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e Background and Aims Initial release height and settling speed of diaspores are biologically controlled com-
ponents which are key to modelling wind dispersal. Most Sphagnum (peat moss) species have explosive spore
liberation. In this study, how capsule and spore sizes affect the height to which spores are propelled were
measured, and how spore size and spore number of discharged particles relate to settling speed in the aspherical
Sphagnum spores.

e Methods Spore discharge and spore cloud development were filmed in a closed chamber (nine species).
Measurements were taken from snapshots at three stages of cloud development. Settling speed of spores (14
species) and clusters were timed in a glass tube.

e Key Results The maximum discharge speed measured was 3-6 m s~ '. Spores reached a maximum height of
20 cm (average: 15 cm) above the capsule. The cloud dimensions at all stages were related positively to
capsule size (R* = 0-58—0-65). Thus species with large shoots (because they have large capsules) have a disper-
sal advantage. Half of the spores were released as singles and the rest as clusters (usually two to four spores).
Single spores settled at 0-84—1-86cm s ', about 52 % slower than expected for spherical spores with the
same diameters. Settling speed displayed a positive curvilinear relationship with spore size, close to predictions
by Stokes’ law for spherical spores with 68 % of the actual diameters. Light-coloured spores settled slower than
dark spores. Settling speed of spore clusters agrees with earlier studies. Effective spore discharge and small,
slowly settling spores appear particularly important for species in forested habitats.

e Conclusions The spore discharge heights in Sphagnum are among the greatest for small, wind-dispersed pro-
pagules. The discharge heights and the slow settling of spores affect dispersal distances positively and may
help to explain the wide distribution of most boreal Sphagnum species.
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INTRODUCTION

Numerous plants and fungi exhibit violent diaspore release
mechanisms which promote dispersal (Ingold, 1965; Howe
and Smallwood, 1982). The largest ballistic release distances
are demonstrated in dicotyledons and fungi, in which relatively
large seeds or spore clusters may be thrown several metres.
Among fungi, species growing on dung exhibit the largest dis-
charge distances, with a positive relationship between spore
size and distance (Buller, 1909, 1933; Ingold, 1965). These
dung-inhabiting species do not rely on wind as a secondary
dispersal vector. Instead they attach to vegetation and
become ingested by grazing animals before completion of
their life-cycles. However, violent discharge occurs also
among a large proportion of fungi and pteridophytes that
rely on wind dispersal of spores, where discharge mainly
ensures that spores leave the sporangia, and the distances are
generally in the range of 100 wm to a few centimetres
(reviewed by Ingold, 1965). Also, violent pollen discharge
has been demonstrated in pollen catapults (Edwards et al.,
2005). In the thalloid liverwort Conocephalum, sperms are
violently discharged in small droplets, reaching a maximum
height of 15 cm (Cavers, 1903; Shimamura et al., 2008).

Peat mosses posses a unique and well-known mechanism of
violent spore discharge, mentioned first by Linnaeus (Linne,
1771, p. 506: ‘Sphagn. palustre. Anthera dissiliunt cum sono
et crepitu. Angerstein.”), in which spores are ejected from
the spore capsule with a sharp noise audible at a distance of
several metres, termed the ‘air-gun mechanism’ (Nawaschin,
1897; Ingold, 1965). Nawaschin (1897) reported that the
spores were shot to a distance of up to 10 cm, based on
traces caused by capsules dehiscing between herbarium
sheets, while Ingold (1965) reported a height of 15cm or
more (without mentioning circumstances or species). In bryo-
phytes, violent spore release is also present among liverworts
(Ingold, 1965).

Sphagnum is a good study system for dispersal because it
has a wide range of capsule and spore sizes, and the species
vary widely in their habitats (openness, microtopographic pos-
ition above the water-table, water chemistry; Rydin et al.,
1999) with varying dispersal conditions. Larger spores
(>30 pm diameter) are found in species growing predomi-
nantly in open habitats, whereas smaller spores are found in
species growing in both swamp forests and open habitats.
Large capsules are found in species with large capitula
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irrespective of habitat (Sundberg and Rydin, 1998). In a
short-distance dispersal experiment, including six Sphagnum
species, dispersal (out of the capsule and beyond the
sampled radius of 3-2 m) was positively related to capsule
size but also negatively to spore size (Sundberg, 2005).

Dispersal, notably long-distance dispersal, has recently
regained attention with the development of mechanistic wind-
dispersal models that incorporate the effects of vertical turbu-
lence (e.g. Nathan et al., 2002; Tackenberg, 2003; Soons et al.,
2004; Aylor and Boehm, 2006; Kuparinen et al., 2007).
Wind-dispersal models incorporate both mechanical traits,
such as horizontal and vertical wind components, and biologi-
cal traits, such as initial release height and settling speed of
particles (pollen, seeds, spores, asexual propagules). Lately,
modelling of airborne particle transport has become rather
close to real events, but the importance of the events at particle
release and factors affecting deposition has often been neg-
lected (Greene, 2005; Kuparinen, 2006; Skarpaas et al., 2006).

Settling speed of smooth spherical particles in the diameter
range 1—100 pm, including a majority of spores and pollen,
are predicted by Stokes’ law (Gregory, 1973). Settling
speeds of non-spherical particles are less predictable and
often have to be tested experimentally, but McCubbin (1944)
presented a simplification for predicting settling speed of
spherical and ellipsoid particles. Spores generally have den-
sities exceeding that of water, with an average of 1-1 g cm ™
(reviewed by Gregory, 1973). Settling speed of bryophyte
spores has previously been recorded only for Polytrichum
sp., with a settling speed of 0-23cm s ' and a relatively
high density of 1-53 g cm > (Zeleny and McKeehan, 1910,
cited in Gregory, 1973). Spores and pollen are often released
and deposited as clusters of various numbers of particles,
and incorporating their settling speeds in dispersal models
should be considered (Ferrandino and Aylor, 1984;
Di-Giovanni et al., 1995).

The aims of the present study were: (a) to document and
characterize spore release and the development of the spore
cloud, and to examine the average and maximum release
height of Sphagnum spores in relation to capsule and spore
size, spore colour and habitat openness; and (b) to determine
settling speeds of the aspherical Sphagnum spores in relation
to spore size, spore colour and to clusters of spores. The
study forms a basis for mechanistic modelling of dispersal.

MATERIALS AND METHODS
Characteristics of Sphagnum capsules and spores

The mature Sphagnum spore capsule is yellowish to dark
brown, ovoid to spherical in shape when moist (Sundberg
and Rydin, 1998; Sundberg, 2000). Capsules range in horizon-
tal diameter from 1-2 mm to 2-3 mm among the species exam-
ined (Table 1; range among extreme capsules in the genus:
0-70-2-95 mm), corresponding to an 8-fold difference in inter-
specific capsule volume (75-fold between extremes). The
capsule is raised on an erect, fleshy pseudopodium (made up
of gametophytic tissue, in contrast to the dry, sporophytic
seta in the majority of bryophytes) that normally is 5-
20 mm but may reach a length of 60 mm in the extreme (in
partly inundated, fast-growing S. squarrosum; personal
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observation). The capsule thus reaches 0—20 mm above the
moss surface, facing vertically, when discharge occurs.

The bottom portion of the capsule comprises an air-filled
cavity, underlying the spore sac. The capsule wall consists of
a firm epidermis, four or five cells thick, delimited by a circular
line of weakness along the operculum rim (Paton and Pearce,
1957; Ingold, 1965; Duckett et al., 2009). A mature, drying
capsule contracts longitudinally and attains a cylindrical
shape (Fig. 1). Between 100 and over 1000 thin-walled
pseudo-stomata (about 30—35 pm wide and 35-40 pm long)
are required for water loss and contraction of the capsule mid-
section — pseudo-stomata are absent around the operculum and
in the basal portion of the capsule (Paton and Pearce, 1957;
Andrews, 1961; Duckett et al., 2009). When the capsule con-
tracts, pressure accumulates within the air-filled cavity, even-
tually amounting to about 500 kPa (5 atm; Nawaschin,
1897), corresponding to the pressure in large lorry tyres.
Finally the capsule bursts at the operculum rim and the
spores are discharged (illustrated by Nawaschin, 1897,
Ingold, 1965; Schofield, 1985). Spores are dispersed during
dry, often sunny conditions from late June to September in
boreal regions, with different periods for different species
and habitats (species of open, wet habitats are early; species
of hummocks and forests are late dispersers), and with an
apparent diurnal peak around noon (Sundberg, 2002, 2005;
Fenton and Bergeron, 2006).

The Sphagnum spore is often described as tetrahedral in
shape with a distinct trilete Y-shaped mark on the proximal
face (Cao and Vitt, 1986), as opposed to the majority of bryo-
phyte spores which are spherical. However, a Sphagnum spore
viewed from above is more circular than triangular (see Cao
and Vitt, 1986), and viewed laterally is more of an ellipse
than an isosceles triangle (personal observations), altogether
resembling an oblate spheroid — these simplifications are
important when modelling settling speeds. Sphagnum spores
are generally various shades of brown. A few species in
section Cuspidata have bright yellow spores (mainly
S. balticum, S. fallax and S. tenellum; while S. lindbergii has
intermediately light-coloured spores) that tend to float and to
be more long-lived than dark spores, possibly because they
contain more lipids (Sundberg and Rydin, 1998, 2000; cf.
Duckett and Ligrone, 1992). Spore diameters range from
22 pm to 45 pm among species (Cao and Vitt, 1986). Spore
number per capsule ranges from 18500 to 240000 among
species, with a strong positive relationship between capsule
to spore-size ratio and spore number (Sundberg and Rydin,
1998; Sundberg, 2000).

Study material

Shoots with mature, undehisced spore capsules of the
Sphagnum species studied (Table 1) were collected in late
July to early September, 2007, 2008 and 2009 from peatlands
in the province of Uppland, east-central Sweden, situated in
the northern part of the boreo-nemoral vegetation zone.
Capsule-bearing shoots of S. strictum were collected near
Malung, in the south-western part of the province of Dalarna
(boreal zone), west-central Sweden. Between collection and
use in the experiments, the specimens were stored in closed
containers in a dark refrigerator at 4 °C (capsules remain
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TaBLE 1. Summary of the 14 Sphagnum species studied, their sections (subgenera), main habitats in (east-)central Sweden, average
capsule, spore diameters and inclusion in tests (number of samples)

Test (number of samples)

Species and section* Habitat" Capsule diameter® (mm) Spore diameter® (pm) Spore cloud Spores per particle Settling speed
Sect. Sphagnum

S. centrale S 2:33 27-6 5 2 2

S. papillosum P 2-19 33-8 3 2 2
Sect. Rigida

S. compactum P 1-59 31-6

S. strictum P 1-60 312 1
Sect. Subsecunda

S. contortum R 1-60 29-1 1
Sect. Cuspidata

S. cuspidatum B 1-68 369 2 2

S. fallax P 1-61 27-1 2 1

S. lindbergii B 2:04 325 4 2

S. tenellum B 1-18 35.7 2 1
Sect. Acutifolia

S. fimbriatum S 1-85 27-0 6 2 1

S. subnitens R 1-66 28-4 2 2 2

S. warnstorfii R 1-59 231 2 1
Sect. Squarrosa

S. squarrosum S 2-16 25-8 3 1

S. teres R 170 23-4 1 2

 All habitats are largely open except for the swamp forests: B, bog; P, poor fen; R, rich fen; S, swamp forest.
* From Flatberg (2002); i Rydin et al. (1999) and Sundberg et al. (2006); #* Sundberg and Rydin (1998), Sundberg (2000) and this study.

FiG. 1. A shoot of Sphagnum centrale bearing three spore capsules: mature,
spherical capsule (left), dry dehisced capsule lacking operculum (middle), and
dry, cylindrical (‘loaded’) capsule seconds before spore discharge (right).

fully explosive for about 3 weeks when stored in this way —
thereafter they tend to lose the ability; personal observation).
Species nomenclature follows Hallingbick et al. (2006), and
section affinity follows Flatberg (2002).

Spore cloud development and characterization

Spore discharge and spore cloud development were recorded
by high-definition camcorders, Sony HDR-SR1 (30 frames
s~ ") and HDR-SRI12E (25 frames s '), set at their widest
angle (corresponding to a 40-mm camera lens). To minimize
disturbing turbulence, spores were filmed in a closed wooden
chamber (depth x height x width: 1.7 x 0-8 x 0-6 m — the
excessive depth of the chamber to ensure a deep, dark back-
ground without reflections), painted black inside. The
chamber was placed in a room with an ambient temperature of
about 25 °C. Although no measurements of air humidity inside

the chamber were taken, filming was restricted to dry-weather
days (outdoor relative air humidity spanned 33-62 %).
Film sequences were shot through a 40-mm-diameter circular
hole with the camcorder mounted at a height of 13-20 cm
above the capsule top at a horizontal distance of 0-8 m from
the capsule. Capsule-bearing shoots, for which capsule diam-
eters (D) had been measured with a calliper when the capsules
were still moist and spherical, were mounted in a water-filled
test tube with the vertically erect capsule protruding above
the tube. Shoots were positioned inside the chamber, via a
side hatch, when a capsule had attained a characteristic cylind-
rical ‘soon-to-discharge’ shape after 1-10h in dry air.
Capsule discharge occurred between 1 and 30 min after posi-
tioning in the chamber. Target illumination was provided by
two spreading beams from a fibre optic light through an
acrylic glass-covered hole (60 mm diameter) in the chamber
roof. The beams did not cause any apparent turbulence
inside the chamber that affected the spore clouds.

Snapshots (JPEG images), showing the most interesting
sequences were timed in relation to the discharge event and
saved (using video-editing software Sony Vegas Movie
Studio Platinum 8.0 and 9.0b) for further measurement: (a)
spike height (Agpike), i.€. cloud height immediately after the
moment of active discharge (the second discharge frame was
used, because the first frame, at 0-03—0-04 s, occasionally
caught only a glimpse of the incipient discharge); (b) centroid
height (h.en; approximation of the height the average spore
reached above the capsule top, taken from the snapshot at
f.en When approximately as many spores were ascending as
descending within the cloud — this was established through
back-and-forth, frame-by-frame viewing); (c) peak height
(Mpeak the maximum height of the cloud summit
above the capsule top after discharge); and (d) cloud width
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(Ween; from the same snapshot as centroid height). To analyse
cloud shape, the width of each cloud was measured at ten
evenly distributed positions along the cloud at f.,. Centroid
position was estimated with Lispix public domain software
(version 2008-06-19; Bright and Milans, 2000) from highly
contrasted spore-cloud contour images. Centroid estimates
did not take variations in intra-cloud spore concentration into
account (the upper half of the cloud appeared be to slightly
denser).

A total of 28 spore-discharge sequences were obtained in
nine Sphagnum species from both open mires and swamp
forests, representing four taxonomic sections and covering
ranges in capsule and spore diameters of 1.35—-2-60 mm and
23-36-5 pm, respectively (Table 1). Capsule diameter is the
maximum horizontal diameter of an erect capsule (Sundberg
and Rydin, 1998). Recordings took place on four days
between 28 July and 2 August, 3—8 d after field collection.
Spore diameters were obtained from the settling speed exper-
iment (see below).

The size distribution of discharged particles (as single
spores or as clusters with various numbers of spores) was
examined in two capsules each for six species (covering
three sections; Table 1). Spores from each dehisced capsule
were trapped on four microscope slides (76 x 26 mm), posi-
tioned at right angles below and around the spore capsule at
the bottom of the film chamber. The slides were then examined
in a 1.28-mm-wide and 76-mm-long sweep with a microscope
at x 100 magnification. Between 909 and 4880 spores per
capsule were examined.

Measurement of settling speed

Measurement of settling speed was made by timing the rate
of spore fall inside a vertically oriented, transparent glass tube,
a ‘fall tower’ (Gregory, 1973; Ferrandino and Aylor, 1984;
Aylor, 2002), 1-5 m long with an inner diameter of 20 mm.
The spore mass from a capsule was placed in a central
depression of a thin aluminium-foil diaphragm, with a
central pinhole of about 0-25 mm, covering the top of the
glass tube. A microscope slide (26 x 76 mm) covered the
bottom of the settling tube. Measurements were made in a dar-
kened room at about 22 °C, where the settling tube was illumi-
nated from below by a beam of fibre-optic light, centred at and
almost parallel to the tube, originating 0-25 m below the tube.
The light’s power source was positioned around 0-5 m away
from the settling tube. Air stability inside the tube was con-
firmed several times with a puff from an incense stick,
between settling speed measurements (Aylor, 2002).

Spore capsules were put individually into empty 12-mL
glass vials, up to 2 weeks after collection, where they dehisced
while the vial lid was slightly ajar. After spore discharge, the
capsule and the operculum were removed and the vial lid was
closed, for storage of the spores in the vial at room temperature
until use. Spore settling speed was obtained 1-500d after
capsule dehiscence. Settling speed was timed with a digital
stopwatch along 1-0 m of the tube, starting 0-25 m from the
top and terminating 0-25 m from the bottom. Spores were trig-
gered to fall through the diaphragm pinhole by gently tapping
the sides of the tube. Often single spores and clusters contain-
ing various numbers of spores were released simultaneously.
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The number of spores in each timed particle was checked
with a dissecting microscope. Solitary single spores were
used for obtaining the average and variation in settling
speed, whereas the middle spore in small groups of single
spores were used only to obtain the average speed. At least
20 readings were obtained for each capsule, including 8—31
observations of solitary spores. Finally, spore diameters of
20 randomly selected spores were measured with a microscope
at x400 magnification.

Settling speeds were obtained from a total of 21 capsules,
one or two capsules each of 14 Sphagnum species, represent-
ing all six European taxonomic sections (Table 1).

Statistical analysis

Relationships between spore diameter (d), spore colour
(Sqark, scored as either 1 or O for dark spores) and settling
speed were tested using f-tests, linear and curvilinear
regressions. For testing the relationships between spore cloud
dimensions and time, versus capsule diameter (D) and its
square (D?), spore diameter, spore colour and habitat openness
(Sforests scored as either 1 or O for swamp forest), stepwise
regressions (a set at 0-15 for entering and removing predictors
in the models) were used. Adjusted R> was used to assess
which models to select. Tests were performed with the statisti-
cal software Minitab (version 15, 2008; Minitab Inc., State
College, PA, USA).

Spore settling speed (v,) was related to Stokes’ law and to
McCubbin’s formula for spherical and ellipsoid particles
(McCubbin, 1944):

vs = length x width/40 (1)

where speed (vg) is in millimetres per second, and spore
dimensions are in micrometres. Relative settling speed of
spore clusters was compared with the relationship derived by
Ferrandino and Aylor (1984):

vy = 0-98 x NO33 )

where vy is the relative settling speed in relation to single par-
ticles, and N is the number of particles in the cluster.

RESULTS
Spore cloud development and characterization

Spore discharge started as a rather narrow spike in the first two
frames (representing 0-04—0-08 s) of each footage, reaching
43-150 mm above the capsule (68 % of the peak height;
range 51-87 %; Fig. 2). The maximum calculated speed of
discharge was 3-6 m sfl, based on the distance travelled
within a video frame. The cloud then gradually, and much
more slowly, expanded upwards and sideways. Almost
immediately, spores or clusters at the bottom of the cloud
(which had lower initial speed and never reached far up)
started to descend while those further up were still ascending
(see video in Supplementary data, available online).

Cloud centroid height (h..,) was reached at about f.., =
0-74 s after discharge (range: 0-33—1.57s), and higher
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Fi1G. 2. Explosive spore discharge and development of the spore cloud from a Sphagnum fimbriatum capsule with a diameter of 2-15 mm containing approx.
213 000 spores (calculated from formula in Sundberg, 2000). The pictures show snapshots (25 frames s~ ') from video footage of: (A) the capsule on its shoot in a
test tube in the frame before discharge; (B) the ‘spike’ at the moment of explosive spore discharge from the first frame; (C) the spore cloud after 0-24 s — note that
the lowest part of the cloud has already started to settle while the upper parts are expanding upwards and sideways; (D) the centroid maximum at #.., = 0-72 s,
when as much of the cloud is settling as is rising, used for obtaining a proxy of /., the maximum height of the average spore (in the ‘centre’ of the cloud);
(E) peak height (Apear) at fpeac = 2-44 s, when the cloud summit reaches its maximum (168 mm above the capsule top in this case) — all spores below the summit
are now settling; (F) the cloud after 5-0 s, when all spores are descending and a large proportion has already settled while the remaining cloud is becoming
difficult to observe because of a diminishing spore concentration. The vertical white scale bar in (A) represents 50 mm. (See also the video provided in
Supplementary data, available online.)

clouds took longer to reach h.., (linear regression; 7., (s) =
0-128 4+ 0-00727 x heep, (mm); n =27, R? = 0-35; P=
0-001; Fig. 2). Centroid height (h..,) ranged from 32 to
118 mm (average: 84 mm) and was thus 56 % of the peak
height. Height of the cloud summit at 7., was 93 % (range:
82-99 %) of hpear. Cloud width (Weep) at fe, ranged from
31 to 81 mm (average: 56 mm). The 3D-shape of the
average cloud at 7., resembles a candle light bulb (Fig. 3).
The peak (hpea) was reached about 1-48 s after discharge
(range: 0-52-2.47 s), twice as long as h.,. Higher clouds
reached their maximum later. Peak height ranged from 57 to
200 mm (average: 151 mm) above the capsule (particles
such as operculae and large spore clusters were ejected up to
267 mm). At fpeax, all spores below the cloud summit were
descending (Fig. 2). Cloud width increased by 21 % during

the 0-74 s from fcep tO fyeca and expanded slowly thereafter
until the cloud disintegrated by settling. At about 11 s after dis-
charge (range: 4-7—19-3 s), no spores were visible above the
capsule top on the films (solitary diluted spores were probably
not captured by the camera). Settling time was positively
related to /..« and negatively related to spore diameter (n =
26; R’ = 0-52; P < 0-001 and P = 0-02, respectively).

All spore cloud variables (Aspikes Acens Ween and fipear) Were
strongly positively related to capsule diameter (D), with R*
ranging from 0-58 to 0-65 (P < 0-001; Fig. 4 and Table 2).
Spore diameter (d; negative relationships) and the square of
capsule diameter (D% negative relationships) slightly
improved R? (and adjusted R?) in three of the regressions, as
did spore colour (sq.; positive relationship for dark spores)
and habitat (Sgoes; positive relationship for swamp forest
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Fic. 3. The 3D shape of the model Sphagnum spore cloud at the moment

(teen) When as many spores are ascending as descending, with all the normal

irregularities and protrusions averaged away. Numbers to the right represent

the estimated percentage of spores encountered at each of the ten evenly dis-

tributed positions (numbers on the left) along the cloud. The cross indicates the

weighted average position (at 564 % of the distance from cloud base to
summit) of spores, according to the cloud volume.

hpeak
hspike :
hcen o

chn at tcen ®

200 A

150

100

50

Spore cloud extension (mm)

1.3 1.6 1.9 2:2 2.5
Spore capsule diameter (mm)

Fic. 4. Sphagnum spore cloud extensions after discharge in relation to
capsule diameter: closed circles and long-dashed line (regression line) rep-
resent observations on peak height (/,c.i) of the spore cloud; open triangles
and grey curved line represent height of the spike (hgpixe) just after discharge;
closed squares and unbroken line represent height of the centroid (the average
spore maximum; /.,); open circles and short-dashed line represent horizontal
width of the spore cloud (W) at the moment of centroid maximum (7..,,). The
lines are based on the simple models in Table 2, except for gy, that also
includes the quadratic relationship to capsule diameter (the only term that
showed improved adjusted R> when including the quadratic directly after the
linear relationship).
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species) in one case each, with R? increasing to between 0-65
and 0-78 (Table 2).

The shape of spore clouds varied in that large capsules had
clouds that were significantly wider at the ‘waist’ than small
capsules (up to 53 % and 31 % broader at positions 5 and 6,
respectively; cf. Fig. 3; linear regressions; n = 27; R’ =
0-248 and 0-144; P = 0-008 and 0-05, respectively), and con-
sequently small capsules had clouds that were straighter from
bottom to top. Thus, capsule diameter did not affect the
weighted average height position (h,) along the spore cloud.
Clouds with small spores were wider in the upper parts and
consequently narrower in the lower parts (linear regression;
hy, = 7-17 — 0-0439 x d; n = 27; R* = 0-277; P = 0-005).

Of the spore particles in the clouds from the 12 capsules
examined, single spores made up 73 + 13 % (standard devi-
ation; range among capsules: 43-89 %), clusters of two
spores 20 + 10 % (range: 9-43 %), and larger clusters the
remaining 7 % (Fig. 5). Thus 51 + 16 % (range: 20-74 %)
of the spores were dispersed as singles, 25 + 9 % (range:
15-43 %) as doubles, 6 + 3 % as clusters of both three and
four spores, and 12 + 11 % as clusters containing 5-75
spores (range: 0—33 %; Fig. 5). There was no relationship
between the proportion of spore particle sizes (large intraspe-
cific variation) and any of the biological variables in Table 1.

Settling speed of spores

Sphagnum spores settled at speeds ranging from 0-84 to
1-86cm s ' among the 21 capsules of 14 species tested.
Settling speed (vs, expressed in centimetres per second)
showed a strong second-order curvilinear relationship to
spore diameter (d, expressed in micrometres; Fig. 6). Also,
there was an indication that dark spores (n=17) settled
slightly faster than brightly coloured ones (n =4: S. fallax,
S. lindbergii, S. tenellum; t-test on the residuals: P = 0-030;
Fig. 6). The relationship between settling speed and spore
diameter was described by the equation: vy = 2-68 — 0-176 x
d 4000417 x d* (n=21; R*=0-926; P < 0-001). Using
only dark spores, the relationship became: v,=1.76 -
0-112 x d + 0-00314 x d* (n=17; R*=0-980; P < 0-001;
Fig. 6). The relationship became similar when running the
analysis on individual spores from a subset of eight capsules
from six of the dark-spored species, excluding among others
the species (S. cuspidatum) with the largest spores (vq=
1.08 — 0-0660 x d + 0-00234 x d*; n=159; R*>=0-891;
P < 0-001). Settling speed was 46—58 % less than expected
from spherical spores with the same density as water, accord-
ing to Stokes’ law. Settling speed was thus close to that
expected for spherical spores having 68 % of the observed
diameters, and was similarly close to the prediction of
McCubbin’s formula for ellipsoid spores (eqn 1), while level-
ling out faster towards smaller diameters than expected
(outside the 95 % CI for diameters less than about 24 wm;
Fig. 6). Spore diameters in the tested capsules ranged from
22-7 to 36-5 pum (individual spores: 19-43 wm), and spore
height constituted generally 56-1 % (range in individual
spores: 51-64 %) of the diameter (based on 16 spores each
of S. fimbriatum and S. papillosum).

Timed spores did not differ in size from randomly selected
spores. Spore diameters in these dry spores were on average
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TABLE 2. Best-fit stepwise regression models explaining extensions of the spore cloud (in mm), and simple models including only the
linear relationship to capsule diameter as a predictor, at different post-release stages in Sphagnum (n = 27, except for hy,;, with
n=28)

Cloud extension variable Model

Cumulative R* of predictors’ (%) Simple linear model

Spike height, Agyie
Centroid height, e,
Peak height, pe.
Width at 7een, Ween

6354700 x D — 20 x d
—4314956 x D — 09 x d — 17-0 x D>

—221-1 42689 x D — 542 x D* 4 13:6 X Storest
—69-94+ 1583 x D — 1-8 x d + 11:5 X sganc — 29 x D?

62-7#%%; 67.0%; 72.9% —9:1+537%xD
58.27%%%; 70-8%%; T4.4%; T7-8(*) —22+41-8x D
60-5%*%*; 64-7(*) 85+ 690 x D
65-3%%%; 69-7(*%); 72-4(*) —36+289xD

D, Capsule diameter (mm); Sgores, SWamp forest species (1/0; dummy variable); d, spore diameter (um); Sgark, dark spores (1/0; dummy variable).
#k P < 0-001; **, 0-001 <P <0-01; * 0-01 <P <0-05; (¥), 0-05 < P<0-15.
" Cumulative R? is the additive explanation of each of the introduced predictors, in the order added to the model. All added predictors resulted in higher

model adjusted R>.

100

O Particles
M Spores

Spores per particle

Proportion (%)
(&)
<)
T

a

5-75

Fi1G. 5. The proportion of particles and spores, as single spores or clusters

(containing various numbers of spores), deposited after discharge from 12 cap-

sules of six Sphagnum species. Larger particles (clusters) have higher settling

speeds and should affect deposition patterns. The class ‘5—75 is the sum of all

the clusters containing between 5 and 75 spores. Error bars show the s.d.
among capsules.

2-8 % smaller (t-test; P = 0-046) than in spores measured in
water solution among the 12 species for which comparable
data were available.

Spore clusters containing two (n = 83; from 19 capsules)
and three spores (n = 10; from 8 capsules) showed settling
speeds 38 + 6% (95 % CI) and 79 + 26 % higher than for
single spores, respectively.

DISCUSSION
Spore cloud development

The violent spore release in Sphagnum clearly works as a very
efficient way to increase initial release height, which is at least
one order of magnitude higher than the capsule protrusion
above the moss surface. This must be important as peat
mosses do not possess other mechanisms aiding passive
spore liberation, such as a long and thin setae (sensitive to
air movement; occasionally twisting), hanging capsules or
peristome teeth found in peristomate mosses. Setae are nor-
mally a few centimetres long but may reach 10—12 cm in
widespread taxa such as Meesia spp., Paludella squarrosa
and Polytrichum spp. (Grout, 1936, 1940; Nyholm, 1958,

4 -
@® Dark spores
O Light-coloured spores
3 -
T
(2]
>!I)
1 -
o 1 1 1
20 25 30 35 40

Spore diameter (um)

Fic. 6. Settling speed (v,) of the aspherical Sphagnum spores in relation to

spore diameter, and the second-order polynomial regression (yellow curve)

that gives the best fit for capsules with dark spores. For comparison, the theor-

etical settling speeds, according to Stokes’ law, for spherical particles with the

same density as water and with the given diameter (upper blue curve), and for

spherical particles with 68 % of the given diameter (lower red curve), are pre-
sented. Error bars show the s.d.

1969). The explosive spore discharge in Sphagnum means
that spores at the top of the cloud will be exposed to higher
wind speeds and turbulence than those further down, and
that a majority of the spores are dispersed simultaneously
(84—95 %, depending on species; Sundberg, 2005). In con-
trast, the mainly passive liberation mechanism in peristomate
mosses probably means a more temporal distribution of
spores. Many liverworts also exhibit violent spore release.
Because the liverwort capsules are smaller, the mechanism
differs (release by means of hygroscopically twisting elaters
and longitudinal splitting of the capsule) and the direction of
release is both upwards and laterally, the discharge distance
is probably much smaller than in Sphagnum — in the case of
Cephalozia bicuspidata ‘several millimetres’ (Ingold, 1965).
Apparently, most Sphagnum species have superior initial
release height of spores in comparison with other
ground-living bryophytes. Whether that also results in more
effective dispersal remains to be established, because spore
release must be put in relation to the prevailing
(close-to-ground) wind conditions.
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It is tempting to suggest that the relatively limited
geographical  distribution  (mainly south-eastern  North
America) of species in the morphologically atypical clade
within section Subsecunda, including Sphagnum cyclophyllum,
S. microphyllum, S. pylaesii and S. macrophyllum, is partly a
result of ineffective spore release. They have small, thin-
walled spore capsules (borne on short pseudopodia), with
large operculae, having no or few pseudostomata and conse-
quently no contraction of the capsule wall — thus lacking
discrete, explosive spore discharge or other known features
that promote dispersal (Andrews 1960, 1961; Shaw et al.
2004). All 14 boreal species in the present study are widely
distributed, with circumpolar or amphi-Atlantic distribution
patterns, and four species also occur in the southern hemi-
sphere (Daniels and Eddy, 1990). This signifies that violent
spore discharge is indeed an important and functional factor
promoting long-distance dispersal. A recent study indicates
ongoing trans-Atlantic migration of boreal sphagna
(Sz6vényi et al., 2008).

The strong relationship between capsule size and release
height confirms the results from a field experiment, in
which Sphagnum species with large capsules were found to
have more efficient dispersal than those with small capsules.
This was found both in terms of the proportion of spores
being dispersed further than the sampled radius of 3-2m
(almost twice as high in the species with the largest capsules,
S. riparium, as compared with the species with smallest cap-
sules, S. tenellum) and in the proportion of spores being dis-
charged from the capsules (95 % in S. riparium vs. 84 % in
S. tenellum; Sundberg, 2005). Thus species with large
shoots (which are generally the ones having large capsules)
have a dispersal advantage.

The negative effect of spore diameter (although a rather
weak effect) on release height is surprising, because heavier
particles should be expected to be ejected farther (distance
proportional to the square of the diameter; Buller, 1909). A
reasonable explanation is that the latter part of the spore
cloud expansion is not so much affected by the actual spore
ejection (because drag sets in quickly) but rather by eddies
in the puff of air from the capsule, and that the speed of
rising is rather small such that it exceeds the settling speeds
of small spores but to a lesser extent than that of large
spores. An additional possibility is that species with large
spores may have less-well developed discharge - all
large-spored species grow predominantly in open conditions
with more turbulence promoting dispersal (thus selection
pressure for higher discharge is reduced) whereas many small-
spored species grow also in tree-covered habitats, usually
swamp forests, with less wind (Sundberg and Rydin, 1998).
The positive influence of being a swamp forest species on
the height of the spike (Agpixe; Table 2) supports this. Swamp
forest species are also over-represented as colonizers
(in open habitats) of land-uplift islands in the Baltic Sea
(Sundberg et al., 2006).

The highest measured speed at which Sphagnum spores
were discharged (3-6 m s ') is in the same order of magnitude
as the maximum speed of petal opening in Cornus canadensis
(6:7m s~ '; Edwards et al., 2005). The discharge speed for
Sphagnum is probably a minimum value because during the
recorded 0-033-s snapshot, retardation due to drag should
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have already set in, which is confirmed by the much shorter
distance travelled in consecutive frames. Maximum speed of
release should be tested with a high-speed camera.

Settling speed of spores

The slow settling velocities, about 48 % of the expected from
the horizontal diameters (20—45 wm), means that Sphagnum
spores have aerodynamic diameters of smooth spheres (the
shape of most bryophyte spores) covering the range 15—
31 pm. Peat mosses have been classified as large-spored bryo-
phytes, based on spore diameters, but in terms of expected
settling speed and dispersability their spores encompass both
small and large spores (the arbitrary threshold diameter is
20 pm between the two classes; During, 1992). It appears that
non-spherical spores are better adapted for wind-dispersal than
spherical spores because they have a higher volume to settling
speed ratio (in Sphagnum, the volume is equal to spherical
spores with approx. 82 % of a given diameter). That light-
coloured spores settled more slowly is likely to be a result of
their lower density, which is in line with the difficulty of achiev-
ing their suspension in water, and their enhanced longevity, prob-
ably because they contain more lipids than dark spores (Sundberg
and Rydin, 1998, 2000; cf. Duckett and Ligrone, 1992). Thus,
light-coloured spores appear to have densities close to water,
whereas dark spores have slightly higher densities.

There is only a minute discrepancy in intraspecific spore
diameters between spores measured suspended in water sol-
ution (Sundberg and Rydin, 1998; Sundberg, 2000) and the
dry ones in the present study (average 2-8 % smaller). In the
former studies, it was noted that suspended spores tended to
expand and change shape from heating by the microscope
lamp, so perhaps there is no real size difference at all.
Furthermore, at the moment of dehiscence, sporophyte water
loss is over 70 % of the fresh weight, and only 15 % higher
than the dry weight (Duckett et al., 2009), which indicates
that spores are released in a relatively dry state. Altogether,
these facts suggest that Sphagnum spores do not change
settling speed during the course of dispersal, which will
make dispersal modelling easier. The Sphagnum spore thus
contrasts some pollen (Aylor, 2002) and spores of fungi
(Buller, 1922) and myxomycetes (Tesmer and Schnittler,
2007) that change shape and diameter considerably and, at
least in the case of pollen, also settling speed.

The relative settling velocities of spore clusters (two or three
spores) were consistent with the relationship presented by
Ferrandino and Aylor (1984), as their predicted values (+41-5 %
and +75-4 %, respectively; eqn 2) were well within the 95 %
confidence limits of the clusters in the present study. The high
proportion of clusters (containing half of the discharged
spores), probably explains why the spore clouds settled faster
than would have been expected from the settling speed of
single spores alone (Figs 2 and 5; video in Supplementary
data, available online). Clusters should have an impact on depo-
sition patterns and become over-represented close to the source.
Thus, this may partly explain the unexpectedly steep modelled
slopes of the deposition curves for four of the six Sphagnum
species in the experiment by Sundberg (2005), in which
33-76 % of the spores escaped explanation even when the
curves were extrapolated to infinity.
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This study is the first to document and quantify the
dynamics of spore discharge in Sphagnum, despite it being a
well-known phenomenon since the days of Linnaeus. The
spore discharge heights are possibly the largest among primar-
ily wind-dispersed propagules in relation to the size of the dis-
charge units. The results show that most sphagna have
attributes that promote efficient dispersal, such as a relatively
high initial release height and a low settling speed of spores.
Larger capsules (occurring in species with large capitula)
and smaller spores clearly promote dispersal over short dis-
tances, but their significance for longer distances is unclear.
In a study of colonization by Sphagnum on land-uplift
islands up to 40 km from the mainland, total spore output on
the mainland was the primary variable predicting colonization
efficiency among species (Sundberg et al., 2006). Here it is
difficult to separate the relative roles of capsule and spore
size as they co-vary with spore output, which also depends
on species abundance and capsule density. The results of the
present study have improved prediction of dispersal distances
and colonization probabilities by making it possible to
mechanistically model dispersal of Sphagnum spores in a
reliable way.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of a video sequence (12s) that
shows the spore discharge event, development of the spore
cloud and settling of spores from a Sphagnum papillosum
capsule (diameter 2-4 mm) filmed in the chamber. The
capsule contained approx. 172000 relatively large spores
(diameter approx. 33 pm).
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