Chapter 8

The Ecology of Sphagnum

R.S. CLYMO AND P.M. HAYWARD

[ held it tradh with hinewho sings .
That men may rise on stepping stones
Of their dead selves to higher things.

Tennyson In Memoriam A H.H.

8.1 INTRODUCTION

[t may be true of men; it is certainly true of Sphagnum. The plants grow at
the apex, as do most other mosses. The apex produces initials which
develop into branches of determinate growth, though in a few cases (S.
cuspidatum var. plumosum for example), the branches may themselves
branch. Whilst the branches are increasing in length the internodes of the
main stem do not elongate. This results in the branches and attendant
leaves forming a compact hemispherical head — the coma or capitulum.
Later, after branch growth has finished, the internodes do elongate; it then
becomes obvious that the branches are borne in groups (fascicles) on the
central stem. Each branch bears 30 to 150 spirally arranged imbricate
leaves. These leaves are one cell thick, with the unique and well known
differentiation into porose hyaline cells with thickened hoops, and en-
closed or chlorophyllose cells. The branches may be spreading or pendent
and clasping the stem (Fig. 8.1). The individual leaves live for a year or
two, but by that time the growth of branches above has put them into dense
shade and they die. The only parts left alive at this distance below the apex
seem to be the axillary buds. These usually remain inactive, and eventually
die, but if the apex is destroyed, either artificially (for example, by cutting
it off) or accidentally (for example, by drought) then one or more lateral
buds may begin to grow again from as far as 10 cm below the apex. These
buds can survive for at least 18 months in a refrigerator (dark, about 2°C).
The shoots formed from such buds are very thin at first but reach full width
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Cig. 8.1 The structure of a Sphagnam plant. S, recervum (S, Jullux). Tmbricate
leaves on branches which are cither spreading or pendent are shown. The hyaline
cells of the leaf have thickened hoops. and the walls are perforated by pores.
Branches are invested with a sheath containing retort cells. which have asingle large
apical pore (lower left). From Nyholm (1969).

within a year or two. This suppression of lateral buds is similar to that seen
in vascular plants in which it is controlled by hormones from the apex itselt.
and suggests that there may be more vertical transport in Sphagnunt plants
than is commonly supposed. The apex of a Sphagnum plant may sometimes
be replaced by two smaller ones. Whether this results from direct division
of the original apex or from development of an axillary bud premauturcly
released from subjugation is not clear.
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Fig. 8.2 Decay rate just below the surface of blanket bog at Moor House of
Sphagnun and of other plant materials in relation to concentration of nitrogen.
Sphagrian: S.ca, S. capillifolium; S.cu, S. cuspidation; S.p., S. pupillosum; S.r.. S.
recurvion. Other plants: Cov., Calluna vulgaris shoots; C.v. (as). C. vulgaris above-
pround stems: Cov. (bus)), C yudgaris below-ground stems, Cov. (1), C. vudgaris
roots: F.a., Eriophoruwm angustifolium leaves; E.v.(v), E. vaginatum roots; J.s.,
Juncus squarrosus; N.o., Nurtheciun ossifragum leaves: R.c., Rubus chamaemorus
feaves: S.o.. Scirpus cespitosus shoots. Symbols: 3, Clymo ( 1963); A, Heal et al.
(1978): O Coulson and Butterfield (1978). Larger size symbols are Sphagniom. 'The
arrow shows the effect of experimental enichment with nitrogen.

Much the same growth pattern is shown by many other species of moss.
What makes Sphagnum peculiar is that the rate of decay of the dead
material of the commonest species is unusually stow so that the dead plants
accumulate as peat (Fig. 8.2). There are several reasons for this. One is the
anusually low concentration of nitrogen in the plants - usually fess that 19
of dry mass. Notonly is there a positive correlation between decay rate and
nitrogen coneentration, but increasing the nitrogen concentration of the
plants by fertilizing the live plants increases the rate of decay when the
plants dic (Coulson and Butterfield. 1978). This is a specific effect of
nitrogen enrichment, and does not occur when the plants arc enriched in
phosphorus. A second reason may be the acid conditions which are pro-
duced by the Sphagnum itselt (Skene, 1915; Clymo, 1963). The third
reason for slow decay is associated with the generally wet cnvironment
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which most species of Sphagnum require. Not far below the apices
perhaps 2 to 20 cm down — the peat is water-saturated. There is a con-
tinuum of water potential but it is convenient to recognize three points in
the continuum. First, water may be present as free liquid: a hole dug in the
surface may fill to give a free water surface. Secondly, the water may be
held in capillary spaces, roughly | um to 1 mm across. Thirdly, the water
may be present in smaller spaces, asitisinajelly. A hole in the jelly will not
spontaneously fill with water but the jelly is water-saturated nevertheless.
Micro-organisms living on the plants just at and below the level of
water-saturation use the molecular oxygen in solution. They are mainly
aerobic or facultatively anaerobic fungi and bacteria. Oxygen does ditfuse
down from the air, but the rate is very slow, being only 1/10000th of the
rate of diffusion in air. There is probably very little convective or other
mass (non-diffusive) movement in the water. Anaerobic conditions
prevail, therefore, and the rate of decay in such conditions is much stower
than it is in aerobic conditions, though why this is so is not clear. The water
and the associated anaerobic, low decay-rate conditions, are not static.
They fluctuate over the course of minutes to days as rainfall, run-off,
evaporation and temperature determine. But in the long term the level of
water-saturation rises steadily too, because at some point below the living
surface the stems of the dead Sphagnum have decayed to such an extent
that they lose their mechanical strength and the plant its integrity, so that
the whole open plant structure collapses. The bulk density increases
from about 0.01 to about (.1 g cm "®. The leaves retain their structure but
pack down more tightly; the lateral hydraulic conductance falls, and the
water table rises when it rains. Thus, as the plants grow at the apex
so the water-saturated level follows them upwards. This concept ol an
aerobic layer above and an anaerobic layer below is too simple though
(Fig. 8.3). The upper layer (acrotelm of Ingram, 1978) contains some
anaerobic spots. These become more frequent, and probably larger and
more anaerobic, nearer to the water-saturated layer (catotelm). Even here
the roots of vascular plants, such as Eriophorim spp., create local aerobic
channels (Armstrong, 1964). Nevertheless, the general effect is that the
Sphagnum branch dies and decays predominantly aerobically until its
structure collapses and thereby raises the water-saturated layer to cover it.
From that point onward decay is predominantly anaerobic. It is clear that
the rate at which dead material enters the relative safety of the anaerobic
zone depends partly on the rate at which new plant material is produced
and partly on the proportion of that material which is lost whilst running
the gauntlet of the dangerous aerobic zone. Calculations show how the
initial advantage of a relatively slow rate of acrobic decomposition of
Sphagnum can lead to its considerable over-representation in peat {Clymo,
1982). There are differences between species of Sphagnum too: the
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Fig. 8.3 The proportion of dry matter, water and gas at different depths in a carpet
of S, fuscum at Nordmjele . Andd ya, Norway. A 20-cm diameter core was collected
ina tube which was then sealed to preventloss of water. The core was stood vertical
for 24 h and then ejected vertically and sliced in 1 emisteps. Clymo (unpublished).

proportional loss, inone year. of newly dead S. cuspidatum, S. papillosum,
and S, capillifoliten placed in the top layer of a valley bog in Southern
England was 0,16, 0.06 and 011 respectively (Clymo, 1965).

The extensive carpet-like growth and the slow rate of decay are two of
the reasons why Sphagnum is such an important bryophyte genus: there is
an cnormous amount of it, and more dead than ahive. Peatlands cover
about 150 10" ha, which is between | and 2% of the earth’s land surface
(Tibbetts, 1968). Muany of them - perhaps most — have Sphagnum as a
major component. The depth of peat can exceed 15 m, but 1-5 mis more
usual. 1f one assumes a mean depth of 2 mand butk density of 0.1 g em ®,
then the mass of dead plant material is about 300x10” . This may be
compared with an estimate for terrestrial productivity of 72X 10° t year !
(Woodwell er al., 1978). If only half this peat is Sphagnum then there is
more carbon locked up in Sphagmuen, alive and dead, than is fixed by all
terrestrial vegetation in one year. It is interesting to speculate that there
may be more carbon in Sphagnum than in any other genus of plants,
vascular or non-vascular. The comparison is rather artificial because the
Sphagnum genus is so taxonomically isolated that the comparison ought
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perhaps to be at the level of the fumily, or higher. Butit seems clear that no
other bryophyte can approach the gencral success of Sphagrum, though
some (Polytrichum commune, Racomirrium lanuginosum) may have
higher productivity over small arcas.

8.2 GENERAL ECOLOGY

The distribution and rate of growth of Spliagnum plants and the per-
formance of one species relative to another are determined primarily by
the supply of water and by the concentration of solutes, particularly of Ca®’
and H*. The general requirements are an assured water supply with a
relatively low concentration of Ca**.

In many c_p..ncm these conditions are provided by relatively high-ramfall,
equitably distributed throughout the year, with no long periods when
evaporation exceeds precipitation. fabrador and Ireland {both occanic
coastal islands) are examples. In such climates Sphagnum-dominated
vegetation may blanket the whole countryside on slopes up to 20°. In
regions with summer drought, Sphagnim may be more localized in basins
where the accumulated peat is sufficient to insulate the plants from the
ground-water and to provide a reservoir (which shrinks during summer)
allowing Sphagnum to survive. In a few places, a carpet of Sphagnum or
sedges (or both) grows out over a deep pool. Here again the surface may in
time become insulated from the water below and float up and down on it
(Green and Pearson, 1968). The same continuity of water supply may be
found in some valleys but these are suitable for extensive Sphagnum
growth only if the water has flowed through solute-poor rocks with sotls
such as the Bagshot sand of southern England or the crosion-resistant
rocks of the Canadian Shicld.

These four cases are recognized types of mire: blanket boy, raised-bog,
schwingmoor and valley-bog respectively. There are many other types of
mire, and seemingly no end to the schemes classifying them (Moore and
Bellamy, 1974; Kivinen er al., 1979) bur they need not be considered
further here.

The taxonomy of the genus Sphagrum is still in flux, The main sections
are generally agreed and in most cases the taxa in these sections share a
distinctive anatomy and ecology. Thus, species of the sections Cuspidata
and Subsecunda are often found with the capitulum at or slightly above or
below the free water surface. Sphagnum cuspidatum and S. subsecundum
themselves may be found in pools and, when growing in slowly flowing
water in ditches, may grow in length by 50 cm or more during the summer
months of one year (Overbeck and Happach, 1956). Species of the section
Sphagnum, including S. papillosum and 8. magellunicum, are robust and
often form carpets or fow hummocks, whilst several species of the section
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Fig. 8.4 Frequency of species (in 25% 25 em quadrats) in relation to the water-table
on the patterned mire at Kentra, north-west Scotland. The observations were made
during ashort time in September 1979 during which the water-table may have becn
unusually high, The number of quadrats, and the total number of species per
quadrat, are shown too. Unpublished resutts of the tollowing members of the Mires
Research Group: AD.Q. Agnew, S, Agnew, O. Bragg, A. Coupar, H.A P,
Ingram, ML.C F. Proctor. Similar observations were made by Ratelifte and Walker
(1938).

Acwifolia, including 8. capillifoliim and S, fuscion, usually grow on
hummocks some way above the water table. Some of these tendencies are
shown in Fig. 8.4

Within the sections, however, the taxonomy is in dispute. S. acatifolium,
S, orubellum, S. capillacetin and S capillifolium may be nearly synony-
mous: S. recurvien has been variously renamed and subdivided in the S.

Jlexuosum aggrepate. More important is the plasticity of form: S. recurvion

grown submerged may be difficult to distinguish trom S. cuspidatum grown
in unusually dry conditions, though they are clearly distinet when grown
together in the same conditions. Similarly, the “species’ of 8. subsecundiun
of some authors may be interconverted by changing the growing con-
ditions. Because of these and other probifems the nomenclature of Hill
(1978) 1s-used in this account.

There are perhaps 300 species of Sphagnum world-wide. The greatest
bulk of Sphagnum (probably ol fewer than 30 species) grows in the North
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Temperate and Boreal zones. Atother latitudes Sphagnum does grow, but
usually at high altitudes, for example in the Snowy Mountains of Australia,
in the Chilean Andes, and near the top of the high equatorial African
mountains. An example of a single species with a disjunct distribution of
this kind is S. junghuhnianum ssp. junghuhnianum growing on mountains
in Malaysia, China, Taiwan and Japan (Johnson, 1960).

Small amounts of Sphagnum of many species may sometimes be found in
the most unlikely habitats. For example, Lange (1973) describes 15
species, with S. teres and S. subnitens the commonest, around hotsprings in
many parts of Iceland. The pH of water in the springs ranged from 210 9
(though that amongst the plants was not measured) and the temperature of
the water amongst the plants was in some cases more than 4J0°C. the plants
growing adjacent to water at 90°C or more.

8.3 INTER-RELATION OF SPHAGNUM AND SOLUTES
8.3.1 Effects of solutes on plant growth

Most species of Sphagnum cannot survive in water which has flowed
through calcareous rocks or soil. There are afew exceptions: S. squarrosum,
S. teres and S. fimbriatum are usually found in places where the water
supply is moderately calcareous — perhaps reaching a concentration of

S.inundatum S. squarrosum S subnitens S recurvum
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Fig. 8.5 The Relative growth in mass of eight species of Sphagrws in relation to pH
( A-A)and concentration of Ca®' (O-0O) in the water. Results scaled to the value
1.0 for the central treatment: pH 5.5 and V2Cua* ' concentration 0.5 mmol |
respectively. Redrawn from Clymo (1973).
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s Ca?t ol I mmotdm % Inexperiments, 8. squarrosum grew almost as
much when supplied with solutions containing a concentration of Y2Ca*"
of 0.5 and 5.0 mmol dm # as they did in 0.05 mmol dm’ 3 whilst seven
other species grew much fess well (Fig. 8.5). Water with a high cal-
cium concentration usually has a high pH too, and this may be inimical
to the growth of most species of Sphagnum (Olsen, 1923). It is not easy,
however. to achieve and maintain a high pH in dilute solutions around
Sphagnum plants. When this is done it becomes apparent that high
concentrations of Ca®' alone or high pH alone are not sufficient to reduce
the growth rate of most species significantly (Fig. 8.6). Itis the combination
which is lethal. Amongst the major peat-forming species, hummock
species such as 8. capillifolim scem to be particularly sensitive to
combined high Ca concentration and high pH whilst immersed species are
less so.

The growth rate of Sphagnum plants is affected not only by concen-
tration but also by the rate of supply of solutes — what might be called the
rate of flushing (Fig. 8.7). Increasing the rate of flow of solution to eight
species of Sphagnunt from zero to about 20 cm day” " caused an increase in
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Fig. 8.6 Mcan growth in mass (e ) and in length (00) of eight
Species of Sphagnum in an experiment with factorial
combinations of pH and of Ca** concentration in the water.
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so that the effect of specific plant size is minimized. Redrawn
lrom Clymao (1973).
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Fig. 8.7 Mean growth in mass of eight species of Sphagnion in
relation to rate of flow of a solution simulating rainwater, and
of distilled water. The full rate of flow was at a velocity of about
20 cm day ' Redrawn from Clymo (1973).

growth rate of about 30%. This experiment was made outdoors, but with
artificial solutions. Much the same result was found by Sonesson et al.
(1980) who grew S. riparium in open-topped cylinders placed in a wet,
flushed area in which the species usually grows. Some cylinders were
closed at the base; but the base of most were covered by a nylon net. The
cylinder walls were perforated, so that water could move in and out. The
closed cylinders contained eight times the volume of water that the per-
forated ones did. The concentration in the water of POy, C1, SO, Fe. Zn,
Mn, Mg, Ca, K, Na and NOy and NH, was measured at weekly intervals. In
the perforated cylinders no concentration (except Fe) changed by more
than two-fold during the 12-week growing season. In the closed cylinder,
however, the concentration of PO, dropped trom 0.6 to < 0.04 umol dm *
within a week. The concentration of chloride fell from 47 to 2 umol dm *
over four weeks; that of Mg was halved within a week but then remained
steady; Fe fell from 15 to 2 umol dm ** over a month (but rose steadily in
the perforated containers to 126 umol dm # after nine weeks). The con-
centration of total N in the closed container fell to about a fifth that in the
perforated ones after six weeks. These differences were paralleiced by the
differences in the amount of growth: plants in the perforated containers
made about twice the growth that those in the closed containers did.
Although some species - 8. squarroswm tor example — are almost always
found in habitats with a relatively high concentration of solutes, or a high
rate of flushing, the behaviour of other species is less consistent. At
Cranesmoor (southern England) 8. papillosum occupies the more oligo-
trophic lawns and 8. magellanicum the flushed areas (Newbould, 1960),

The Ecology of Sphagnum

but at the Akhult mire (southern Sweden) the reverse tends to be true
(Malmer, 1962a).

The concentration of nitrate, ammonium, and of phosphate in water
squeezed from around Sphagnum is very low; Gorham (1956), for
example, records that at Moor House, northern England, the concen-
tration of ¥2Cu?', NO,~N, and POP amongst S. cuspidatim and S.
aurictdatunt was about 50, < 3, and < 0.1 gmol dm ™,

The growth rate of adult plants of Sphagnum may be limited by the
supply of phosphate: when ground rock-phosphate was applied to a bog
surface then the growth rate of 8. compactum, S. auriculatum, S.
cuspidatum, and 8. tenellum appeared to increase, and the plants became
apple green (McVean, 1959). Grouse droppings and sheep dung usually
kill the adjacent plants, but are later covered by bright green, robust, and
apparently tast-growing plants which invade from the side. The same effect
on grass-growth is seen around cow-pats. Certainly S. papillosumn is able to
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Yigg. 8.8 Course of accumulation of phosphate from a carpet of 8. papillosum at
different temperatures. The carpet was 5 cmi deep and 25 ecm diameter. A total
volume of 2.5 1 of solution was sprayed on the plants at 78 mlmin "', and then
recycled. The initial increase in concentration of Na' and K* results from cation
exchange, and change in concentration of cations in the solution by subsequent
accumulation in the cells would be small because of the butfering action of the
exchange sites. Clymo (unpublished).
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‘ig. 8.9 Growth in area of the protonema of S. pupillosunt in
relation to concentration of five ions. In these conditions
phosphate is a nutrient, calcium a toxin, and the plants are
indifferent to nitrate, potassium, and magnesium. Redrawn
from Boatman and Lark (1971).

take up phosphate fairly rapidly from solution (Fig. 8.8) just as most other
plants can. :

Itis surprising to find that the response of the protonema of Sphagnum o
solutes is different from that of the adult haploid plants. The protonema
seems to thrive on solutions of relatively high concentration of solutes; it
grows better on agar made with full strength Moore’s medium which
contains concentrations of Ca**, NO,~N, and PO~P of 0.7, 12.5 and .5
mmol dm™, than it does on any lower concentration (Clymo, un-
published). Of these solutes it seems that phosphate is the most important
to S. cuspidanm and to S. papillosum (Fig. 8.9): a concentration of PO P
of about 1 mmol dm™ seems to be necessary if the morphological
transitions from filamentous to plate growth, and from plate growth to
shoots are to be made. The concentration of PO, in bog water is about
10000 times smaller. How new plants establish from spores in the field is a
mystery. Perhaps they do so only in very exceptional circumstances,
though the rapidity with which Sphagnum re-invades suitably wet habitats
argues against such an explanation.

8.3.2 Effects of plants on solute concentrations

That most Sphagnum plants grow in unusually acid conditions and that the
Sphagnum plants contribute to the production of these very conditions has
been known for a long time (Paul, 1908; Skene, 1915). The process of
acidification was recognized as one of cation exchange by Williams with
Thompson (1936) and Anschutz and Gessner (1954), and this approach has
been extended to allow quantitative predictions (Clymo, 1963, 1967).

The cation exchange sites are probably the carboxyl (COO ) groups on
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long-chain polyniers containing uronic acids (Theander, 1954). A uronic
acid may be visualized as a sugar in which the CH,OH side chain at C6 has
been replaced by COOH. There is a very close correlation of the con-
centration of uronic acid residues in polymers with the cation exchange
apacity, and the regression of exchange capacity on uronic acid con-
centration is almost exactly the caleulated one (Clymo, 1963; Spearing,
1972). Uronic acids constitute approximately 10% of the dry mass of
immersed 8. cuspidatum and up to about 30% of S. fuscum growing on
hummocks. This is reflected in the exchange ability of the different species,
and of plants of the same species growing in different habitats (Table 8.1).
Any one species tends to have a higher exchange ability the further above
the water table that it is growing, and at a given height above the water
table those species which commonly occur in the higher habitats have a
greater exchange ability than those usually found at lower levels. It is
possible to suggest hypotheses to account for this striking pattern, but none
is easily testable.

Table 8.1 Cation exchange ability (Ca** 7.4 mmol dm™®, pH 6.0) of species of
Sphagnum growing at various heights above the water table (-w-). For each of the
ten sites the heights are ranked, but the vertical intervals are not the same cither at
one site or between sites. From Clymo (1963). S, cus, S. cuspidatum; S. pul, S.
pulchrum; S. sub, S. subnitens; S. pap, 8. papillosum; S. pal, S. palustre; S.aur, §.
auricidatum; S. mag, S. magellunicum; S. cap, S. capillifolium.

S.ocus Sopul S sub S.pap (1) S. pap (2) S. pap (3} S. pal S. aur S. mag S. cap

- - 0.91 - - - - 1.13

- - 0.01 - - - .13 1.12
- - 098 1.03 0.96 - - - .13 1.25

0.88 097 1.0l 0.95 1.00 1Lo4 14 114 1.22
- 0.87 Lo 099 .95 0.93 083 114 1.11 119
0.73 088 096 0.89 0.91 (.89 0.68 1.0t 107 115
-w- -W- W~ -W- -W- -w- -W- o -W- -w- -W-

0.83 076 - - 0.78 0.87 - 084 - -
0.73 - v

Many of the phenomena of cation exchange in dead plants can be
accounted for by a simple model based on two compartments. One,
probably the plant cell walls, contains indiffusible anions (the carboxyl
groups) and the other compartment is the water outside the cell walls. The
equilibrium conditions in such a system can be calculated (Donnan, 1911)
and show that in the chemical environment that is usual for Sphagnum:

(a) the walls will contain a much higher concentration of cations than will
the solution;

(b) that the higher the cation valence the greater the selective con-
centration in the walls: and
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(¢) both effects are more marked the more dilute the solution outside the
walls.
The general equilibrium is described by:

A«K"_,v_?\hﬂ,‘. V_; P \/M

where 1" is the concentration of cation of valence v, 1and o refer to the
inside and outside (wall and solution) compartments, and K is a constant
for the particular set of conditions. (The same relationship is the basis of
Schofield’s ratio law applied to soils). This equation is satistied for all
cations simultaneously and, given the high concentration of exchange sites,
implies that the concentration of cations in solution is strongly buffered.
There are complications however. The exchange capacity may be con-
sidered as measured by the total number of carboxyl groups per unit
volume or mass but the special affinity of H* for the COO (describable by
a dissociation coefficient) ensures that as pH falls below about 5 4
significant and increasing number of the carboxyl groups is tied up as
COOH. This means that the effective exchange capacity (‘exchange
ability’) falls as pH falls. The other cations may also have individual
specificities not included in the simple Donnan analysis. In particular, the
larger ones such as Ni, Pb etc. show a special affinity which may be
described as chelation.

None of these processes is unique to Sphagnum — they are found in most
bryophytes (Brown, Chapter 11 of this volume). Nor is Sphagnum par-
ticularly extraordinary in its concentration of exchange sites; other mossus
have concentrations that are half or more those of Sphagnum (Clymo,
1963) and exceed the concentration in 8. cuspidatum growing in wet places.

Possession of high cation exchange capacity does not of itself conter the
ability to maintain the surrounding flowing water acid: if a freshly killed
Sphagnum plant in a tube is slowly flushed with a large volume of solution
the pH of the effluent solution falls dramatically during the first few
minutes, but then rises steadily until eventually the pH of the effluent is the
same as that of the inflowing solution (Clymo, 1967). In fact, as Brehm
(1971) points out, a whole Sphagnun hummock might behave asifit werca
cation exchange column. A similar sequence of changes in pH is found il
live plants are flushed at a velocity of about 100 em day ' with a dilute
solution of salts at concentration similar to those in rainwater. Itis only
when the flushing velocity falls to say, 0.3 cm day ' (corresponding to rain-
fall of about 100 cm year ') that the pH of the effluent remains consistently
below that of the inflow. This could be because the plants are excreting
whole organic acids, but the amount of such excreted acids secms
to account for less than 10% of the observed acidity (Clymo, 1967).
Another possibility is that the Sphagmiom plants can in some way
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regencrate the exchange sites — that s 1o replace other cations by H*. This
possibility has not been tested experimentally and could not contribute
much in the long term because other cations would accumulate. In any
case, Brehm (1970) shows that, if the sites are regencrated artificially with
dilute HCL, the plants grow more slowly, probably as a result of the
removal of other cations. In normal conditions, the concentration of
cations inside the cytoplasm seems to remain fairly constant (Brehm, 1968)
even if the concentration in the cells and outside solution changes greatly.
A peroxidase extracted from S. magellanicum (Tutschek, 1979), has
maximum activity at pH 5, so it may be that the cytoplasm is isolated by the
plasmalemma from the more acid conditions outside. it is clear, however,
that newly produced Sphagnum  tissue contains large amounts of
exchangeable H', and it seems reasonable to suppose that the carboxyl
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Fig. 8.10 Scasonal course of pH of water squeezed from 8. papillosum plants
prowing at Thursicy Common, southern England. On each occasion, five
measurements were made on water from plants which were bright green and five on
water from plants which were live but less bright green. The samples were paired,
the individuals in cach pair being no more than 2 mapart. The difference between
bright green and less bright green plants is highly significant, us is the scasonal
change. Clymo (unpubiished).

groups in the cell are formed as COOHM. The ability to maintain an acid
environment whilst rain (a dilute solution of salts) is flushing the Sphagnum
carpet must then depend on continued growth and production of new
exchange sites. Green and apparently rapidly growing S. papillosum plants
do maintain a lower pH around them than do less bright green plants (Fig.
%.10). Values for the annual production and net water supply
(precipitation - evaporation) can be combined with the Donnan system
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exchange model to predict the equilibrium pH which would be produced
(Fig. 8.11). From such calculations, it is apparent that, with productivity of
I kg m *year ' (10tha 'year ')and net water supply of 50 cm containing
about 0.1 mmol dm * of dissolved salts, then an average pH ol about 4
could be maintained by the plants. Such an average conceals the effects of
three factors which could cause much greater acidity at particular times in
particular places. Firstly, the net supply of water is not uniformly
distributed during the year and the times of least supply (lowest rainfall,
highest evaporation) coincide with the times of most rapid plant growth,
D. Both should lead to greater acidity in summer. Second, the hummock
species have a greater exchange capacity and can cause correspondingly
more acid conditions. Third, the amount of water around hummock plants

Monovaient (x*)

V\\ Divalent (x#*)
b\N\

4 Trivalent (x*)
e

Concentration O
(mmol dm=3)
[log scale]

Dry matter per unit

volume of ruin

(g dm-zem-Y)

10 —_oc mno,m_

Fig. 8.11 Calculated equilibrium pH of the solution around a
cation exchange phase (the Sphagnum cell walls) in relation 1o
the initial concentration of cations of different valence (cation
concentration in the rain). The cell walls are assumed to have
20% uronic acid of dissociation constant 10 ' and chemical
concentration 1.0 mol 1. These values are typical of
Sphagnum (Clymo, 1963). The third axis gives the quotient of
new dry mass produced by the plant (growth, D) and raintall
(V). The units are g dm "~ year ' (= tha 'year ') and cm
year~'. For growth of 5 t ha"* and rainfall 50 cm year ! then
DIV =0.1gdm *cm'. Filled circles detine a plane of pH 4,
Redrawn from Clymo (1967).
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is much smaller than it is around pool plants, so the water volume, V, with
which the plants can equilibrate is much smaller. During periods without
rain 1t may happen that there is very little water movement around the
plants, and the addition of new plant material effectively increases D in the
D/V expression, whilst V' remains constant or even decreases. One might
then expect that the hummocks in summer would become considerably
more acid than pH 4. All these effects may be seen in the field
measurements shown in Fig. 8.12: the high acidity during periods of rapid
growth and low water supply in summer, most marked on hummocks, and
the autamn “washout” after which the pH in all habitats is close to that of
rain.

1t is perhaps surprising to find the rain to be so acid, though the general
phenomenon of acid rain is now well known. The acidity is associated with
sulphur oxides produced by burning coal and oil. This additional load of
acid is probably relatively recent and one might expect it to have favoured
the growth of Sphagnum, but this does not seem to be so. Sphagnum has
almost disappeared from large areas of the Southern Pennines where it was
abundant (as evidenced by its dominance in recent peat) even a hundred
years ago (Falhs, 1964). The sulphur containing anions, particularly
bisulphite, HSO., | dumage Sphagnuwm even in low concentration. For §.
recurvien, HSO . concentration of 0.1 mmol dm * reduces both '"'C
fixation and O, evolution rates by about 30—40% at pH about 4.5, and by
even more if the pH s lower (Ferguson and Lee, 1979), though very low
HS0O, concentration may stimulate "(C fixation. Both HSQ,, and SO., at
concentrations commonly found in the Pennines, reduce the growth of
Sphagrum, though the extent of impairment differs between species:
the general order of sensitivity 18 8. tenellum > S. imbricatum = S.
papillosunr - 8. capillifolivm = S, magellanicum > S. recurvion. The
mmersed species S, cuspidatum seems to be very sensitive too (Ferguson et
al., 1978). Most convineing of all though is the fact that the growth of
Sphagnunt my ticld conditions is substantially reduced by occasional
treatments with HSO L solutions, simulating the natural episodic nature of
acid ram events” (g 8.13),

Phe hrgh cation exchange capacity of Sphagnum led to its selection as a
material sunable for trapping, and hence sampling, aerial heavy metal
pollutaarts. 1t proved highty successtul, but probably mainly because of its
ability 1ot irborne particulate matter. It has been used for trapping
water-borne particles and solutes (for example those containing uranium)
loo. Live plants of various species of Sphagnum have also been used to
estiinate deposition rates over large geographic areas (for examples, see
Ruhling and Tyler 19717 Pakavinen and Mikinen, 1976). The vertical
distribution of the commoner cations, of heavy metals, and of radioactive
sotopes such as 'Oy have also been studied (for example Pakarinen and
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Fig. 8.12 Growth of Sphagnum, precipitation, potential evaporation, and pH of
rain and water in three habitats at Moor House, northern LEngland. Pools contained
S. cuspidatum, lawns were of S. papillosum and hummocks of S. capillifolivm, with
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Clymo (unpublished).
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Fig. 8.13 Growth of three species of Sphagnum between
Febraary 1977 and July 1978 on unpolluted blanket bog in
snowdonia treated with various concentrations of bisulphite or
with sulphate. The rainfall is 200 cm year ! and solutions were
sprayed on the experimental plots at about weekly intervals
from February 1977 to March 1978 at a rate corresponding 1o
about SO em year ' The mean concentration of HSQ,, in rain
i Manchester during the winter of 1975-76 was 0.02 mmol 1
with a range from undetectable to 0.15 mmol 1 !, Redrawn
from Ferguson and Lee (1980).

s

Folonen, 19774, 1977b; Clymo, 1978, 1931; Damman, 1978; Pakarinen,
F978b). Maost of these studies are more concerned with peat than with the
lve plants however,

S A INTER-RELATIONSOF SPHAGNUM AND WATER

[ iy convenient o consider how Sphagnwm as an inert physical system
aftects the states of water surrounding and permeating it, first at equi-
librium and then when the water is moving. The responses of the plants can
then be considered.

8.4.1 Equilibrium states

The concepts of water potential () and water content (volume per
volume, &, or volume per unit dry mass, <,) give a convenient framework
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and allow recognition of the relationship with structural features of the
plant (Fig. 8.14). The potential, 45, may be given in the form of a pressure,
The units of measurement are conveniently given as Pa (Pascal). The
equivalence with older units is 100 kPa = 10°Pa = 10°Nm 2 = {buar = |
atmosphere. Dilks and Proctor (1979) give a schematic diagram more
complex than Fig. 8.14, including cytoplasmic water and osimotic and
plasmolysis effects, but for a moss plant (rather than a carpet of plants) and
using a linear scale for water content. The proportion of the Sphagnum
carpet occupied by the chlorophyllose cells is so small however that
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Fig. 8. 14 The relationship between water potential (1) and water mass per unit dry
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:cc:_:r.a by water (b, upper graph). The cquivalence between water potential and
relative humidity, the radius of a hemispherical meniscus, and the height to which

water could rise in a circular capillary of the same radius and with contactangle 0

are also shown. Full lines are measured (see Figs 8.3, 8. 15, 8,47 818, 8. 19); dashed

lines are inferred. Hatched regions show hysteresis.

r

The Ecology of Sphagnum

osmolic and plasmolysis phichomena are not visible in Fig. 8. 14, Potentials
spanning seven orders of magnitude are involved. At the lower end, the
water content increases slowly as potential rises from — 1000 MPa to about

2 MPa. I this range, it is water absorbed on surfaces and filling the
spaces within the cell walls and differences in relative humidity of the air
which arc involved. At relative humidity of about (0.99, just distinguishably
different from saturated, the water content has reached about 0.8 and is
rising rapidly (Fig. 8.15). 'The water content is greater than that of
celtulose, perhaps because of the high concentration of carboxyl groups
and associated cations. The water content is almost the same if the ptants
gain water to reach equilibrium as it is if they lose it: there is litte
hysteresis. The dry matter of the cell wall occupies about 1-2% of the total
space ina Sphagnunt carpet (Fig. 8.3). The wall and the water which it
contains and encloses in chlorophyliose cells oceupies about 10% of the
total space (Figs 8.14 and 8.17).
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Fig. 8.15 Isopiestic water sorption by dry 8. papillosum,

by a cation exchange resin with carboxyl functional groups,
and by cellulose. The samples were in closed tubes with
humidity controlled by sulphuric acid solutions of ditferent
concentration (Hodgman e al., 1961). Very similar results
were obtained if the 8. papillosum started wet: hysteresis was
usually less than 29 of the value atany humidity. Clymo
{unpublished).
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The next important point is reached at s = --20kPa, corresponding to a
circular wettable capillary radius of about 5 wm. The upward step in water
content corresponds to the filling of hyaline cells. Water can move by
diffusion through the wet cell wall but it does so much more rapidly by mass
flow through the pores which occur in almost all hyaline cells. These pores
are circular or nearly elliptical holes. Scanning electron micrographs
(Mozingo et al., 1969; Troughton and Sampson, 1973; Dickinson and
Maggs, 1974) show that in the species examined the pores have a border,
and that a hyaline cell may have several such areas which are covered by a
thin wall, but it also has others which are perforated. It is not known
whether the pores form in different ways initially, or form in the same way
initially but ditfer later on in that some pores have the wall resorbed to
different degrees, or are broken mechanically. The pores have a diameter
characteristic for a particular species (Table 8.2). The diameter is less than

Table 8.2 Size and number of pores in hyaline cells, and number of branches, in
some species of Sphagnum. From Hill (1978).

Abaxial pores Adaxial pores Branches

Diameter No. per Diameter

No. per Pendant  Spreading

(em) cell (pm) cell
S. imbricatum 1-18 3-8 usually none 1-2 2
S. papillosum 3-22 3-10  absent 12 2
S. mugellanicum 119 3-6 absent or few 1-3 2
S. palustre 8-25 3-16  absentor few -4 2
S. capillifolium  8-25 47 absent or few 1-2 2
S. fuscum 2-30 3-7 absent or few 12 2
S. subnirens 6-30 4-10  absent {-2 2
S. compactum 5-12 0-4 absent -5 {2
S. auriculatum 3-8 0-30  3-12 025 O 2.3
S. subsecundum  2-5 2040 absentor few 24 23
S. cuspidatum 2-6 -1 4-% 440 395 3-5
S. tenellum 412 01 4-18 0-2 1 2
S. pulchrum 3-8 -1 4-8 39 2 2
S. recurvum 4-9 (-1 5-9 37 3 2

that of the hyaline cell, and the constriction causes hysteresis (Fig. 8.16).
Because there are many hyaline cells and pores of similar dimension the s
vs » graph shows a step transition from water content of about I to about 8.
The potential, about —30 kPa, corresponds to a circular capillary able to
support a water column of about 3 m, so the hyaline cells will never be
emptied by any likely fall in the water table. As the water potentialis raised
further, however, the remaining 90% of space in the Sphagnum carpet
gradually becomes filled. Here it is, at first, the capillary spaces between

S I B ul B
A A
B I = ool e
B 9 8 i
[ H
IT¢ Soef [T
[T
1 Cd = af T
B} 0
Lol

el 1 I\ 1

1 i 1
¢c ¢ d b DBC
Water potential, ¢

Lo d
A O

b b[ e e
A A
3 m B
&
N T e ©odal
3
fw o C
S 2 _
Moc ¢
0 D
Ll L o

1 I 1 e 1 1 ] i 1
c o d b DBCAO
Water potential, ¢

Fig. 8.16 Hysteresis in the ¢vs o relation resulting from the presence of a
multichambered system with constrictions (the “cavern” or ‘ink-bottle” effect). The
waler content axis identities which part of the system is water-filled. The water
potential axis identifies the rank order in which the meniscus in capillaries of the
radius of the caverns and constrictions would just be maintainable. In the upper
example suppose the system is water-filled atys = 4, and that the water column is put
under tension (g being slowly reduced) and that the cavern D is in contact with
capillary spices smaller than any of those above. The system remains full untilg can
no longer maintain a meniscus, at which point the system empties to the next smaller
constriction, ¢. This in turn will eventually break allowing C and D to empty. 1f the
water potential is now increased it has to reach a point high enough for the cavern D
to be bridged before filling begins. Next, Cis bridged and both C and B fill (because
B is of smaller radius than C). Finally A fills. These are the primary drying and
wetting curves. If, at the point where B and b have just refilled, the potential is
Jowered, then the dashed line is followed. This is a secondary curve. The lower
example shows the ctfect of rearranging the constrictions, but retaining the same
order of caverns. The drying curve is changed but the wetting one is not.

For very small capillaries, and water potential changed by changing the relative
humidity, the model should be one which is open at both ends.
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Fig. 8.18 Water content profiles for S. papillosum with the

water table at three different depths. For each depth there are
two curves: one when the water table rose to the specified level,
the other when it fell to that level. The difference is a measure

Mw the amount of hysteresis. Redrawn from Hayward and Clymo
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cm deep on the proportion of water in the capitulum (top Lem) of 8. papillosurm and
8. capillifolium. Redrawn from Hayward and Clymo (1982).
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Fig. 8.20 Water content protiles of three species of Sphagnum. Plants were
removed, with forceps, from carpets of plants in the field and cut into 2 cm-sections
whilst held vertically. All plants were coltected within two hours on a dry day. Bars
show 95% contidence intervals. The left-most isolated 0-2 cm result is for capitula
of 8. papillosum growing as isolated plants in a carpet of S. capillifolium. Redrawn
from Clymo (1973).
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imbricate leaves, and between pendent branches and stem, that are
involved. Again, there are constrictions which cause the hysteresis effects
shown in Fig. 8.17. This is the range within which the water content
depends very much upon the water table, upon whether the water table is
rising or falling (Fig. 8.18), and upon the detailed distribution and
proportion of spaces of different sizes. This last differs considerably
between species (Fig. 8.19): S. capillifolium has a higher water content
() in its capitula than does S. papillosum, whatever the water potential
{(15). The same phenomenon may be seen in field measurements (Fig. 8.20)
but these are far less accurate than the laboratory ones because the plants
must be removed and this must necessarily disturb the capillary films.
Similar values may be seen in Fig. 8.3.

8.4.2 Dynamic states

The details of water movement about the Sphagnum plant are still unclear
but are of great importance. The height to which water might rise in a
wettable circular capillary at equilibrium is of less importance as water
potential or capillary size decrease, partly because below 100 kPa
(equivalent to a meniscus of about 1 um radius) the height (10 m) is vastly
greater than is necessary, and mainly because the rate of movement in such
small spaces is so slow. For a straight-sided tube and a constant potential
drop the volume rate of flow in a single tube is proportional to the fourth
power of the radius. But it is possible to tit more small capillaries than large
ones into a given cross-sectional area, and the tora! volume rate of flow over
the whole cross-section is then proportional to the square of the radius.
The rate of movement of water up the Sphagnum plantis rapid, and large
fluxes may occur. This was shown by Overbeck and Happach (1956), and

\\u, papitlosun

Depth /85 cuspidatum
of water 10 Water only
table (cm)

‘ig. 8.21 Rate of loss of water from three species of Sphagnum
in 0.6 1 beakers with water table at one of three levels. The
capitula were level with the top of the beaker. Guard rows

of unmeasured Sphagnum-filled beakers surrounded the
experimental ones, and the experimental ones were
re-randomized each day. Measurements were made for nine
consecutive days. Redrawn from Clymo (1973).
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may be seen in more detail in Fig. 8.21. The greater rate of loss from §.
capillifolium, and the increase in this difference as the water table was
lowered, may be partly explained by the capillary structure already
revealed by the equilibrium measurements. It seems unlikely that higher
water content per se is the explanation. Rather, it is likely to be a smaller
total resistance to transport in capillary spaces outside the cell walls. If one
inspects a Sphagnum carpet during a drought it is common to find
individuals or groups of S. papillosum plants which have dried out and
become papery and white while adjacent (touching) plants of §.
capillifolium are still wet. Cavers (1911) noted that if ‘the tufts of branches
be removed from the end of the stem, which is then dipped into water, the
plant remains dry, hence the stem-tissue does not serve a conducting
function’. If most of the water moves in the pendent branches then the
linear velocity of water on a fine day with rapid evaporation may be well
above 1 mm min ', a rate which, if Stokes’ Law applied, could keep pollen
grains and spores of 10 pum diameter in suspension (Clymo, 1973).
Experiments have confirmed this (Mackay, unpublished).

That such mass transport is possible is easily shown. A few wet leaves of
S. papillosum may be put on a microscope slide, without a coverglass, and
observed as they dry. When the surface water has evaporated there is a
short pause, for a minute or so, until, with explosive suddenness, a hyaline
cell becomes part filled with air (Fig. 8.22). Within a few seconds many
hyaline cells are ‘popping’ in this way and water, with entrained particles, is
moved violently from one place to another. The series of events seems to
be as follows. As water evaporates from the wet hyaline cell walls the
menisci in the pores, which were flat, become increasingly concave though
the major and minor radii of curvature are still greater than those of the
pore. Beneath this curved meniscus there is a reduction in pressure
appropriate to the head of water which a meniscus with these curvatures is
capable of supporting. The net of chlorophyllose cells is relatively strong
and not easily deformed. The hoops of thickening on the hyaline cells are
not so strong, and the unthickened wall between is even weaker, so the
abaxial and adaxial walls are sucked in. Under the microscope the walls can
be seen to go slowly out of focus. That this reduction in pressure is real can
be seen if 4 small air bubble is trapped in a hyaline cell. The bubble grows as
the pressure falls —indeed the growth of the bubble can be used to measure
the change in pressure. A pore, in S. papillosum, of 8 pm radius can
support a pressure reduction of 19 kPa — about 0.2 bar. Eventually, so
much water has evaporated that the meniscus reaches a radius of curvature
smaller than that of one of the pores. The meniscus then breaks, the cell
wall springs out again, and the remaining water, which is sufficient to fill
perhaps half the cell may appear at one end of the cell. In S. papillosum the
hyaline cell is lined with papillae which have capillary spaces less than 1 um
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Fig. 8.22 Partof aleat of S. papiliosum drying out. The fower photograph was tuken
5 s after the upper one. In this time three more hyaline cells have ‘popped’ and
(apparently) become air filled. See text for further explanation. The width of the
hyaline cells is about 25 um. Photographs by R. S. Clymo.
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across between them. When the meniscus breaks, the water therefore
forms a thin layer lining the cell and with the centre filled by a large air
bubble. The lining layers of water are not easily visible, so the cell appears
to be magically completely empty of water. A hittle later the hyaline cell
appears to flicker, as the mensci retreat between the papillae. The whole
leaf may empty in this way in less than five minutes, and then appears white
and papery.

Such simple observations reveal in a dramatic way the importance of
surface tension as it changes the physical pressure and moves water baodily
in the microscopic world.

It is not only the size and proportion of spaces of different sizes which
affect the movement of water. The exact position of the spaces in relation
to one another is crucial. In a system showing marked hysteresis of
equilibrium states there must be interlinked “caverns’ (Fig. 8.16). The
dynamic behaviour of this system will be determined largely by the
bottlenecks, because the volume rate of flow through these is so much
restricted. The primary “drying’ curve (the case where the water table starts
at the surface and is slowly lowered) is determined largely by the size,
number and position of bottlenecks, whilst the primary “wetting’ curve is
determined mainly by the maximum width, number, and position of
saverns. The ditference between the two curves then gives some indication
of the shape and arrangement of the spaces. [t seems that the widest parts
are no more than twice the size of the bottlenecks at any water potential,
probably because, in this three-dimensional system, many of the spaces are
open round much of their perimeter. In any case this gives only a crude
indication because the order of caverns matters too: the same bottlenecks
and maximum widths would, it re-ordered, give a different hysteresis result
but might not affect the volume rate of flow. 1t is also possible to imagine
reservolrs connected through a single opening to the main line of flow.
These would contribute to hysteresis in the s vs ¢ curve, but would scarcely
affect the volume rate of flow.

The general pattern is shown if an undisturbed Sphagnwumn carpet is
arranged in a glass jar with the water table 10 cm below the capitula and the
whole apparatus placed in a stream of dry air so that evaporation occurs.
An anionic dye solution (for example, cosin) is injected on one plant just
above the water table and its progress followed. This experiment is similar
to, but much more complex than, the systems used in gas, gas-liquid, or
hiquid chromatography. The dye remains mostly around the stem and
pendent branches to which it was applied but it moves upward. The
concentration profile becomes attenuated. The profile is clearly not just
that of laminar mass flow with diffusion broadening: there is mixing with
reservolrs along the route too. There is a small amount ot lateral spread to
other plants, and much more oceurs if the pendent branches are removed
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from one node of the treated plant. In this case the water is moving
sideways along the spreading branches to adjacent plants. Itis important to
recognize that it is not only the potential difference but also the resistance
to flow which determines the volume rate of flow: an isolated plant with
pendent branches removed may lose water by evaporation and develop a
lower water potential, but the water can move directly upward only in the
very small intermicellar spaces and at a very slow rate. These effects may
be seen in the results (Fig. 8.23) of an experiment in which different parts
of the plant were removed 8-10 cm below the apex and the water content of
higher parts measured. One set of plants was placed in still, damp air, and
another was placed in moving drier air so that evaporation was rapid. In
still air, the water content of capitula was only slightly reduced by removing
either or both the spreading and pendent branches, though it was much
reduced if the stem too was replaced by a water filled | mm diameter glass
tube — exactly why is not obvious. When evaporation was rapid however
the water content of capitula was markedly reduced if both pendent and
spreading branches were removed but less so if only one or the other was

50r
Water table

Untreated

All branches removed M

Pendent branches removed

Spreading branches removed |

20k Stem replaced by
glass tube

Treatment
applied
in this section

Water mass per unit day mass of plant, §_

0—-2cm 2—4cm 6—-8cm 810 ¢m

(capitulum)

Fig. 8.23 Water content of successive 2 cm-sections of 8. papillosum treated in
various ways. The treated plant was surrounded at natural density by untreated
ones. Allwerein 1 I beakers. The upper bars are for plants kept in still, moist air; the
lower ones are for plants in moving unsaturated air. The water table was at 10 cm
depth, and treatments were applied to the section between 8 and 10 cin. The
treatments were: all branches removed; pendent branches removed; spreading
branches removed,; all branches removed and stem replaced by a water-filled glass
capillary of I mm diameter into which the cut stems were pushed. Clymo
(unpublished).
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removed. On the segment immediately above the one from which branches
were removed, however, the water content was much reduced if either sort
of branch had been removed below. This strongly suggests that, when
pendent branches had been removed, water then moved sideways to
adjacent plants and returned again higher up: the further from the site of
removal the more touching branches there were through which lateral
movement would occur.

Change in water content has other effects on Sphagnum too. lf the water
table starts at the surface and is then lowered the water potential at a fixed
point decreases and the water content decreases. The reduction in pressure
below the menisci is sutficient to suck the pendent branches in around the
stem. At a later stage, imbricate leaves may be similarly sucked down onto
one another. The distribution of spaces of ditferent size is not constant
therefore: as the water table is lowered the proportion of smaller spaces
increases. From the point of view of water transport, a small but water-
filled space is infinitely better than a larger empty one.

Another rather unexpected effect is that the whole carpet shrinks as the
water table 1s lowered. For example, a cylindrical carpet of S. papillosum
(30 cm diameter, 17 cm deep) was put on top of @« membrane filter covering
a water-filled space, so that water tensions of more than 17 cm could be
applied (Hayward, 1980). As the water table was lowered from the surface
(0 ¢m) to the equivalent of 30 cm deep so the 17 em carpet shrunk by 2.5 cm
to 14.5 c¢m. This effect was reversible and probably results from the
replacement of water by air, so that the weight of water-filled Sphagnum is
no longer supported by the water (just as one’s weight increases on getting
out of a bath). Capillary forces may contribute too. The movement is
distinct from the bodily upward and downward floating movement of some
peat systems with rainfall and evaporation (Green and Pearson, 1968).

In a Sphagnum carpet, the height of the water table at a particular time is
determined by many processes: precipitation, evaporation, hydraulic
conductivity in both vertical and horizontal directions. The flow of water
through a mat of recently dead Sphagnum usually obeys Darcy’s law (Fig.
8.24) though this is not true of more highly humified peat (Ingram et al.,
1974 Rycroft er al., 1975). The consequent local variations in water level
below hummiocks, in lawns and in pools are complex (Goode, 1970;
Boatman and Tomlinson, 1973; Hulme, 1976; Ingram, 1981; Bragg,
unpublished). The vertical range of the water table level may be about 20
cm in an average year, but the water table may rise 5-10 cm within a few
hours in some cases (see, for example, Tallis, 1973). The vertical range of
water table amplitude below some hummocks is more than it is in pools,
and the water table in hummocks may, at some times, be above that in
adjacent pools and at other times below. Such temporal and spatial
variations have obvious implications for the ecology of Sphagnum but
cannot be pursued here.
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Fig. 8.24 Vertical hydraulic conductivity, K, of S. fuscum at Stordalen, Abisko, in
Artic Sweden. A core, 20 cm diameter and 12 or 24 cm deep (from 3 cm below the
capitula) was a tight fit in a plastic cylinder. The velocity with which water flowed
through was recorded. The straight line on a plot of log (h) vs { shows that Darcy’s
law is obeyed. It can be shown that 1n(h/hy) = —K/lt, andthat K = 0.693/1,, where
1,, is the time needed for the head of water to fall to half what it was. This gives

K =0.035 cm s ~'. Clymo (unpublished).

8.4.3 Effects of water supply on Sphagnum

It is convenient to recognize two ranges in the continuum of states;
‘normal’ conditions and ‘exceptional’ (or “catastrophic’) conditions. To be
successful a plant must survive both. The commonest catastrophe for
Sphagnuin is desiccation. The effects of this under fairly natural conditions
were studied in the desiccation experiments shown in Fig. 8.25, upper half.
The results are shown as survival of 5 cm-long plants of different specics
drained of water and allowed to dry for different periods. Two interacting
effects can be seen: the larger plants, such as S. imbricatum and S.
papillosum survived relatively well, presumably because they held larger
amounts of water. In S. imbricatum these water stores were not exhausted
by the end of the experiment after 16 days but once the stores had gone
from S. papillosum the plants died rapidly. Plants of the smaller species
dried out early during the experiment. Of these, S. fimbriatum showed
poor survival, but some plants of S. capillifolium survived even after 16
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days, and plants with dead capitula produced many new lateral shoots from
fower down the stem. The results of another experiment examining the
inherent ability to resist low water potential are shown in Fig. 8.25 (lower
half). This shows the survival of capitula of seven species which had
reached equilibrium after 21 days with atmospheres of relative humidity
corresponding to menisci of radius less than 1 pm (less than the hyaline
pore sizes). A larger proportion of capitula remained green than were able
to resume growth but the two measures gave parallel results. The ability to
survive these treatments scems to be uncorrelated with capitulum size,
pore size or ecological habitat: S. auriculatum survived desiccation best but
normally grows immersed whilst S, capillifolium, which grows on
hummocks, survived rather poorly. The most sensitive species was S.
papillosum. But the conditions in this second experiment were very
artificial: no air movement, continuous dim light and a temperature of
25°C'. Desiccation resistance per se seems to have rather little part in
determining which species can survive in which habitat. The rate of
transport of water up from the water table is probably of greater
importance.

Particularly puzzling is the ability of species such as S. compactum and,
especially, the very delicate S. tenellum to survive and grow on wet heath.
Both species are minor though widespread components of wet Sphagnum
lawns, usually growing as isolated individuals amongst other species. On
wet heath, however, they form tussocks or single-species carpets which
may become dried out and even burned over during droughts.

The responses of Sphagnum to rare but extreme drought conditions (say
once in 20 to 100 years) may be of importance but are poorly documented.
Catastrophes of this kind are not usually predictable and long-term
recording of detailed changes, though it would almost certainly be
valuable, appears at any one time to be a time-consuming and risky
venture.

The responses of Sphagnum to water supply in ‘normal” conditions are
equally important and experiments to measure the growth of Sphagnum in
such conditions are less risky than long-term recording. Results of such
work show that light flux is important too, and that water supply and light
flux have interactive effects on Sphagnum growth. The experiments will
theretore be considered in the next section.

It is worth commenting here, however, on the peculiar case of §.
imbricatum. Records and studies of peat deposits show that this species

as once widespread and, at least locally, abundant in the southern
Pennines (Tallis, 1964). It seems to have declined in abundance from
perhaps the fourteenth to early nineteenth century and is now absent from
the southern Pennines altogether. Various possible causes have been
suggested amongst which burning, grazing, draining and poisoning (by
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aerial pollutants) are the most often given. The species grows today in two
sorts of habitats: in a compressed growth form on hummocks and (for
example in western Ireland) as a lax growth form in wet Sphagnum carpets.
This lax growth form is the one which is abundant in Pennine peat. 'The
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Fig. 8.25 Survival of Sphagnum spp. in desiccation experiments. Upper half: plants
in beakers drained of water and allowed to dry for up to 16 days. Some plants
were re-watered after 3, 6, 10, 13 or 16 days and the proportion resuming growth at
the apex was recorded. Lower half: capitula putin closed containers, with humidity
kept constant by sulphuric acid solutions (Hodgman et al., 1961), and kept in dim
light for 21 days. After this the capitula were kept on damp filter paper in the light
fora futher 21 days. Humidity (left to right): 0.998,0.991,0.981. Upper histograrms
are proportion of capitula with branches remaining green; lower are proportion
showing new growth. Below the axis are histograms of capitulum size, and the size
of pores in leaves. Lines join species common to the two experiments. Redrawn
from Green (1968) and Clymo (1973), and from Hill (1978).
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difference is not genetically determined but is a response to water supply
conditions (Green, 1968). The rate of elongation of shoots is particularly
sensitive to change in water potential, but there is no evidence that the
species is particularly drought sensitive (Fig. 8.25); its occurrence on
hummocks makes this unlikely anyway (though S. capillifolium appears to
be desiccation-intolerant, yet grows on hummocks). Further, it is recorded
that 8. imbricatum has disappeared from undissected (and still very wet)
peat bogs in the middle Pennines, just as it has from the southern Pennines
(Tallis, 1964). The work of Ferguson and Lee (1979), 1980) already
described, shows that 8. imbricarum is usually sensitive to low concentra-
tion of HSO, ", and the reduction of its growth rate from this cause seems to
be the most likely explanation for the disappearance of S. imbricatum from
the industry-girt southern Pennines.

8.5THE GROWTH OF SPHAGNUM

8.5.1 The growth of individuals and populations

In some species there is a marked annual variation in the length of branches
and in their density on the stem (Malmer, 1962b). In S. papillosum, the
branches formed during winter are relatively short and the internodes are
also short. In early summer, there is a sharp change to longer branches and
longer internodes followed by a gradual reduction in shoot- and internode-
length in late summer and winter. Such a cyclic pattern of growth may be
seen in other species too, but it is more often absent than present and it is
not obvious in Fig. 8.1 tor example. Both branch and internode length can
be markedly affected by water supply in experimental conditions (Fig.
8.26) but, in the field, the variation during a year is not necessarily, or even
probably, related primarily to water supply. In vascular plants, the length
of internodes is linked with factors such as plant hormones, temperature,
and the balance between red and far-red irradiation.

The same factors are otften involved in the development of red pigments,
so it is of interest to note that S. magellanicum, for example, is often apple
greeat in early summer (and remains so all the year round in shade) but
produces a wine-red pigment later in the year. Production of red pigment
can be induced by low temperature (Rudolph, 1978). The same is true of S.
capillifolium. In this species the pigment forms not only in the leaves but
also in the stem. The stem can be seen to have annual bands consisting of a
green section, formed in early summer, through a transition zone to a deep
red section formed in late summer. The boundary between dark red and
apple green is often very abrupt, just as the winter-summer transition in
branch pattern is sharp. The red pigment is related to the anthocyanins but
1s unusual in being firmly attached to the cell wall (Goodman and Paton,
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1954, Rudolph, 1964, 1968; Paton and Goodman, 1955; Bendz er al.,
1966). Ditferent species produce a variety of other pigments: S. fuscum
and some forms of S. recurvim arc well known for their brown
colouration. Sphagnum subnitens has an irridescent blue sheen when dry,
but not when wet. This has been shown to result from thin-tilm interference
(Morris, 1977) - an unusual phenomenon in plants. In all cases the
pigment-produced colours are at their best in late summer, when, as
Braithwaite (1880) observes: ‘Few persons can have traversed our
moorlands without having had their attention attracted to the great masses
of Sphagnum which adorn their surface — now in dense cushions of lively
red — now covering some shallow pool with a vast sheet of light green,
inviting it may be by its bright colour, but woe betide the inexperienced
collector who sets foot thereon, for the spongy mass may be many feet in
depth, and he may run the chance of never reaching terra firma again.’
Growth hormones are also probably involved in the peculiar growth of
S. recurvum (Overbeck and Happach, 1956). This species has many growth
forms. One is commonly found where the water is flowing past the plants in
spring mires, in the channels in eroded peat, on flushed hillsides and so on.
The plants in such habitats have stems which are mostly horizontal, and
may be traced back for 30 to 60 cm or more to the point where they have

50— x
>
b x
- x
E x X
L 10t
@ SR
re) L e %
2 0 10 20
3 Branch length (mm)
2 50 x
-
(@]
. £
S
@
o

60

0 20 40
Branches per 1 c¢m length of stem

ig. 8.26 Lffect of water table depth on the morphology of S.
imbricatum. The plants were grown in beakers with controlled
water table. Redrawn from Green (196%).

The Ecology of Sphagnum

decayed. The stems lie in a thick mat on top of one another but the
capitula, which are often a bright and inviting green, are densely packed in
the usual upright position with the stem unmediately below them standing
vertically. About a centimetre below the capitulum the stem turns through
90" to run horizontally. As the capitulum grows on, extruding more stem
and branch behind it, the position of the bend in the stem moves too. This
series of growth movements appears 10 be controlled by starch statoliths
(Bismarck, 1959) which form in the tissue just behind the stem apex. A
similar but less obvious pattern of growth is seen in S. cuspidatum. Both
this specics and 8. recurvum have juicy brittle stems, which crack across
very easily and seem to have high turgor. Most other species have tougher
stems, T

Again, by analogy with vascular plants, it seems likely that fruiting is
controlled by hormones, day length, and perhaps by the balance of red and
far-red light. S. subnitens is reported to be a short-day species (Benson-
Evans, 1964), but capsules appear on different species at different times.
For example, S. tenellum has abundant capsules in carly May almost every
year around the margins of southern English vailey bogs, though S,
papillosum a few metres away more often produces capsules in June or
July.

‘The pattern of branch formation varies, and so does the frequency with
which the capitulum divides (forks) to form two separate stems. The
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number of plants with 0, 1, 2 etc. forks for two populations of 8. papillosum
is shown in Fig. 8.27. The relationship is

log (n/n,) = - kf

where n is the number of plants, n, the number of unforked plants, and f
the number of forks. The slope, k, is a measure of the probability that a
plan will fork. Casual observation suggests that large capitula are the most
likely to fork and that k is largest for populations that appear to be
colonizing or invading a new area. The straight line implies that the
probability that a plant will fork is independent of whether it has forked
already or not.

The daughter apices produced by forking are cach smaler than the
parent. By the time the leaves on their branches have died the daughter
plants are, for most functions, independent. A carpet of Sphagnum may
thus contain several genets each represented by several ramets. It would be
interesting to know hew many of each there are in a Sphagnum carpet.
Detailed recording over many years, or isoenzyme studies might provide
the answer. A genet with recognizably distinct characters would give a
partial answer. No such observations have been reported however.

Individuals of the same species growing together differ considerably in
size, as do the different parts of the plants. Some of these differences may
be related to local water supply and to spatial density of plants. Fig. 8.28
shows, for S. papillosum, the mass per plant per | cm-depth as an
indication of size. The samples chosen were taken from sites over the full
range of water table depth, and were collected on a single day during a dry
period, so the water table depth is probably a useful indicator of the
relative water supply to the different populations. The spatial density of
plants shows a maximum (about 180 dm *) falling to about 130 dm “on the
drier side and to about 80 dm * for an immersed population. In ail but one
population the average mass (per cm) of capitulum is greater than that of
the product (stem plus branches) which it produces. This is simply a result
of stem internode elongation. The exception (population D) had very
densely packed branches, but population E, with a similar water table and
spatial density, had much laxer growth. Most populations showed rather
skewed distributions of individual plant size, generally with a tail of targer
sizes, but the degree of skewness differed considerably. This phenomenon
is now well known in vascular plant populations (for example, Bazzaz and
Harper, 1976). There is clearly a lot more to be discovered about the
factors which control size of Sphagnum plants, and the spatial arrangement
of plants of different size has not been investigated at all.

The bulk density of capitula and of their product (stem plus branches)
seems to be rather uniform over a range of densities and water tables,
though the product of population D and both capitula and product of

{¢-Wp siuo(d)
AnsusQ

sjupjd Jo Jaquunp

<o AHISUBP (D1j0dS JUD|g

30

20
Depth of water table (cm)

10

20

Depth of water table

Gt w oo

S EQZ

E ]

3] 53 &
N e}

PR

eL2eea

o 35 o=

tOhom

2L ecg

trn.m..e

e Q O =

00\)...03

dM.J °

c=T 2.4

ammte

o 2T .8

emgnT

ES3E S .

=STew

=327 0

£RE5S

S . S P
B o=

nl_vfkmd

= &

E I

= =]

£388

(=8

ok

B 5% 5

N >

iz

S

o]

=

Q

=

=]

£

[

fut

2

Qa

]

a

w©

1g
plant (broken lines) in twelve populations o

northern England. Numerical values are bul

are arranged approximatel

is at the lower right. Hayward (unpublished).

table on the day of collection (which was in a



Bryophyte Ecology

population E seem to be exceptional. A wider range of Em::w.mm &.52: in
Fig. 8.29. The populations sampled were all from the centre of :_ni range
of normal occurrence. It appears that the bulk density of capitula of plants
growing anywhere other than in immersed habitats is :gﬁ._v\. constant
whatever the species: high density compensates for small individual size.
(The estimates for capitula in Fig. 8.29 are rather larger than .:6 nn_.:::
ones in Fig. 8.28, probably because the definition of 1 cm of capitulum isan
operational one and depends on how hard the capitulum is cqau,m,na against
the end of the cutting board). There is much greater variation, for a single
species, in the bulk density of product, however, which may be ﬁ.m.jm?.a to
the species’ response to environmental forces. The species a_:.r,.a 100.
Clearly, the structure of the individual plants can itself :,:E_,Q the
environment to which the branches are exposed, and this effect is now
considered.

Mass per unit length (mg cm™) [\og scole]

30 e Capitutum (O—1cm) 30F Stem + branches + leaves
20} 20} (t=5cm)
N
L]
10 0 /Mi.h S. papillosum
7 T+ 6/
@
5 51 WD
Voo
3 3T v mo u S capillifolium
N o o © <l ‘u
2 oo v -ﬁ- ©
S recurvum 8 . %%
oA
1 1 AN
: 700
Of._ P 1 _ﬂm_uoh OﬂT. [ T |
50 70100 200 300 500 1000 50 70100 200 300 500 1000

Density (plants drm ™) [log woo_&

Fig. 8.29 Relationship between spatial density and individual size for capitula (-1
cm) and stem plus branches (1-4 cm) of Sphagnum spp. from various sites in all of
which the plants seemed to be growing well. Symbols: M, S. capillifolium; @, 3.
papillosum; A, 8. cuspidatum; O, §. recurvum. Redrawn from Clymo (1970).

8.5.2 Physical environment in a Sphagnum carpet

The way in which Sphagnum affects water supply and potential has already
been considered. The plants themselves also affect the light and
temperature microclimates.

The light climate in a Sphagnum carpet is shown in Fig. 8.30. The
semi-logarithmic plot should give a straight line if Beer’s law is obeyed. On

I
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the whole the results are quite close to a straight line, but they pass through
40--60% transmission at the surface, rather than the expected 100%.. There
are several possible explanations for this. Definition of the surface is rather
arbitrary because the capitula are not flat either individually or en masse.
An error of only 3 mm would account for most of the difference. Where
light has passed through only a few mm of Sphagnum canopy then there
may be “hght fieck” effects which are less common lower down. The depth
would be better measured in units of cumulative mass below the surface
because it is the matter which is absorbing and reflecting light. The effects of
this are also shown in Fig. 8.30. Some of the surface anomaly is thus ac-
counted for, but not all. The depth of the cuphotic zone (within which all
but 1% of the incident light is absorbed) is about 1-2 cm in unshaded stands
of both' S. papillosum and 8. capillifolivim and 4-5 cm in the lax growth of
shaded stands. Much the same is true in both natural conditions and in
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Fig. 8.30 The attenuation of light in carpets of $. capillifolium (upper) and S.
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symbols, unshaded: filled symbols, shaded. The results for the shaded natural stand
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(squares, top lefr). Redrawn from Hayward (1980).
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experiments. The latter show that the cuphotic zone is deeper when the
water table is high than when itis low. Again, the growth form of the plants
is probably the main cause.

The temperature climate of Sphagnuni carpets varies in a complex way.
Some of these variations are shown in Fig. 8.31, which shows
measurements made over five fairly fine days at the end of May and
beginning of June. The second, fourth and fifth days had intermittent
cloud, and about 6 mm of rain fell on the fifth day. The daily range in air
temperature (at 152 cm height) was about 15°C. The temperature about 5
mm below the capitula of a §. papillosum carpet was consistently higher
than the air temperature except for 2-3 hours just after sunrise; water has a
large thermal capacity. By noon the Sphagnum temperature was 20-25°C
which was about 5°C warmer than the air temperature on sunny days, but
little different on the cloudy fourth day. The daily amplitude of Sphagnum
temperature was about 20°C. Deeper down the temperature fluctuated
less. At 5 cm below the surface the temperature oscillations were damped
to about 6°C amplitude, lagging 2-3 hours, and with a slower fall than rise;
at 29 cm deep the daily fluctuation was less than 0.5°C, but the temperature
did rise steadily by 2°C during five days. The reduced amplitude and lag are
well known, and from them the thermal diffusivity of the surface layers can
be estimated (very approximately). There are distinct differences in the
thermal regime in different bog habitats. For example, S. cuspidatum in
pools warms surprisingly rapidly and on sunny days is about 2°C warmer by
noon than is S. papillosum and remains so until the early hours of the
morning. The north face of a S. capillifolium hummock warmed more
quickly on a sunny morning than did S. papillosum in the early morning
and the south-west face of the hummock warmed more slowly. By mid-
morning, however, the north face of the hummock was about 5°C cooler
than was 8. papillosum, whilst by noon the hottest place was the south-west
face of the hummock. Rain on the fifth day — a heavy shower — reduced the
temperature of all habitats by about 7°C.

The temperatures shown in Fig. 8.31 were measured with thermistors
shaded from direct radiation if in the air, and not visible from above if just
below the capitulum of the plants. The true surface temperature however is
probably considerably higher. An infra-red thermometer is necessary for
accurate measurements. Values in S. capillifolium consistently above 40°C
during the greater part of the day have been recorded, during drought, at a
site close to that where the measurements for Fig. 8.31 were made
(Tattersfield, 1976). The plants were not permanently damaged.

The following points seem clear: Sphagnum must tolerate quite high
temperatures during summer; it must cope with a fairly large daily
fluctuation of temperature; hummock species are exposed to a greater
range of temperature than are other species; and, rather surprisingly, lawn
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species such as S. papillosum appear to be exposed to the smallest range of
temperature (in sunny weather at feast).

There are important features of the regines in other seasons too (Popp,
1962). In the spring and autumn the bog surface temperature may be high
enough to permit active growth for a few hours each day when air or peal
temperature, or both, are too low to allfow growth of vascular plants.

8.5.3 Growth in relation to shade and water supply

The most detailed experiments are those of Hayward (1980). For S.
capillifolium, S. papillosum, and S. recurvum grown in a factorial design
with the water table at 0, 3, 6, 10 or 14 c¢m below the capitula, and with U,

Table 8.3 Main effects of shading and of water-table depth on the growth of three
species of Sphagnim. The experimental design was factorial (Sx5>3) and a log
transform was used to remove the dependence of error on treatment effect. There
were no significant interactions between treatments for growth in mass. but, for
growth in length, there were very highly signiticantinterations (£ < 0.001) between
species and shade, and between species and water-table level. These are shown in
Fig. 8.32. Water-table depth had little effect on growth in mass. From Hayward
(1980).

Growth in mass Growth in length

P P (cm)
per plant  per unit
{mg) of stem
(mg(mgem ) N)*
Species P < 0.001 P<0.00] P < 0.001
S. capillifolium 3.0 6.2 2.7
S. papillosum 8.5 7.3 2.6
S. recurvum 6.2 13.1 4.9
Shade (proportion of full P < 0.001 P < 0.001 P < 0.001
light absorbed)
0.0 9.2 14.4 22
0.54 7.4 12.0 4.0
(.80 5.8 8.1 4.4
0.91 4.0 6.5 3.9
0.96 2.9 4.7 2.5
Water table depth (cm) P <005 P <005 P =< 0.001
0 4.8 7.6 4.2
3 5.4 8.7 4.4
6 5.4 8.4 3.3
10 59 9.1 2.7
14 5.6 8.4 2.3

*This measure attempts to make allowance for the difference in size between species by
using the mass of a unit length of stem for comparison.
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Fig. 8.32 Growth i length of three species of Sphagnum in experiments with
constant water table and shade. The shapes shown are the least squares fit of the
cubic:

LoatrbWicAtdW2ieA* t f[WA 1 gW + hA  + iW? A+ jWA*
where 1 - growth in length, W= depth to the water table, A = absorbance of the
nylon netused forshading, and a tojare parameters. The underlying shapes are not
SO casy o see in the original results, in which "noise’ is added to the undulating
surtace but analysis of variance shows highly significant effects of all three main
treatments and first order interactions. Redrawn from Hayward (1980).

0.54, 0.80, 0.91, and 0.96 shading (using 0--5 layers of black nylon gauze),
there were marked effects associated with species, water table level and
shade. For dry matter increase there were no significant interactions, so the
effects are summarized in Table 8.3. Water fevel had little effect, shading
reduced growth and there were specitic ditferences associated with plant
size. None of these effects is surprising, and they agree in general with the
results of other fess detatled experiments (Clymo, 1973). For growth in
lenpth, however, there were highly significant interactions, individual
species behaving differently in response to shade, and to a lesser extent, in
response to water level (Fig. 8.32). In unshaded conditions, water level had
a large effect on clongation of 8. capillifolium and S. recurvum but not of S.
papillosum. All three species have an Coptimum’ shade, and for S.
papillosum (but not S. capillifolium) a fall in the water table reduces the
clongation at the shade optimum. These results are again consistent with
those of Clymo (1973). The results of experiments in arctic Sweden are also
consistent. Sphagnum riparium was grown in differing degrees of shade in
natural condinons (Sonesson et al., 1980) and the elongation of the plants
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