of sporophytes, used in various experiments and tests (II, IV, V),
was concentrated to the Ryggmossen mire and the peat pits of the Stormossen mire,
with additional collections at several other sites around Uppsala (II and V).

Comparison of flora and vegetation in a virgin mire and in abandoned peat pits (I)
Sampling was performed in 80 and 60 randomly assigned 1 x 1 m quadrates (macro-
plots) at the bog expanse of a virgin mire (Ryggmossen; sampled in 1995) and in the
ombrotrophic peat pits at a mire extracted for peat (Stormossen; sampled in 1996),
respectively. Two 20 x 20 cm quadrates (mesoplots) were nested at opposite corners of
each macroplot, and five 4 x 4 cm quadrates (microplots) were placed in each meso-
plot, one at each corner and one in the centre. In each plot the percent cover of each
species of vascular plants and mosses was recorded, along with the cover of bare peat,
liverworts and lichens. For each species the position above the water table was recor-
ded and transferred to correspond to the mean position above the water table recorded
in 1981-1984 (Rydin 1986).

In the regional study of abandoned peat pits, sampling was performed in 1996-
1997 by spending at least one hour of intense search for species at each site, covering a
fair portion of the area. The presence and estimated cover was noted for each Sphag-
num species. The mire type (bog or fen) was determined by the pH of the mire water
and the presence of dominant vascular plants and bryophytes in the vegetation (Rydin
et al. 1999).

Spore number in Sphagnum sporophytes (II)
Spore number in mature Sphagnum sporophytes was estimated by suspending spores
in a known volume of water and counting small subsamples in a counting chamber
under a microscope (II). Size of sporophytes was measured with the aid of a calliper,
soon after collection, while spore diameter was measured in connection with the spore
counts under a microscope at 1,000 times magnification. The results of this study were
used in later descriptive studies to quantify spore production and to control for spore
density in the germination experiments and tests.

Sporophyte production and its variation (III)
Sporophytes in all Sphagnum species were annually counted, in August-September, in
the 80 plots (1 x 1-m) on the bog expanse of Ryggmossen (during 1993-1999) and in
the 60 plots in the peat pits of Stormossen (during 1996-1999), described in paper I.
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Spore dispersal phenology (III)
The phenology of spore dispersal in seven Sphagnum species was followed at Rygg-
mossen in four 2 x 0.5-m transects in the summer of 1994 and in five transect and two
small squares in the summer of 1995. In 1994 the number of dispersed sporophytes
was counted every second day, while in 1995 counts were performed every fourth day.

Spore longevity under natural conditions (IV)
Mature sporophytes of four Sphagnum species were buried in small mesh bags in five
locations (= blocks) at different depths of peat at Ryggmossen in a factorial fashion.
The two fully replicated depths were (1) the interior of well aerated, humid S. fuscum
hummocks never or only occasionally inundated by the water table, and (2) in the
anaerobic catotelm, below hollows at a depth about 20 cm below the lowest recorded
water table level in the mire. Two additional depths were tested in one block, namely
(1) the hummock base below the merge between hummock and hollow (= acrotelm;
examined after two and three years), and (2) the top of a S. fuscum hummock, never
inundated, exposed to the sun and the open air during the first year (examined after
two years). Spore viability was quantified, at start and after 1, 2 and 3 years from sub-
samples of the buried sporophytes, by cultivating the spores in petri dishes in a growth
chamber. The results were compared with viability of spores being stored in a refrige-
rator at 4°C for up to 13 years.

Habitat requirements for establishment of Sphagnum spores (V)
The experiments tested the effect of various commonly occurring natural substrates,
such as plant litter and moose dung, on the establishment frequency of spores. Spore
establishment on natural substrates and waters was tested in a series of three succes-
sive experiments performed in petri dishes in a growth chamber, and in one field ex-
periment. All experiments were factorial, and were performed with peat as the under-
lying substrate with additional substrates added atop. The field experiment was per-
formed for 19 weeks, in open cylinders in which the peat was maintained moist by
floating in a bog pool. In addition, the effect of coverage of nutrient depleted Eriopho-
rum-litter (mainly providing shade and high air-humidity) was tested. Spores of 17
Sphagnum species, representing an array of different wetland habitats, were further
tested on different kinds of peat and mire water (from bogs, intermediate rich fens and
calcium rich fens) to find out whether the establishment responses could explain the
species’ habitat affinity. A nutrient release experiment was performed to find out
whether the availability of phosphorus or nitrogen could explain the observed patterns
of establishment.

Data analysis
The data analyses were performed by an array of statistical tests. The most used
statistical tests were ANOVAs (one-way, nested, factorial, repeated measurement
ANOVAs etc), used in I, III, IV and V; and regressions (linear, curvilinear, stepwise,
multiple and logistic regressions), used in II, III and IV. Other tests included t-tests
(III) and non-parametric tests such as Fisher’s exact test and Mann-Whitney test (I).
Prior to analysis with several of the parametric tests, the data had to be transformed to
normalise the residuals. Commonly used transformations were log10-transformation



Sexual Reproduction in Sphagnum

17

and arcsine-transformation (regarding proportions; equation 13.8 in Zar 1996 was
often preferred).

Fig. 1. Comparison of Sphagnum species richness at the bog expanse of a virgin mire (Ryggmossen),
and in abandoned peat pit sites in ombrotrophic mires (bogs) and minerotrophic mires (fens) in the
province of Uppland, east central Sweden (I). Bog species are not only found in bogs (they occur also
in fens), but are the only species being found here, while fen species are normally restricted to fens.
Error bars show SE.

Results and discussion

Comparison of flora and vegetation in a virgin mire and in abandoned peat pits (I)
The results showed that abandoned, ombrotrophic peat pit sites had a higher number of
Sphagnum species (mean 13.8; range 11-16; Fig. 1) than the virgin bog (9 species), be-
cause of colonisation of several “foreign” species. The foreign species included some
normally being found in open poor fens and wooded mires. In the peat pits, the pre-
sence of some species being rare (e.g. S. lindbergii) or previously not being found in
the province (S. aongstroemii and S. molle) indicates effective long-distance dispersal,
presumably by spores, over tens of kilometres (cf. Sjörs 1949, Clymo & Duckett 1986,
Jones 1986). The presence of foreign, typical fen sphagna in ombrotrophic peat pits,
often despite a closed cover of Sphagnum, is probably possible because competition
works slowly among Sphagnum species (Rydin 1993a, b, 1997). Established Sphag-
num was generally found in connection with tussocks of Eriophorum vaginatum or
along the edges of the peat pits. In most of the visited peat pit sites, large areas of bare
peat still persisted, indicating that open, bare peat is a hostile environment for coloni-
sation for most species (Rochefort 2000, Tuittila et al. 2000).

In the comparison between the virgin mire Ryggmossen and the peat pits at
Stormossen, the number of species per plot (1 x 1 m, 20 x 20 cm, and 4 x 4 cm) was
lower at the disturbed site, and the difference between the two mires increased at smal-
ler scales. There were fewer interspecific associations (positive or negative) at the
disturbed site. Among five Sphagnum species common to the mires, species overlap,
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niche breadth and variation in position above the water table were generally greater at
the disturbed mire. These results indicate that random processes are important in con-
nection with colonisation, and that biotic interactions between neighbouring plants
later result in a higher degree of non-randomness. Despite similarities in vegetation it
is clear that even after 50 years the harvested bogs are very different from their origi-
nal appearance.

Fig. 2. The quadratic relationship between spore number per sporophyte and the ratio of mean sporo-
phyte diameter (D) and mean spore diameter (d) for 18 Sphagnum species (R2 = 0.88; p < 0.0001; y =
-719.9 - 797.9x + 43.72x2; cf. II). af = S. angustifolium, ba = S. balticum, ce = S. centrale, cp = S.
compactum, ct = S. contortum, cu = S. cuspidatum, fa = S. fallax, fu = S. fuscum, li = S. lindbergii,
mg = S. magellanicum, pp = S. papillosum, rb = S. rubellum, ri = S. riparium, sn = S. subnitens, sq = S.
squarrosum, ss = S. subsecundum, tn = S. tenellum, wa = S. warnstorfii.

Spore number in Sphagnum sporophytes (II)
In eight investigated Sphagnum species the number of spores per sporophyte ranged
from 18 500 in S. tenellum to 240 000 in S. squarrosum. Spore counts revealed that
intraspecific spore number was positively correlated with sporophyte size (mean R2 =
0.65 in linear regressions for eight species). Similar results have been indicated for
other bryophyte species (Kreulen 1972). Our study further showed that spore diameter
increases with sporophyte size within a species, but according to curvilinear relation-
ships that level out at larger sporophyte sizes. These results were quite surprising and
have never been shown by any other study of bryophyte spores.

Among the eight species, spore number was strongly (R2 = 0.98) dependent on
the ratio between sporophyte size and spore size. Inclusion of 10 more species into the
regression model showed that this simple relationship is consistent (Fig. 2), although
with a slightly lower degree of explanation (R2 = 0.88) than in the original model (II).
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These results show that there is a strong interspecific trade-off between spore number
and spore size in Sphagnum, where spore diameter ranges from 22 µm (in S. teres and
S. wulfianum) to 45 µm (in S. fitzgeraldii; Cao & Vitt 1986).

 Fig. 3. Number of sporophytes produced per dm2 covered by different Sphagnum species a) on the
bog expanse of the Ryggmossen mire (1993-1999; years from left to right within each species), and b)
in the peat pits of the Stormossen mire (1996-1999). Error bars show SE. Absent bars indicate no
sporophyte production within the plots. The y-axis is in a logarithmic scale. fu = Sphagnum fuscum, ba
= S. balticum, tn = S. tenellum, cu = S. cuspidatum, rb = S. rubellum, ag = S. angustifolium, li = S.
lindbergii, rs = S. russowii, mg = S. magellanicum.

Sporophyte production and its variation (III)
This study showed that approximately 15 million spores per square meter of open bog
were produced annually at the two investigated mires. The nine most common species
at the two mires were found with sporophytes within the plots. There was a large inter-
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Fig. 4. Linear regressions of the log10 sporophyte density (total number of sporophytes / total area of
cover) on total precipitation (mm) of July, August, and the first half of September the preceding year,
in four Sphagnum species on the bog expanse of the Ryggmossen mire 1993-99 (III). The species,
their symbols and fits are: S. fuscum (�; – – –; R2 = 0.765; p = 0.01; y = -1.12 + 0.00934x), S. tenel-
lum (◊; – • –; R2 = 0.946; p < 0.001; y = -4.99 + 0.0292x), S. rubellum (�; • • • •; R2 = 0.842; p =
0.004; y = -3.34 + 0.0171x), and S. balticum (○; ——; R2 = 0.952; p < 0.001; y = -3.76 + 0.0180x).

annual variation in sporophyte production, most apparent at the drier, virgin mire as
compared to the wetter, abandoned peat pits (Fig. 3). Regressions showed that sporo-
phyte production was highly positively related to the amount of precipitation the pre-
ceding summer (Fig. 4). The probable reason for this is that summer droughts, with
accompanying low water table at the mires, act negatively on the production of sex
organs, being initiated at the end of summer (male antheridia) or the beginning of au-
tumn (female archegonia; Pujos 1994, see review in Cronberg 1993). Sometimes even
whole shoots are killed by summer droughts (cf. Schipperges & Rydin 1998). At the
virgin mire, S. fuscum had the most stable sporophyte production, probably because of
its superior water transport capacity which makes it less prone to become desiccated,
despite growing at the highest position above the water table (Rydin 1985). At the
disturbed mire, the hollow species instead showed the most stable sporophyte produc-
tion, probably because their occurrence here was much closer to the water table than
on the virgin mire. Water table level during the period of fertilisation in spring has
been assumed important for sporophyte production in Sphagnum in other studies
(Maass & Harvey 1973, Grabovik 1986). However, this was not apparent in my study,
although it was indicated for S. fuscum, for which precipitation during April-June was
included in the stepwise regression model as a predictor. In conclusion, sporophyte
production is more sensitive to desiccation during the formation of sex organs than to
the amount of water during the period of fertilisation in spring.

In addition to precipitation, the patch size seemed to be important for sporo-
phyte production, while position above the water table had less influence within the
species. Generally, patch size had a positive effect on the evenness of sporophyte pro-
duction, which is to be expected as a larger area of cover often means a more hetero-
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Fig. 5. The predicted probability that sporophytes were produced in a plot in at least one year, in rela-
tion to cover in seven Sphagnum species, from significant (p ≤ 0.007) logistic regressions (III). Sym-
bols represent the observed, cumulative events for three of the species, over the sampled years at the
two mires. The species are: S. tenellum (), S. fuscum (�; – – –), S. lindbergii (– • – • –), S. balti-
cum (• • • • •), S. angustifolium (– • • –), S. rubellum (�; – • • • –), and S. cuspidatum (�; — — —).

geneous array of microhabitats and less room for randomness. Strangely, relations be-
tween patch size and mean or maximum sporophyte density were positive in some and
negative in other species. The positive relationship between patch size and sporophyte
density observed in S. fuscum could be explained by the fact that water relations are
deteriorated if bordering sphagna are of species with inferior water transport capacity,
making the fewer shoots in small patches of S. fuscum more prone to become desic-
cated (Rydin 1985). In contrast, during 1995–1997, when sporophyte production was
very low at the undisturbed bog, a large proportion of the sporophyte bearing shoots of
S. balticum were found surrounded by or adjacent to S. fuscum, thus further adding
evidence for commensalism to those presented by Rydin (1985).

Logistic regressions showed that larger patches had a higher probability of pro-
ducing sporophytes at least once (Fig. 5). Patch size and sporophyte production thus
indicate clone size and the area with both sexes present among dioicous species. In the
present study, the two monoicous species S. tenellum and S. lindbergii needed an area
less than 5 dm2 for a 75% chance of producing sporophytes in a good year. The re-
sponse to area was equally steep in S. fuscum, in contrast to several of the other dioi-
cous species. The large area needed for S. cuspidatum (Fig. 5) could be the result of its
rapid horizontal growth (Clymo and Hayward 1982, Andrus 1986) from a recruitment
spot. I suggest that the area of 50% cumulative sporophyte production is an indication
of mean clone size in dioicous Sphagnum species (range: 0-8.9 dm2). This yields smal-
ler mean clone (= genet) sizes than those shown by Cronberg (1996) for S. capillifo-
lium and S. rubellum. Anyhow, one should bear in mind that a genet can show up at
various locations in a patch by intermingling with other genets (Cronberg 1996).
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Sporophyte densities (number of sporophytes per unit area of cover) differed by
more than one order of magnitude among species (cf. Fig. 3), even under circumstan-
ces when the effect of the precipitation factor should be negligible (= the highest den-
sity recorded for a species in a given plot during the years of investigation). The two
monoicous species (S. tenellum and S. lindbergii) generally had the highest sporophyte
densities, together with S. fuscum, while the other dioicous species had lower densities.
S. fuscum, though, has been found to be monoicous sometimes (in France and Québec;
Pujos 1994, J Pujos pers. comm.), in contrast to the predominant view on this species
(see Table 1 in Cronberg 1993). Sporophyte density as well as the area of cover
needed to find sporophytes in dioicous species reflect the number of colonisations,
frequency of sterile shoots (there is generally a large proportion of sterile shoots in
Sphagnum; Pujos 1994), and the ratio and mixing of male and female shoots.

The similarity in intraspecific sporophyte density, under comparable conditions,
at the two mires is an indication that initial sporeling recruitment, after disturbance or
formation of habitats, predominates in Sphagnum (cf. Eriksson 1989 for clonal vascu-
lar plants). The greater genetic heterogeneity found at sites with a recent history of
disturbance or formation, as compared to undisturbed and old sites (Daniels 1985,
Cronberg 1996), suggests that initial recruitment by spores is general in Sphagnum.
This then indicates that while the number of genets successively becomes reduced by
competition or chance when a community ages, sporophyte production will be main-
tained at a similar level because of a higher degree of intermingling of genets (and thus
of sexes in dioicous species or shoots) in the older community (I).

The figures of spore number produced per unit area of cover in Sphagnum are
comparable to data on several other long-lived species, such as Pleurozium schreberi
in central Canada and Ptilidium pulcherrimum in north-eastern Sweden (reviewed by
Söderström & Herben 1997). Spore number per unit area of cover has been recorded
as three to four orders of magnitude higher in the short-lived, fugitive species Funaria
hygrometrica and in the colonists Tortula ruralis and Grimmia pulvinata (Söderström
& Herben 1997).

Viewed as spores per unit area of its habitat (i.e. mire surface), the figures for
Sphagnum are among the highest recorded, with species means spanning from 0.2 to
13 million spores per m2 of open bog in the present study. Comparable figures were
obtained for the invasive colonist Orthodontium lineare in forests with well-estab-
lished populations (Hedenäs et al. 1989). If we assume that the mean number of spores
produced per unit mire area at the two investigated mires are about 50% higher than
the mean of all other mires in Sweden (covering about 4.9 million hectares, i.e. 11% of
the area of Sweden; Rydin et al. 1999), the estimated nation-wide production would be
in the order of 1018 spores per year. These calculations are made to illustrate the
dispersal potential in Sphagnum, and might help to explain their success in colonising
wetlands all over the northern boreal and temperate regions, and the high similarity in
species composition between Europe and North America. Dispersal patterns of spores
are highly leptocurtic, with a large proportion of the spores being deposited close to
the parent colony (McQueen 1985, Miles and Longton 1992). However, the higher the
number of spores produced, the higher the number of spores will be transported far
away. Spore number, together with spore dispersal patterns, spore survival during
long-distance aerial transport (van Zanten & Gradstein 1988), spore longevity (ability
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to form a spore bank; IV), and establishment probability (I) are all factors important to
consider for an understanding of sexual reproduction and distribution patterns. Estab-
lishment probability in bryophytes has been documented in only a few studies so far
(Miles & Longton 1990, Kimmerer 1991).

More extensively, I have estimated Sphagnum sporophyte production also in
other species and habitats in the same region. In contrast to other studies (see Table 1
in Cronberg 1993), a majority of the species produces sporophytes in good years (the
year after a wet summer), as long as the species are relatively abundant at a site.
Twenty-six of the 28 species that I have encountered in greater abundance produced
sporophytes sparsely to abundantly, at densities comparable to the species described in
paper III (including the dioicous species S. contortum, S. magellanicum, S. platyphyl-
lum, S. riparium, S. teres and S. warnstorfii, for which sporophytes have been reported
as unknown or rare in other areas of western and northern Europe). The exceptions are
S. girgensohnii (one of the more common species in the region) and S. obtusum. In
these I have never found sporophytes despite rather intense search.

My study shows that successful sexual reproduction in Sphagnum is predicted
by the weather conditions the preceding summer. However, the conditions during the
present summer also matters. A dry summer following a wet summer means that a
large proportion of the numerous sporophytes will dry out before successful matu-
ration and dispersal. All species suffered from summer drought at the pristine mire,
although this was least pronounced in S. fuscum. At the disturbed site, S. fuscum was
instead the species suffering most from sporophytes being dried-out. This was appa-
rently because the position of S. fuscum was at the same level above the water table as
on the pristine mire, whereas the other species were all found closer to the water table
than at the pristine mire. I also showed for S. fuscum that the plots that suffered most
from a high proportion of dried-out sporophytes produced relatively fewer sporophytes
the following summer, which further supports the idea that a low water table may re-
sult in disturbed development of sex organs or shoots.

On the other hand, a very wet summer means that some sporophytes become
inundated and never manage to disperse their spores into the air (but perhaps in water),
thus mainly becoming incorporated into the local spore bank. The high incidence of
both prematurely dried sporophytes in some years and undispersed, wet sporophytes in
other years was most pronounced in S. tenellum and S. balticum – the two species
generally occurring at intermediate levels relative to the water table (lawns). They both
lack the well developed capillary water transport found in hummock species (Rydin
1986), and the pronounced capacity to float and follow the movement of the water
table found in carpet species like S. cuspidatum and S. lindbergii (Andrus 1986).

Spore dispersal phenology (III)
Species differed distinctly in their timing of spore release, with spore dispersal starting
in the first days of July in the earliest species and terminating at the end of August in
the latest species. Spore dispersal generally proceeds during one month in all species.
The phenological sequence and the mean date (within brackets) of the two years was:
S. tenellum (July 13), S. balticum (July 14), S. cuspidatum (July 19), S. subnitens (July
26), S. fuscum (August 4), S. magellanicum (August 4), and S. rubellum (August 5).
Thus the two lawn species were the earliest and the tall hummock formers the latest. S.
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subnitens grows in lawns or low hummocks, nearer to the water table than the closely
related S. fuscum and S. rubellum. S. tenellum has been noted by several authors (e.g.
Daniels and Eddy 1990) to be the first to disperse its spores. The temporal sequence, in
relation to position above the water table, seems to be lawn – carpet – low hummock –
tall hummock, i.e. not strictly following the topography. I have found such a sequence
to be rather consistent also among many other species not covered in this study. The
sequence follows to a large extent the sequence of dates of meiosis provided by Sorsa
(1956, cited in Cronberg 1993), but several of the species with large sporophytes (e.g.
S. lindbergii, S. riparium and S. magellanicum) are later than in the sequence presen-
ted by Sorsa. Generally, the trend that section Cuspidata species are early, while sec-
tion Acutifolia species are late is consistent (cf. Cronberg 1993). Furthermore, sporo-
phytes growing under shaded conditions are generally considerably later than con-
specifics in more open habitats. Both 1994 and 1995 were dry summers, which meant
that spore dispersal was one to two weeks earlier compared to more humid summers
(e.g. 1998). In all species this meant that spores were often dispersed before the
pseudopodia had elongated.

The timing of spore release seems to be an adaptation to avoid that sporophytes
prematurely dry out or become inundated. Summer drought is a common phenomenon
over large parts of the world where Sphagnum proliferates (Maass and Harvey 1973,
Andrus 1986, Brock and Bregman 1989, Kuhry 1994).

It could be speculated that the late spore-dispersing species are more well adap-
ted, by spreading their spores closer to the autumn which I believe is the prime season
for establishment of spores (when humid conditions prevail, nutrient-rich substrates
become available and competition from vascular plants decreases; V). A trade-off is
indicated in the early dispersing S. tenellum and S. balticum which have the higher
spore longevity in a field-longevity experiment, compared to S. lindbergii and S.
fuscum (IV).

Spore longevity under natural conditions (IV)
The results from this experiment show that Sphagnum spores have the capacity to form
a persistent spore bank (defined as longevity >1 year; cf. Thompson & Grime 1978).
Spore viability generally declined with time (from 89% viable spores at the start,
pooled for the four species), but viable spores were still found at all examined depths
after three years (Fig. 6). These results support the view that protonemata and shoots
from Sphagnum that appeared in peat from mires (Clymo & Duckett 1986, Duckett &
Clymo 1988, Poschlod 1995) and in soils from coniferous forests (Jonsson 1993,
Rydgren & Hestmark 1997) originated from spores. The light coloured spores of S.
balticum and S. tenellum retained their viability better than the darker spores of S. fus-
cum and S. lindbergii (Fig. 6). The light coloured spores of the two former species,
coupled to their strong tendency to float (I), might indicate that they are more packed
with lipids (cf. Duckett & Ligrone 1992) than spores of the other two species, and that
this has a positive effect on spore longevity.

Survival was generally highest under wet but aerobic conditions (= hummock
base; 60% viable spores after 3 years pooled for the four species; IV), but was high
also under humid (= hummock interior; 43% after 3 years; Fig. 6) or periodically
desiccated conditions (= hummock top; only tested after 2 years and then similar to the
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Fig. 6. Spore viability in the field experiment, for each of four Sphagnum species separately, after sto-
rage for up to three years at two depths of the Ryggmossen mire (IV). The two depths are hummock
interior (filled symbols) and the anaerobic catotelm (open symbols). The graphs show the mean values
pooled among the blocks, with vertical bars representing the least significant difference (at p = 0.05)
from the retransformed, tested variables.

hummock interior; IV). In contrast, most spores stored under wet, anaerobic condi-
tions, in the catotelm, died within two to three years (highest mean viability in S. bal-
ticum and S. tenellum; 2.9% and 1.3%, respectively; Fig. 6).

Small sporophytes (which have small spores) of S. balticum and S. tenellum
generally showed higher spore viability than medium-sized and large sporophytes of
the same species. Somewhat speculatively, this suggests a bet-hedging in Sphagnum:
when spores are being formed they could either be determined as small spores (in
small sporophytes) for long distance dispersal with small chance of hitting a suitable
spot for establishment (and thus longevity might be selected for). Alternatively, they
could be formed as larger spores with a smaller dispersal potential, devoted to faster
initial growth during germination (cf. Silvertown 1989, Miles & Longton 1992, I).
There seemed to be no correlation between longevity and spore size among the investi-
gated Sphagnum species. Several authors have suggested that larger spores should
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Table 2.  Predicted mean half-life, and mean and maximum
longevity of spores among 4 investigated Sphagnum species,
according to linear regressions fitted to the data on log10 spore
viability (IV). Longevity is defined as the age when 99% of the
originally viable spores are predicted to be dead. ‘4 spp.’ are
based on means across four tested Sphagnum species. Maximum
longevity values (in brackets) are based on regressions on the
sporophyte with the highest viability percentage for each year.
Bold numbers are regressions with R2 ≥ 50%. Significant
regressions are denoted: * 0.01 < p ≤ 0.05. interior = hummock
interior; base = hummock base; refr. = refrigerator.

Species Depth Half-life (years) Longevity (years)
S. balticum interior 5.2 34 (2,273)

base 1.6 10 (18)
catotelm 0.7 4.4 (27)

S. fuscum interior 1.4 9.6 (278)
base 3.4* 23* (63)
catotelm 0.3* 1.7* (2.8*)

S. lindbergii interior 1.1 7.1 (29)
base 14.3 95 (535)
catotelm 0.2* 1.1* (1.5*)

S. tenellum interior 5.8 39 (296)
base 21.2 141 (1,064)
catotelm 0.5 3.2 (10)

4 spp. interior 2.6 17
base 5.0 33
refr. 6.1* 41*

have a higher longevity, at least when compared between species (e.g. Cronberg 1993,
During 1997). The studied species do not cover the full size range of the genus, so far-
reaching conclusions cannot be drawn. Also, Sphagnum as a group has relatively large
spores (diameter 20-50 µm) compared to other perennial bryophytes (diameter 7-20
µm; Cao & Vitt 1986, I, cf. During 1992).

There was an indication of weather controlled, conditional dormancy in the
spores, as germination frequency was higher after three years than after two years in
the hummock-stored spores (Fig. 6). Dormancy may have been released, or not in-
duced, to a higher degree in the third year by the very wet and cool conditions during
the summer of 1998 (the summers of 1996 and 1997, preceding recollection of the
sporophytes, were warmer and dry). Seed dormancy is generally broken by drought,
and sometimes induced if cold temperatures are followed by drought (Murdoch & Ellis
1992, Baskin & Baskin 1998). Innate dormancy of bryophyte spores has been reported
in several instances (During 1979, van Zanten & Gradstein 1988), but seems to be an
exception rather than a rule (Mogensen 1981), and its distribution and ecological role
is poorly understood (cf. During 1979).

Linear regressions on the experimental data and the results from the refrigerator
stored spores indicate that Sphagnum can form a long-term persistent spore bank under
suitable conditions, with a half-life of between 1 and 20 years (mean across species:
2.6 and 5.0 years at two depths studied), and with potential values for individual
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sporophytes of several decades or, even, centuries (Table 2). Sphagnum spores kept
refrigerated showed 15 to 35% viable spores after 13 years.

The results from this study contradict conclusions of empirical studies and
models on spore and seed banks of long-lived species (see Introduction; During 1997;
Baskin & Baskin 1998). Sphagnum also contrasts the general lack of a persistent seed
bank among dominant species in forests and undisturbed wetlands (Thompson 1992).
This might be explained by the great dispersal potential in moss spores, analogous to
the conclusions by Murray (1988): “Without dispersal, longevity in seeds has little
effect on reproductive output or fitness”. The results may be seen as a parallel to the
observation of Grime & Hillier (1992), that many of the most effectively dispersed
plant species in the British flora have long-lived seeds. The capacity to form a per-
sistent spore bank that can be activated whenever favourable conditions occur might
help to explain the wide geographical distribution of many Sphagnum species in the
boreal and temperate zones, where they have managed to colonise almost every suit-
able patch of acidic, nutrient-poor wetland.

Fig. 7. The mean number of established Sphagnum spores recorded on peat, in the presence of diffe-
rent substrates in petri dishes in Growth chamber experiment 1 (V), where error bars represent SE
across the three tested species (S. fuscum, S. lindbergii and S. tenellum). Betula = Betula pubescens
litter, Picea = Picea abies litter, Rubus = Rubus chamaemorus litter, Alnus = Alnus glutinosa litter,
Phragmites = Phragmites australis litter.

Habitat requirements for establishment of Sphagnum spores (V)
There were great differences between substrates in the effect on establishment from
spores (Fig. 7). Added moose dung or litter of Betula pubescens had the strongest
positive effect, while only peat or added litter from Alnus glutinosa had a poor effect
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 Fig. 8. Concentration of nitrogen (in NH4
+ + NO3

- + NO2
-; white bars) and phosphorus (in PO4

3-;
black bars) recorded in mire waters with peat and different added substrates after three months in petri
dishes in a growth chamber (V). For comparison, the concentration is shown for a standard nutrient
solution (= SNS; Rudolph et al. 1988) in which large numbers of thalloid protonemata and gameto-
phytes are usually produced from Sphagnum spores. SNS/8 is a diluted (eight times) solution in which
occasional gametophyte formation from Sphagnum spores has been observed (S Sundberg, unpub-
lished data). No detectable levels of phosphate were found in treatments with only peat. Betula = Betu-
la pubescens litter, Carex = Carex lasiocarpa litter, Alnus = Alnus glutinosa litter, Pinus = Pinus syl-
vestris litter, Eriophorum = last year’s Eriophorum vaginatum litter.

on establishment (Fig. 7). This study agrees with the notion that phosphorus is the
limiting nutrient for establishment of Sphagnum spores (Boatman & Lark 1971, Rydin
1986, McQueen 1987), but further shows that satisfactory levels of phosphate can
easily be reached in the presence of common, decaying plant litter or animal faeces
(Fig. 8). The results indicate that local PO4-P-concentrations of 0.1-1 mg/l seem to be
the threshold for successful establishment from spores (Fig. 8). However, a small
number of establishments were recorded also on bare peat in two of the experiments.

Species differed slightly in response to added substrates, but these differences
could not be attributed to habitat preference or breeding system, while there was a
weak negative relationship between mean spore size and establishment success, when
spore size was included in the ANOVAs as a covariate. Different mire waters had no
apparent effect on spore establishment among species from different habitats. This
indicates that the ability to germinate in more calcareous water types than the one opti-
mal for vegetative growth is a prerequisite for establishment in species of poor fens
and bogs, that drives succession from rich fen to more acid mires (Weber 1902, Kuhry
et al. 1993). This, however, does not explain why sphagna of rich fens were not found
in ombrotrophic peat pits in I.
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In the field experiment about 1% of the sown, viable spores established in the
presence of moose dung or Betula litter. In the growth chamber experiments establish-
ment rates were higher (up to 42%). Coverage by Eriophorum litter in the field experi-
ment had no effect, while the interaction between Eriophorum coverage and substrate
type had a significant effect on the proportion of established spores. The effect was a
higher establishment rate with covered moose dung than with covered Betula-litter,
while the treatments lacking coverage did not differ. There was an indication that
protonemata and plants of other bryophytes, with unshaded moose dung present, had a
negative effect on the establishment from Sphagnum spores in the field experiment.
Spores managed to establish at light intensities (PAR) as low as 1% of daylight. This
suggests that Sphagnum is best adapted to establish in shaded conditions with inter-
mediately nutrient-rich plant litter as the nutrient source. The low light requirement for
germination and juvenile growth is a characteristic shared with other late-successional
plants (Silvertown 1987).

From the results we propose that nutrient release from litter and shade provided
by vascular plants are important safe site-attributes for the establishment of Sphagnum
from spores, especially when occurring on wet, acidic and relatively nutrient-poor soil
and peat.

The occurrence of Sphagnum lindbergii in southern Sweden
The results of my studies, which all included Sphagnum lindbergii, do not provide a
simple explanation for its frequent occurrence in disturbed sites, e.g. abandoned peat
pits (Sjörs 1949, Lönnell et al. 1998, I). Its spores do not perform better than any other
Sphagnum species in establishment experiments (V), its spores have a shorter long-
evity than at least two other Sphagnum species (IV), it has rather large spores (dia-
meter 32 µm; II) which have a lower dispersal potential than smaller Sphagnum
spores, but it is among the top species concerning spore production in the studied areas
(II, III). Gunnarsson (2000) found that S. lindbergii expanded at the cost of S. balti-
cum in plots where nitrogen was added, indicating that S. lindbergii reacts positively to
this factor. I have found (unpublished data) that water in bare peat in peat pits contains
higher levels of NH4-N (382 ± 27 (SE) µg/l; n = 3) than water in closed Sphagnum
carpets in mires (38 ± 6 µg/l; n = 7). So, the explanation for the success of S. lindbergii
in colonising and expanding in disturbed habitats might be its high spore production
and capacity to utilise increased levels of mineralised nitrogen.

The ecological role of size in spores
It has been shown that spore size affects dispersal distance negatively (Miles & Long-
ton 1992, Söderström & Herben 1997). A spore diameter of 25 µm has been put for-
ward as a limit for effective long-distance dispersal (van Zanten & Gradstein 1988).
Thus the Sphagnum spores would be too large for effective dispersal, with mean spore
diameters of 22 to 45 µm (Cao & Vitt 1986, II). Anyhow, in contrast to other mosses
Sphagnum possesses an active, explosive spore release mechanism which shoots a
majority of the spores several cm up into the air, out of the laminar layer of still air,
and probably acts as a compensation for their large spores (reviewed by Cronberg
1993). Furthermore, Sphagnum spores are not spherical, in contrast to most other moss
spores, but are rather tetrahedral with a height of about half the diameter (S. Sundberg,
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personal observation). This makes the ratio between the vertically projected area and
the volume (affecting the sinking speed) of Sphagnum spores much larger and com-
parable to considerably smaller spherical spores. If one considers the Sphagnum spore
as a straight, circular cone with a height equal to the diameter, it would have the same
volume as a spherical spore with 63% of the diameter (e.g. a Sphagnum spore with a
diameter of 28 µm would have the same volume as a spherical spore with a diameter
of 17.6 µm). What matters in terms of dispersability should be the ratio between the
vertically projected area and the volume (= mass; affecting sinking speed), which in a
Sphagnum spore with a diameter of 28 µm would be the same as in a spherical spore
with a diameter of 7 µm. This probably affects spore dispersal distance positively in
Sphagnum, in comparison to spherical moss spores with the same diameter.

Agenda for further research

Reproduction in bryophytes is still a wide-open topic with many unanswered
questions. Below I have listed a number of questions relating mainly to Sphagnum:

Are species that rarely produce spores rare colonisers after disturbance or after
formation of suitable habitats, and is it possible to trace colonisation rates to the
amount of spores produced? Attempts to answer these questions are underway in our
studies of colonisation of islands formed by land uplift in the Baltic Sea, and could
also be done by more detailed studies in peat pits or in ditches along forest roads.

There is a need for more thorough comparisons of sporophyte densities between
regions, coupled to field investigations of sex ratios and environmental relationships,
to explain the apparent differences between for instance Scandinavia and Great Bri-
tain. Why are so many shoots sterile in most perennial bryophytes, and what triggers
the onset of fertility? Are the same shoots fertile in different years or do they shift?
According to my observations, shoots with many sporophytes often have a suppressed
growth in relation to surrounding, non-sporulating shoots. What is the cost of repro-
duction in Sphagnum?

What determines spore and sporophyte size within a species? Do the size dif-
ferences within a sporophyte also affect characters such as spore longevity (as shown
in this study for small sporophytes; IV). A study in which different characters of the
mother plants or shoots (position, size, etc.) are measured specifically, coupled to the
characters and performance of sporophytes and spores (size, longevity, germination
rate etc.) might reveal important details on determinants and trade-offs in sexual repro-
duction.

Why do we not find rich fen sphagna in ombrotrophic peat pits (I), even though
they were often found to establish from spores on peat with bog water? Do species
with different habitat affinity respond differently to various mire waters in nature?
More field experiments should be put forward to solve these questions.

It has been suggested that bryophytes may produce allelopathic substances that
inhibit spore germination (Newton & Mischler 1994). Are there really any such sub-
stances present in Sphagnum or are the observed patterns (such as absence of germi-
nation in top layers of peat in Clymo & Duckett 1986) simply caused by the adults ab-
sorbing the nutrients necessary for spore germination?
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Comparisons of spore dispersal distances in Sphagnum and other, more small-
spored bryophytes should be made experimentally.

The establishment experiments (V) suggest alternative approaches to restoration
of destroyed mire vegetation, in contrast to the predominant practice of relying on
vegetative propagation solely (Campeau & Rochefort 1996, Ferland & Rochefort
1997, Buttler et al. 1998, Sliva & Pfadenhauer 1999, Rochefort 2000). If only the peat
surface is wet enough, application of for example hay might speed up and provide the
necessary nutrients and shade for spontaneous recolonisation by spores, provided
sporulating sphagna are present not too far from the site being restored (cf. III).

Conclusions

In this thesis, I have shown that spores are regularly produced in high numbers and
that these spores might be dispersed over long distances. Furthermore, the spores are
able to persist in the soil or peat for many years, awaiting suitable conditions for ger-
mination. The results from the establishment experiments showed that the necessary
conditions for establishment from spores probably do occur frequently in nature. I
have shown and pointed out a number of features of the production and behaviour of
the spores that indicate a strong natural selection for the maintenance of reproduction
from spores. Nevertheless, this study has identified a number of factors acting against
successful sexual reproduction, including summer droughts and competition among
protonemata and juvenile shoots. Altogether, however, one has to consider that only a
minute proportion of the spores being produced ever manages to land in a suitable spot
for establishment and complete another round of the life cycle.

Much of the discussion on the ecological role of the spore in Sphagnum and
other perennial bryophytes has concentrated on comparisons of the relative role of
spores vs. vegetative reproduction at a given site, where a species is already estab-
lished and where the locality is in a late-successional stage. The conclusions have
generally been that vegetative proliferation is the most important or, even, the sole
means of reproduction. I would argue that this discussion is based on the wrong
assumption on the role of the spore. As shown in this study (I and V), there is multiple
evidence that Sphagnum spores are responsible for colonisation after disturbance and
that colonisation is possible at moist sites, at least in the absence of a closed cover of
bryophytes and when litter of vascular plants is present. Thus I would conclude that
the Sphagnum spore is generally the prerequisite for the presence of a species at a
given site, while its role successively becomes reduced with the closure of the bryo-
phyte layer, when vegetative propagation and biotic interactions become important.
This view on the Sphagnum spore as important for initial recruitment is shared with
the view on seedling establishment in clonal plants possessing features that promote
long-distance seed dispersal (Eriksson 1989).

It seems strange to me that sexual reproduction has been so under-studied in
such a globally important group of plants as Sphagnum. The probable reason is that the
earlier negative evidence has hampered progressive research in the field. My results
show that the classical view on the virtually useless spores in perennial bryophytes
(notably sphagna) must change.
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Tack!

Mission impossible accomplished! Det är till stor del resultatet av ett lyckat samarbete
med min huvudhandledare Håkan, som både väckte mitt intresse för dessa vackra och
intressanta växter och som presenterade ett intressant dilemma. Du är en optimal, kul
och mycket mänsklig handledare som alltid haft möjliga lösningar till diverse problem.
Det har varit en kick att lämna en text till dig och få den vässad så att den blev begrip-
lig och slagkraftig. Du har sett till att måna om dina bryolog-doktorander genom att
arrangera strategiska kurser och exkursioner, samt ta med mig och Urban över Atlan-
ten. STORT TACK!

Ett stort tack också till min andre handledare, Ingvar, som har givit goda råd,
varit ett stöd och som också har fått traggla igenom mina skrivna ord. Din kommentar
till artikel V sade väl allt: “äntligen ett riktigt svar!”.

Jon har inneburit en nytändning för hela avdelningen och har på slutet stött mitt
skrivande genom att lyfta ett par av artiklarna och sammanfattningen och göra dem
mer begripliga för o-mossiga ekologer. Tack!

Henrik, Urban och Mia granskade också föreliggande sammanfattning.
Eddy är den som från början lockade in mig på ”Växtbio”. Tack för att du

skickade mig till restaureringssymposiet i Sheffield – genom detta har jag alltid kunnat
se en tillämpning i grundforskningsresultaten och fått en grund att stå på för det jag
hoppas kunna fortsätta med. Det var nog tur att jag lät bli att kryssa korttålärkan vid
Ottenby i maj –93… och en höjdare var det att höra dig i ditt esse som Edur Maruzel!

Hugos kunskaper om myrar och vitmossor (och allt annat inom ekologi och
kulturhistoria) har alltid varit en inspirationskälla och gjort att jag känt stolthet som
vitmossekolog. Det var lärorikt att vara med dig på exkursioner och i seminarier!

Jag riktar också en tacksamhetens tanke till Nils C: för att du beredde vägen
genom din Lindbergia-artikel och för att du justerade ett par av artiklarna.

Jag tackar Ulla, Ulla(-Maria), Stefan och Willy för att allt grundläggande har
flutit, för trivsel och för att samarbete, bl a som vaktmästare, har varit givande.

Peter Saetre hjälpte mig genom sin strålande förmåga att hantera ANOVor.
Staffan och Micke L har levererat andra värdefulla statistiska råd. Fia har varit be-
hjälplig med allt från sedimentationskammare till mikroskop. Tack till alla som varit
med som lärare och assistenter på naturvårdskurserna, C-ekologi- och växtekologi-
kurserna, och gjort undervisningen till någonting roligt och utvecklande. Ingrid tackas
för gott samarbete i lab:et.

Antonella, Björn, Urban, Anna H, Putte och Herman har hjälpt till med att
samla in data och gjort att en hel del slitsamt laboratorie- och fältarbete har blivit
betydligt roligare än det annars skulle ha varit. Henrik Weibull har genom sin känsla
för mossor bidragit med artbestämningar. Ted, Anita Andersson och Mats Joelsson
hjälpte mig ute på landsbygden när mina bilar inte betedde sig som de skulle. Arne
Thunander (ursäkta att jag aldrig kom och drack kaffe) och Stormossens (Östervåla)
markägare tackas för att jag fick gräva och ”förstöra ryggen” ute på era myrar.

Jag tackar alla mina rumspolare i ”grabbrummet”, Urban, Henrik, Martin W,
Antonella (!), Tesfaye och Luca för många kul stunder; vinterfågelbordsrace-gänget,
inklusive Henrik (i vinter är det nog din tur!), Urban (double champion), Håkan (träd-
kryparen…!), Gustav (sånglärka…), Karin G (fasan-rackare!) för gastkramande spän-
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ning under vinterhalvåret; lunch-gänget för dagens sociala höjdpunkt; SGU-restau-
rangen med Sirkka i spetsen för en juste buffé (där Miklagårdsgryta, Dalafilé och
strömming på Thai-vis tillhör de kulinariska topparna) och för att göra dagens sociala
höjdpunkt möjlig. Tack alla andra arbetskamrater för att ni har bidragit till att den här
resan har varit värd att göra.

Fritiden har varit en förutsättning för att göra arbetet roligt. Här vill jag tacka
Ulrik, Björn, Christer (du skulle varit här nu), Peter, Lotta & Sofia, Owe, Håkan A,
Jocke & Elisabeth, Henrik B, Urban, Martin D, Lasse, Lennart, Martin A, Peter
Sieurin m fl för härliga stunder i fält bland fåglar och växter; Mattias och Michael för
gammal, god vänskap; Margot för bilder och vägledning; Jan Smedh och Uppsala
English Bookshop för ovetenskaplig litteratur; här riktas en tacksamhetens tanke mot
Neal Stephenson, Michael Marshall Smith, Jeff Noon, Bruce Sterling och Spider
Robinson för litterära upplevelser i form av nyskapande SF och cyberpunk; Lottie,
Anita och Lisbeth för kulinariska utfärder och fredagsdåsighet med matlaget. Tack till
”tjocka släkten” för att ni finns; Solvejg, Ted, Maggan, Andreas, Carro & Fredrik, Ira
& Marcus, Putte, Herman, Fanny & Birgitta, Bengt & Fia, Åsa, Owe & Britta, Cathrin,
Tomme, Måns & Hampus; samt Trond och Ragnhild.

Tack till Björn-Gunnar och Tommy på Upplandsstiftelsen för gott samarbete
och bra naturvård.

Tack också till Matti Anniko och alla andra läkare, sköterskor och syrror på
Öron-, näs och halskliniken samt avd 79F (periodvis mitt andra hem) på UAS, för god
omvårdnad.

Stort tack till Maggan Rinne & grabbarna (Gustav, Ludvig, Viktor och
Hampus) som tagit väl hand om Isak, så att jag har kunnat slutföra avhandlingen.

Allt som allt faller det jag gjort tillbaka på min bror Putte som väckte mitt stora
naturintresse för 25 år sedan, i vars sällskap som fältslav jag också förstod att långa
räckor av tidiga morgnar med fåglar inte var min grej…men att jag skulle börja forska
på något så ‘oansenligt och löjligt’ (den fd hårdskådaren talar) som vitmossor och
deras sporer, det hade jag knappast kunnat föreställa mig. Därmed ett tack också till
Ola Engelmark och skogskurserna i Umeå för en pragmatisk syn på naturen.

Slutligen vill jag framföra ett STOORT TACK till Mia för kärlek, stöd och
kamp och till Isak för att ha gett så mycket glädje, energi och bus i mitt liv!
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