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Chapter 4

PEAT!

R.S. CLYMO

PEAT STRUCTURE

Peat is the accumutated remains of dead plants.
There is no clear break in the continuum between a
mineral soil with organic matter in it — as, for
example, in the surface of a podzol — and an
almost pure Sphagnwm peat of which more than
999 is organic matter. Most peats contain less than
20% of unburnable inorganic matter, but some soil
scientists allow up to 35%, and commercial stan-
dards may allow up to 35%. In Iceland, volcanic ash
is widespread and peat commonly coniains more
than 20% ash (Bjarnasen, 1968). The depth of peat
deposits is similarly unbounded, though it is com-
mon to take an arbitrary minimum depth of about
30 cm. Few deposits in the Temperate and Boreal
Zones exceed 15 m in depth®. Peat accumulations
in subtropical and tropical regions are mostly
coastal or at high altitude, but may once have been
more extensive than Temperate and Boreal Zone
peats (Given and Dickinson, 1975). For example
Anderson (1964) records 13m depth of swamp
forest peat accumulated during 4500 years on the
coast of Sarawak, and Whitmore (1975), who
summarized Anderson’s work, noted that as much
as 20 m of peat had been recorded. Tropical and
subtropical peat may even now be more abundant
than is commonly realised (Anderson, PartB,
Ch. 6). For example, Coulter (1950, 1957) records
about 800 000 ha of peatland in Malaya (about the
same as the area in Scotland, where peat covers 109
of the land: Robertson, 1968), and Anderson cal-
culates about 1.5 x 10° ha of peatland in Sarawak.

Peat is not a single homogeneous substance
either in space or time. It starts as recently dead
plant matter and begins a series of changes which

are usirally fast at first but slower later. Collectively-

these changes are often called decay, decompo-
sition, breakdown or humification. The meaning of
these terms is rather vague, but the processes
encompassed by them, with varying emphasis, are:
(1) loss of organic matter, as gas or in solution, as a
result of leaching and of attack by animals and
micro-organisms; (2) loss of physical structure; and
(3) change of chemical state — for example the
production of new types of molecules by micro-
Organisms.

Peat is of interest to workers in many fields -
agriculture, horticulture, chemistry, power gener-
ation, civil engineering, medicine and mining —
as weil as in ecology; so there is a great deal of
published information about it. Much of this infor-
mation may initially be of interest to workers in one
particular field. For example, consolidation under
load was of interest, originally, to engineers. More
recently it has become of interest to ecologists too
{Clymo, 1978; Hutchinson, 1980). These different
interests are displayed in the four-yearly
International Peat Congress, The Proceedings of
these Congresses form a useful entrée to the litera-
ture, but are, with one exception, a bibliographet’s
nightmare, having neither editors nor publication
date. They are quoted here with the year in which
the Congress was held (see p. 224). A very useful
account of those parts of peat science which have
been of interest in Germany is that of Gottlich
(1976).

Peat has numerous characters, most of which

'Manuscript completed July, 1980

IFlorschiitz et al. (1971} described a deposit near Padul,
southern Spain, which had twelve alternating bands of peat and
lake marl to a depth of 72 m. About half was peat, though of
what botanical origin was not recorded. The peat at 10 m depth
was about 4600 years oid.

Reprinted [rom Mires: Swamp, Bog, Fen and Moor, A, General Studies, edited by AJP. Gore 159
© 1983 Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands



160

may be used i classification. Amongst the more
generully important are:

. Botanieal composition

20 St of decomposition

Gther characteristics which may be important for
particular purposes are:

3. Concentration of norganic matter (soluble and insoluble)
Concentration of morganic solules fespecially calcium,
potassium. ammonium and hydrogen ions, nitrale and
phasphate)

5. Cution exchange capacity

6. Activity of micro-organisms

7. Bulk density (dry-matter mass per unit volume of pent)

8. Waler conteny
Cias content

(L Drainage and water-retaining propertics

H.  Proportion of fibre (defined as o size ¢lass. and not fibre in
the generally understood sense)

12, Strueture {the arrangement of materials of differem size
class and type)

{3, Heat of combustion

td,  Colour

15 Age

Finally, there are three characters of the peat-
forming system as a whole:

16, Topography and hydrology of the area which formed the
peat

17. Muorphology of the peat-forming system

18, History of the peat-forming system

These characteristics are independent in the sense
that there is no compelling physical reason why
most of them should not vary independently. In
practice, however, there is high correlation between
characteristics, so that knowledge of one or a few of
them enables one to predict many others with
considerable success. For example, the knowledge
that a peat 15 composed mainly of undecomposed
Sphagnum allows one to predict that it is probably
light to medium brown, comes from raised bog
(Hochmoor), has bulk density about 0.05 gem ™7,
holds (at fleld capacity) about fifteen times the dry
mass of water and has about 30% gas space, has
about 90%, “fibre” (material retained by a 1.5-mm
mesh sieve), a cation exchange capacity of about
I mmol g™!, a calorific content of about 17 to 20 kI
g™', an ash content of 1 to 2%, nitrogen con-
centration about 10 to 20mg g~', phosphorus
coneentration about  mg g™!, and so on.
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For many praclical purposes the chemical stute
and the origin ol the peat can be predicted from
bolanical composition, and the physical properiics
from the state of decomposition. These two “key
characters” may. 1o 4 constderable extent. be de-
termined in the field. Colour oflen changes rapidly
on exposure 1o air, probably as a result of oxi-
dation, s0 it must be recorded in the feld; delicate
grecns, blues, yellows, browns, oranges and reds
visible in peat freshly exhumed from anaerchbic
conditions ofien change before one’s eyes, and within
an hour the peat is a uniform dark brown or black.

The other characieristics are normally measured
ina laboratory. and more detailed determinaiion of
potanical composition and state of decomposition
may need to be made there 100, These characteris-
tics are now considered 1 more detail.

Attributes of peat

Botanical composition

A broad distinction of three categories - moss,
herbaceous (predominantly grasses and sedges) and
wood — has been suggested (Kivinen, 1977).

There is a good case for subdividing the “moss”
category into “Sphagrunt and “other” (mainly
hypnoid) mosses, because hypnoid moss peat is
commenly formed from plants supplied with water
which has flowed through mineral soil, and fre-
quently has a higher concentration of solutes than
does Sphagmum moss peat, which commonly Torms
in ombrotrophic and oligotrophic conditions (see,
for example, Mdrmsgjd, 1969). A few types of non-
Sphugnum moess peat are oligetrophic (and mainly
ombrotrophic). Examples are the subantarctic
peats formed from the mosses Chorisodontivm
aciphyllum and Polyirichum alpesire (Collins, 1976,
Featon, 1978, 1980) and the Racomitrium peats of
Andeya, northern Norway.

Identification of mosses to family or genus may
be attempted in the field, but a microscope is
usually necessary to confirm the identification and
to extend it to lower levels. This may be of value.
For example, the wdentification of Sphagnum to the
level of Section Acutifolia (usually hummock spe-
cies), Sphagnum (commonly lawn species) and
Cuspiduta (commonly pool species) made possible
the reconstruction of the succession of communities
on north temperate bogs, and gave rise to the
constructively misleading hypothesis, commonly
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attributed to Osvald (1923}, about cyclic growth of
hummocks and holiows (Tansley, 1939; Watt, 1947,
Walker and Walker, 1961; Tallis, Chapter 9, this
volume). Another example is the use of the distine-
tive comb-fibrils of S. imbricarum leaf cells to show
that for nearly 7000 years this species dominated
the peat in the bog at Malham Tarn, England
(Pigott and Pigott, 1959), but that it rather sud-
denly vanished from the peat in recent times, and i3
now extremely rare in the surface vegetation of the
whole region.

The “herbaceous” category of peat may usefully
be divided too. In north temperate regions grasses
and sedges predominate, and this type of peat
{typically a product of Magnocaricion vegetation)
has usually formed under the influence of mineral
soil water. As Kulczynski (1949} pointed out the
plants are rooted (unlike mosses) and the leaves fall
onto the waterlogged peat surface. Such peats are
usually denser than moss peats and have a higher
concentration of ash and of inorganic solutes. The
ecological conditions which give rise to Phragmites
peat, Carex peat, and Cladium peat differ con-
siderably, though from the gardener’s point of view
the differences may be unimportant. But the dis-
tinction between these and peat formed from the
remains of Eriophorum vaginaium (cotton grass) is
likely to be important to alimost everyone using peat
because Eriophorum grows, usually, in oligotrophic
conditions.

In north temperate and arctic peat deposits,
“wood” peat is usually found in one of three
positions: at the base of a deposit, above a layer of
herbaceous peat, or as a layer in moss peat. Wood
peat at the base of a deposit is commonly of Berula
or Pinus, the trees probably being the last genes-
ation rooted in mineral soil. Wood peat above
herbaceous peat may be formed from fen carr, and
commonly contains Alnus, Betwla and some Salix.
Wood layers in temperate moss peat oftea contain
Betula or Pinus and formed at times when a bog
surface dried temporarily. In the arctic, wood layers
are commonly of birch — often Betwla michauxii.
In the tropics and subtropics complete deposits
may be of wood peat — for example the coastal
Sarawak peats (Anderson, 1964; and Part B, Ch. 6).

Many peats are an intimate mixture of moss,
herbaceous and wood types. Yet others are so
decomposed that their botanical composition is
not, or not easily, identifiable.

i6}

State of decomposition

This character, usually called the state of humi-
fication, is partly assessed by the extent to which
plant structure is visible, and partly by colour
(though this may change rapidly). Field assess-
ments are usually made using the H scale devised
by Von Post and Granlund (1926). This is similar
to the Beaufort scale of wind velocity in that
it replaces an entirely subjective description by a
numerical scale based on specific, more objective,
criteria. These include the colour of the fiuid
expressed when peat is squeezed in the hand, and
the proportion and character of the material which
remains in the hand after squeezing the peat
{Table 4.1).

Other methods of assessing the extent of humifi-
cation rely on chemical extractants and measure-
ment of the density of brown colour. One of the
simplest is to shake equal volumes of peat and 5%
w/v potassium hydroxide, or a saturated solution
of sodium pyrophosphate, allow a few drops of the
liquid to spread on a filter paper, and compare the
colour with arbitrary standard colours, preferably
Munsell chart colours.

More complex procedures are used too. For
example, Bahnson (1968, translated in Aaby and
Tauber, 1974), dries and grinds the samples, then
boils 0.2 g with 100 ml 0.5% sodium hydroxide for
I h, filters, and measures absorbance with a yellow
filter (EEL 626). Other methods use neutral sodium
pyrophosphate at room temperature for 24 h as
exiractant (Schnitzer and Kahn, 1972), or dissolve
all but “humus” with acetyl bromide (Overbeck
and Schaeider, 1940). Von Naucke (1976) discussed
these and other methods of assessing humification.

When comparisons of methods are made (for
example, Aaby and Tauber, 1974) there i§ broad
general agreement, though in detail the agreement
is poor. Fig. 4.1 shows the correlation between the
H scale and a colorimetric estimate. A more exten-
sive series of 614 samples was found by Karesniemi
(1972) to give an approximately linear relation be-
tween H and a (different) colorimetric estimate. The
lack of detailed agreement is not surprising: peatisa
mixture of still fargely unknown chemical substances
(Schnitzer and Kahn, 1972), and the techmiques
used for assessing humification (e.g. Schnitzer,
1973) are still comparatively crude. Nevertheless
they can, used in a relative way, give useful insights
into some of the processes of peat formation.
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TABLE 4.1
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Mumification seale, trunsfated and whulated from Von Post and Granlund (1926, pp. 2930}

Scale  Description Plant structure

number

Proportion
of “dy”

FExpressed Nuid Peat lost  Peat retained in the hand

consistency colour

i compictely unhumificd  none

H2 virtually unhumified none

H3 little humified smal

H4 poorly humified modest

H3 fairly humified, fair plain, but
structure distinet somewhat

obscured

6 fairty humified, fair indistinet, but
structure less still clear
distinct

H7 quite well-humified considerable much still visible

FE well-humified large vague

HY abmost completely most abmost none visible
humified

H1G  completely humified all none vistble

colouriess,
clear
vetlow-brown,
clear
noticeably turbid pone
very turbid

not porridgey
samewhat
porsidgey

strongly turbid some very porridgey

up o 13 very porridgey

about 12 gruel-like

2:3 ounly fibrous
matier and
roots remain

almost ali homoge-
neos

all porridge

very dark

The often quoted Von Post (1924) reports the existence of this scale but gives no details. Peat is squeezed i the hand. The fluid which
escapes ¢ examined and se are the nature and amount of peat substance remaining in the hand,

The term dy™ introduced by Von Post has no direct equivalent in English. 1t is powadays used for amorphous (colloidal) dark brown
“humic™ maiter from which all trace of macroscopic plant-structure has disappeared.
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Humification { von Post scale )

Fig. 4.1. Correlation of humification on the H scale with absot-
bance a1 600 nm of an Na;HPO,/NaF extract. Data of Mattson
and Koutler-Andersson (1954),

In Sphagrnum peats in Finland there is a positive
and approximately linear regression between bulk
density and the Von Post H scale value {(sum-
marized by Pdivinen, 1969). The relationship is
approximately:

p=0.01 H+0.04

where p=bulk density (g cm™*); H = Von Post scale
number (0—~10), A remarkably simitar relationship:

p=0.01 H-0,05

may be calculated from the results shown by
Karesniemi (1972).

Humification may also be related to void pro-
portion {see below).

Concentration of inorganic matier
This is easily measured after dry ashing (at
450-550°C) or after wet ashing with concentrated
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strong acids, particularly nitric acid mixed with
perchloric acid. Wet ashing is usually used only
when chemical analyses are to be made, and the
presence of perchioric acid is potentially dangerous.
The mineralogy of the inorganic fraction may be a
useful characteristic (Finney and Farnham, 1968),
particularly the distinction between soil-derived
quartz and plant-produced  opaline  silica
(Chapman, 1964b).

Concentration of inorganic solutes

It is convenient to distinguish solutes in the water
from those, probably nearly in equilibrium, in
“exchangeable” forms. “Exchange” includes a va-
riety of processes, including simple exchange, chela-
tion and (for H*) dissociation. Peat water may be
expressed by pressure (Malmer, 1962b, p. 8), and
“exchangeable” solutes extracted by 1M acetic acid,
I M ammonium acetate, or (.5M barium acetate, at
pH 7 (Puustjdrvi, 1957) or by some other con-
centrated acid or salt. Different extractants give
different resuits (Table 4.2A). Most of the H',
Na*, K*, Mg?* and Ca®* in ombrogenous peat is
exchangeable (Gore and Allen, 1956; see also
Table 4.2B8).

The concentration {or, strictly, the activity) of
H7 in peat water is an especially important charac-
ter. It is commonly reported as “pH”, and is useful
because, as Pearsall (1954) pointed out, it is often
highly correlated with other characters. Taken
together with the concentration of Ca**, or even
with electrical conductivity (if the influence of
coastal sea spray is not important}, it can be used to
assess the relative importance of rain water and
mineral soil water.

Measurements of pH made by pressing a glass
electrode into damp peat are usually lower than
those of peat water, and are difficult to interpret.
Measurements of pH in concentrated potassium
chloride solution mixed with peat may be useful:
essentially, the method measures total exchange-
able H7, so the relative amounts of solution and dry
peat mass should be recorded too (but rarely are).

Many chemical species change state as a result of
the -activities of micro-organisms or from purely
chemical changes, especially between anaerobic
and aerobic conditions. Examples are: Fe?* and
Fe?*, Mn* and Mn?*, §%7 and SO; ™. Investigation
of these very important changes in the field has
hardly begun.
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TABLE 4.2

A. Concentration (mmof dm™2} in peat from Akhult mire,
southern Sweden, of exchangeable cations extracted with 1M
CH,COONH, {(Am) and corresponding value as ¥ difference
(D) extracted by 14 CH;COOH. Sefected from Malmer (1962,
pp. 304-307) (nd =not determined)

Am {mmol dm™?) D0

Na*t KT Mgt Ca* Nat KY Mgt G

Replicates from “mud-bottom™, H3-H4

0.57 022 31 42 18 9 nd -2
040 033 390 3.2 28 9 nd 16
040 611 27 7 -1 0 nd -11
352 622 35 5.2 § —14 nd -4
.56 0.6 32 4.5 43 131 nd 0
Wet area, Eriophorum vaginatum zone

048 079 23 1.8 ~2 -5 -22 =22
040 028 25 2.4 i5 57 6 37
032 017 19 1.9 -9 ¢ nd —16

052 031 28 24 17 16 4 =25

Wet area, Menyanthes trifoliata zone, H5-H6

049 079 31 9.2 33 —10 nd —4&
059  0.64 25 12,7 -3 6 nd 2
82 nd 2.1 7.8 -2 nd nd —19

Wooded bog, H2
083 088 24 23 -1 —di 17 0

B. Cation concentration in a Sphagnum—Erlophorum peat (mmot
dm™%) using four extractants, compared with total
(HCIO4~HNO; wet ashing) (from Boatman and Roberts, 1963;
bulk density assumed to be 8.1 g em™?)

(Extract- Na* K™ Mg+ Ca®*

ant pH)
Wet ashed 1.2 07 31 31
Exiracted with:
HCI (50 mmol dim™%) ¢ 1.2 12 03 43 30

CH,C00H {l mol dm™%) ¢ 2.4 1.0 04 22 17
CH;COOH {I mol dm™3,
intermittent leaching) ¢ 24 1.3 05 49 32
BaCl; {triethanclamine) 8.1 .1 05 - 2.5

Cation exchange capacity

The term ““cation exchange” is often used loosely,
as it is here, as a description of experimental results.
Besides cation exchange in the strict sense, there are
other processes which can in general be described
by equilibrium equations based on the law of mass



16

action and with o speeific coelficiont. Dissocintion
and chelation ave such processes. One may set up
mathematical models with sets of, say. three such
equations for cach cation, and use experimental
results (o get hest estimates of the cocfficients for
cach process. These are useful for predictive pur-
poses (Clymo. 1967). Most workers assume., how-
ever, that they are dealing with a single process. It
they work with Na” or K* they will probably call it
“exchange”. but if with Pb?* they may prefer 1o
speak of chelation. There is usually very litile evi-
dence adduced on which the distinction can be
suppoerted (but sec Sikora and Keeney, Ch. 6}, and
indeed there may in reality be & mixture of pro-
cesses, or ones of intermediate character. “FEx-
change™ is used here in the broad sense.
Sphagrusn has a relatively high cation exchange
capacity (Skene, 1915) as a result of ubundant long
chain polymers of uronic acids (Theander, 1954),
but Eriophorun vaginaturm, for example, has an
unusually low cation exchange capacity (Knight et
al.. 1961 Clymo, 1963). The catien exchange ca-
pacity of bog peats may vary noticeably. therefore,
over quite short distances both horizontally and
vertically (Fig. 4.2). The chemical potential of a
cation is related to concentration (or, strictly, to

Cation exchange capacity for
Calt a2t pH 72 Ecgz (mmat g=t)

o] 1.0

O I i .

EO_
20+

Depth
fom )

304

A0 ]

=
k23

Fig. 4.2. Profile of cation exchange capacity of peat from
Stordalen, Abisko, northern Sweden. Peat type Sphagnum
Juscum, with some Eriophorum at points marked e. The standard
deviation of the method is shown at s. {Clymo, unpubl.)
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activity) mopeat water. but the capaciny ol the peal
to supply that ion is related Lo the cation exchange
capacity {end to the concentration of solids such as
cafcium carbonate if presenty and also 1o the
concentration of other cations, Table 4.3 (from
Mulmer, 1962b) shows thal, in accordance with
expectation {Clymo, 1967), up to half the total
{monovalent) Na™ isin the peat water, bul only i {o
2%, of the (divalent) Ca®7. _

Cation exchange capacity is commonly expressed
per unit dry mass of peat, and measured by
saturating the exchange sites with 2 polyvalent
cation at a pH sufficiently high to ensure that the
urenic acids are dissociated. followed by washing in
distifled water to remove calions in solution, then
displacing the saturating cation with strong acid or
afkall and measuring the amount thus displaced,
The washing step is unsatisfactory because some of
the salurating cation comes out into the waler as
the system moves toward a new equilibrium, 1t is
preferable therefore to use a different procedure,
The peat is pressed as dry as possible, welghed and
transferred to the cxtracting solution. From the
pressed dry weight and the final dry weight the mass
of solution transferred with the peat is catculated.
The cation concentration in the saturating solution
is measured, as well as in the exlracting sofution,
and then the amount of cation transterred with the
peat is subtracted. With weil-pressed peat this
correction is usually less than 10% of the total
exchangeable cations.

TABLE 4.3

Proportions of peat cations (as *, of lotl) in peat waler in
southern Swedish mires; the water was extracted with a
pressure-plate apparatus at 14.5 x 10° Pa for 24 h {from Malmer.,
1962a).

Site Na™* K* Mg?t Oyt

Mud hottom

Bog, Akhult 44 17.0 3.4 2.6
Poor fen, Akhult 435 1.5 1.7 0.8
Rich fen, Néthult 40 1.3 35 L6
Hummock

Bog, Akhult 27 47 26 23
Narthectum ossifragum community

Akhult 33 2.5 4.5 1.0
Koppords 38 23.0 1.9 .9
Tidrnarp 5t il.4 6.3 3.5
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Because the COOH and OH groups dissociate as
the pH is raised, the cation exchange capacity is
very dependent on pH. Fig. 4.3 (redrawn from
Belkevich and Chistova, 1968) illustrates this point.
If E is the observed cation exchange capacity
(mmol g™, and p is the pH, then: E~0.3 (p—3).
For this reason it might be preferable to use cation
exchange ability (E?) to represent the measured
capacity at a particular pH (7.2 in this example) and
with a particular cation (calcium in this example),
and to reserve the term “cation exchange capacity”
for the maximum reached when all the exchange
groups are ionized. The results depend on the
concentration of the exchanger cation. too (Clymo,
1963). Where detailed comparisons are to be made
there is much to be said for allowing all samples,
enclosed in individual net bags, to equilibrate
together in the same bath of solution. The results in
Fig. 4.2 were obtained in this way, and with the
pressed-dry correction described abové. The sat-
urating solution was CaCl, +Ca{OH);, at pH 7.2,
and the displacing solation was 0.IM HNO;. The
cation Ba®* has commonly been used, in spite of
the chanices of precipitation of barium carbonate or
barium sulphate 1f the pH is not controlied.
Puustjarvi (1956) used H* as saturating cation, and

Cation exchange capacity (mmaol g-)

2 4 8 a 10 12
pH

Fig. 4.3. Cation exchange capacily for Ba*" of an Eriophorum—
Sphagnum peat as a function of pH. Redrawn from Belkevich
and Chistova (1968},
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0.25M barium acetate as displacer. He found values
of E§° from 0.07 mmol g~% in peat from a
rimpi fen composed of Carex plus non-Sphagnum
mosses up to 1.5 (or, in isolated cases, 1.7 and
1.9) mmol g™t in Sphagnum fuscum peat.

Activity of micro-organisms

The nature and activities of micro-organisms
{mainiy fungi and bacteria) have been receiving
much more attention since 1950, following a long
period of neglect after the early work of Waksman
and Tenney (1928) and Waksman and Stevens
(192%¢).

In blanket bog, Coliins et al. (1978) found that
estimates of biomass of bacteria by different meth-
ods differed by one to two orders of magnitude,
and of fungi by about one order of magnitude.
Within these broad limits there was no clear in-
dication that either group was dominant. The
abundance of both groups declined in the anaerobic
zone, though this total masked conspicuously dif-
ferent behaviour by groups defined by physiologi-
cal function. Even obligately anaerobic bacteria
were less abundant in the anacrobic zone than they
were in the surface layers, which contain & lot of
water and must have a large total volume of
microanaerobic sites scattered through the gen-
erally aerobic zone.

The biomass of bacteria and fungi is of course
not a good indicator of their physiological activity.
That such activities are localized can be suggested
by earichment cultures (Clymo, 1965) or, better, by
direct measurement of the products of micro-
organism activity, for example sulphide (Benda,
1957; Clymo, 1965; Urquhart and Gore, 1973), ot
carbon dioxide and methane (Clymo and
Reddaway, 1971). In general, however, there is still
relatively little known about the activities of micro-
organisms and particularly about microbial in-
teractions in peat. Reviews of the microbiology of
peat have been made by Given and Dickinson
(1975} and by Dickinson in this volume (Ch. 5).
Here it is sufficient to point out that the activity (or
inactivity) of micro-organisms is one of the main
causes of the very existence of peat. At the other
end of the scale, the excessive activity of micro-
organisms perhaps especially of thermophilic fungi
(see, for instance, Kiister and Locci, 1964) can raise
the temperature of milled peat to-70°C, at which
point, if air is admitted, chemical redttions become
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so fust that the peat burns spantancously! (Strygin.
1968).

Bulk density, water content, gas content

There are many methods of making these
measurements. Puusijarvi (1968, 1969) gives one
example. In principle, four quantities must be
known (Skaven-Haug, 1972}

A defined volume of peat is weighed, The peat is
oven-dried and weighed again. A fourth quantity
- ne density of the peat dry matier — is needed.
This may be determined by weighing the peat,
suspended under waier, afler evacuation under
water to remove gas (Clymo. 19703 Let

K omevolume of whole bulk
of peat

Wy = wet weight in air

W, =weight submerged in
water

Wa = dry weight in air

e = density of waler

Fy =volume of the dry peat
substance
M =wei mass in air

My =dry mass in air

Then pg. the densily of peat dry matter, is given by:

Md p w W(l
Pa = e e

Ve " (e W W

The dry matter density is defined in terms of mass
per unit volume, but the simplest method for
determining it depends on measuring the quotient
of weights. The method should be accurate at any
position on the earth’s surface, but would be
impossible if attempted in a condition of weightless-
ness. This is not hkely to be a severe limitation in
practice.

The bulk density, p, is given by

The water content on u mass basis, ¢, is given by:

tha= (My —My) (3

¢

!Spontaneous combustion of peat should be distinguished from
the phenomenon known as “will-o-the-wisp" (= ignis
Jetuus = Jack-o”-lantern) which anecdotal accounts record from
the surface of peat bogs. Tt is terapting to speculate that this may
be bubbles of methane ignited by rapid oxidation of inorganic or
organic suiphides.
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and the water content on o volume basis, ¢ by:

(M, My
b= Pt | )

The void proportion, £, s given by:

M,
2 R (5)
I/pd

Finaily. the gas content per unit volume, 7, is given
by:

G om ], Ma (6)

E/l T4

If such measurements are made for ecological
purposcs, it may be important lo avoid sample
compaction. Hiller borer samples are virtually
uscless, Those collected with & “Russian patiern”
borer (West, 1968}, with which a half-cylinder of
metal is rotated to trap the sample, gave resulis lor
bulk density which were coasistently about 3%,
below those for samples taken by horizontal ex-
cavation of monoliths from a cut-back peat face
(Clymo, unpubl.). The menolith samples were each
about fifty times the volume of the “Russian
pafttern’” samples.

For detailed investigations of the top 30 to
1¢0 cm, then, & rectangular sampler (Fenton, 1978)
may be useful. One side of the sampler runs in
grooves and can be siid out lengthwise. The three-
sided box, with a sharp-sioping end, is forced down
into the peat, cutling down three sides but leaving
the fourth attached. This attachment causes the
whole block to resist compaction. The sharp-ended
fourth side of the cutler is then thrust down,
running in its grooves, to complete the vertical
isolation of a peat block. The whole must then be
excavaled with a spade. Any movement of the
surface can be seen, so faulty blocks may be
rejected.

Other workers have used cylindrical samplers.
One such (Clymo, unpubl.) allows one to draw a
cutter plate across the sampler base, thus retaining
the core in the tube while both are extracted. The
natural profile of water and of gas space (Fig. 4.4)
may be fairly easily and accurately captured in this
way — something which is difficult to manage by
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Fig. 4.4. Physicai properties of a Sphagnum fuscumn peat profile from Nordmyjele, Anderya, northern Norway (Clymo, unpubiished). The
20 cm diameter core was coliected in a tube which was then sealed to prevent water loss. The core was later ejected, ] crm at a time, and

sliced with a sharp knife.

other methods. Again, faulty samples may easily be
recognized and rejected.

Of the quantities defined above, bulk density and
water content are determined routinely for com-
mercial purposes (for example, Puustidrvi, 196§,
. 1969) but not as commonly as might be hoped for
scientific purposes, and rather rarely on profiles {as
opposed to isolated samples). An illustrative set of
profiles is shown in Fig. 4.4, The void proportion
{or quotient), £, is especially important i studies of
the mechanical properties of peat {(see, for example,
Berry and Poskitt, 1972) and in studies of hydrautlic
conductance. The bulk density profile is important
in studies of the rate of peat accumulation (Tallis
and Switsur, 1973; Jones and Gore, 1978; Clymo,
1978) and ought to be measured whenever '*C
dates are deterinined,

The general features of Sphagnum-deminated
profiles are that the bulk density in the top | cm is
relatively high, but that immediately below the
tightly packed capitula of the mosses it falls to
about 0.02g cm™® (mosses of the Section

Sphagrum) or about 0.04gem™>  (Section
Acutifolia). Below this p increases gradually, and
then, at the point where the weakened moss can no
longer suppoert the load above (commonty 10-30
cm deep), p increases rapidly to about 0.1 gem™>.
At greater depth there may be perhaps a 20%
further increase {for example, see Jones and Gore,
1978}, Highly humified peat (Pdivinen, 1969; Tallis
and Switsur, 1973) and Eriophorum vaginatum peat
{Tallis and Switsur, 1973) have greater bulk density
—about 0.12to 0.15 g cm™*. The values calculable
from the data of Bellamy and Rieley (1967) -
between 0.18 and 0.22 g cm™? in Sphagnum fuscum
peat — seem remarkably high for natural peat,
though artificial means can raise p to 1.3 gom™?
(Freistedt, 1968). The specific gravity of 0.2 to 0.8
reported by Mattson and Koutler-Andersson
(1954), and density from 0.35 to (.96 reported by
Walsh and Barry (1958), probably refer to wet-
mass. A similar pattern: p=0.15 g cm™? at the
surface, declining to 0.09 gem™ at 15cm depth,
then increasing again deeper in the profile, is
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reporicd by Fenton (1980) for Antarclic peats
(though the explanation here is probabiy rather
different -— see p. 215) In all these peats the
contribution ol inorganic matter is negligible.

[1 15 remarkable that in these peals no more than
3 to 0% by volume s organic matrix: the resl is
water or gas. The proportions of water and gas are
inversely related. The water-holding capacity of
small peat samples which have been saturated and
allowed to drain i$ closely related to bulk density
(see, for example, Puustjirvi, 1968, 1972), In the
Jield however the refationship is complicated by
capillary phenomena. Apart from the top | em. the
surface peat contains 56%, {dcwtifolia peat) 10 909,
(Sphagnum peaty of gas. decrcasing to zero at the
water table. This has obvious consequences for the
rools of vascular plants. The interrelationship of
water-table, water-content profile, bulk density and
decay is best discussed later.

For a wide range of commercial peats, Olsen
{1968) has shown that humification H {on the Von
Post scale) is related to p(gem™?) and E by:

Hﬁ(p—{).023);’0.015}(valid between p=0.03 and
E=1.01-~0.67p 0.20)

Karesnjemi (1972) and others reporl similar
relationships.

The profile, in situ, of water content on a dry
weight basis, dig, is affected by changes both in ¢,
and in p, and quite complex shapes (for example,
see Fig. 4.4) may result.

Drainage and water-retaining capacity

Relatively undecomposed peats have a high hy-
draulic conductance, and water flow through them
follows Darcy’s Law quite closely (Ingram et al.,
1974; Rycroft et al., 19754, b). The conductivity is
about 107" 1o 167 em s™". In decomposed peat the
conductivity is much lower — perhaps 107 cm 571,
Korpijaakko and Radforth (1972) reported an ap-
proximately linear relationship between conduc-
tivity, K, (in cmmin™) and the logarithm of
humification on the Von Post scale:

Koz —0.5 log o +0.6
Rycroft et al. {1975b) showed that flow in humified

peat deviates from Darcy’s Law, so it is not clear
how far the results of Korpijaakko and Radforth
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can be relied on. Buring periods of heavy pre-
cipitation (or snow mell) much of the water can
flow vertically and then horizontally through lavers
of high conductance, but at other times, of low
water tanle, movement may be very slow (e.g.
Chapman, [963).

The relationship of water content, ¢, and equilib-
rium water polential, . in peat is imporiant, and
depends primarily on the extent of humification
and compaction. An example of the water potential
capacity curve for a moderately humified peat is
shown in Fig. 4.5 (capacily as ¢y, rather than ¢.).
Most of the water is removed between a potential
corresponding to that in cireular fully weltable
water-filled pores between | and 20 pm diameler.
This corresponds 1o the range of pore sizes com-
monly measured in peats, and one may conclude
that most of the water in little-humified peat is held
by capillary forces. " Wilting poiat™ (at —~20x 10°
Pa)' is well below this point (though the actual
wilting point of mest peat-inhabiting plants is not
known), and is unlikely to be reached in natural
conditions, Capillary forces in this range begin to
averlap with other (stronger) chemical forees. In
highly humified peats — H8 to H10 — the pro-
portion of water with ¥ below —20%10% Pa g
larger (Boelter, 1968). In less humified peat (Fig. 4.5)
the whole curve is lower and extends to higher water
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Fig. 4.5, Water potentialjwaler conlent curves (drying, for
Sphagnum—Eriophorum peat, H6~-H7, and for Sphagnum peat,
Hi-H3). Redrawa from Van Dijk and Boekel {1968) and
Puustjarvi (1968). The  value for cylindrical water-filled pores
of 1 and 20 pm diameter is shown,

*The $1 unit of pressure, the Pascal, is related to the Newton
and other units by: 107 Pa=10" Nm™ 2= | bar=1{ atm,
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content because there are more and larger capillary
spaces.

The exact shape of water potential/capacity
curves varies with pretreatment. Changing the
physical structure by freezing and thawing for
example (Van Dijk and Boekel, 1968) has a marked
effect, as does drying. I results are plotted on a
volumetric basis the curves are similar, but shifted
as a result of shrinkage on drying. In peats with
some structure but low strength this shrinkage may
be caused by the reduced hydrostatic pressure
inside capillary fiims, The pressure is closely related
to water potential in this case. This may account for
the linear relationship between water loss and
shrinkage (Irwin, 1968). In humified peats the pro-
cess is more akin to the shrinking of a drying jelly.
In vnhumified peat in which the plant structures on
the scale of 1 to 5 mm are preserved there is much
less shrinkage on drying. Further information is
given in Chapters 3 and 8.

Proportion of fibre

“Fibre™ is the category of organic matter which
fails to pass through a sieve of mesh size 1.5 mm.
“Unrubbed” and “rubbed” fibre are distinguish-
able. Fragments of wood larger than 2cm are
excinded in this definition, but leaves are in-
cluded (Day, 1968). The proportion of “fibre”
must, ultimately, be measured, but with practice
visual estimates on vertical (not horizontal) cleav-
age planes in the field may become accurate to
within 10%,. Technical details are given by Farnham
(1968). In practice the bulk of material classified as
“fibre” is not fibre in the sense of the botanical cel}
type, but consists of leaves and stems of Sphagnum,
other bryophytes, segments of sedge leaves, frag-
menis of wood from stems of dwarf shrubs, and so
on. The main exception is undecomposed shoot
bases of Eriophorum which contain a large pro-
portion of fibres, and are fibrous in the technical
and common senses of the word.

The proportion of fibre is usually closely linked
with the extent of humification, and hence with the
mechanical and hydrauilic properties already
discussed,

Structure

Structural features of primary importance are the
size and distribution of pores, and the orientation
of those components (if any) which have retained
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structural integrity. These features have influence
on the mechanical properties of peat {compress-
ibility and creep hehaviour) and on the hydraulic
properties. MacFarlane and Radforth (1968) sug-
gest from microscopic examination that the struc-
ture of moss peat may be approximated by a series
of parallel cylinders, each with an incompressible
core (the stem) swrrounded by a compressible
sheath (leaves). Ohira (1962) suggested a more
abstract model of loosely packed spheres, with the
space between them filled by smaller particles, gas
and water. Some features of the pore size and
pattern may also be deduced from the pattern of
absorption and elution of non-adsorbed radioac-
tive tracers {Volarovich and Churaev, 1968).

Heat of combustion

This character {also known as “calorific content”
or “energy content”) may be measured by the
standard techniques of bomb calorimetry. Such
measurements are made routinely for commercial
purposes but are rarely published and are not
usually related to the processes of peat genesis. The
resuits in Fig. 4.6 show that in both profiles there is

Heat of combustion {kJ g1)
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Fig. 4.6, Profiles of heat of combustion (="cnergy content™
="calorific value"). Sphagmm fuscum profile (Bellamy and
Rieley, 1967) from northern England. S. mageilanicum profile
(Ctymo, unpublished) from Cranesmoor, southern England.
The four blocks are: (@) “Sphagrum™ (Gorham and Sanger,
1967, (&Y S, capillifolivm, S, papiliosum, 8. cuspidatum, 8.
recurvum (E.I2. Ford, quoted in Clymo, 1970); (¢) “peat”™
(Duane el al., 1968; Kamula, 1968); {d) coal {(average).
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al first a decrease downwurds in the heat of
combustion, [ollowed by an increase. This is clear
m tie Sphagnum magellanicam profile, where there
are sulficient observations to make the tread plain.
The S. fuscun profile shows the same trend {excepi-
ing the high value at 31 1o 35 em), though it is less
well marked and the trough 1s at greater depth. The
reversal may be connccted with the change from
aerobic to anaerobic conditions. The even higher
values for commercial peat {used for fuel} and coal,
and the results of Salmi (1954), suggest that the
process continues.

Colour

Soil scientists have long recognised the need for
objective descriptions of colour i the field, and
commonty use standards such as Munsell charts,
There are a surprising variety of delicate colours to
be seen in freshly exposed peat, and these may be of
ecological significance, For example, the distinction
of upper “black-brown™ peat above a layer de-
seribed as “green” which in turn overlies “red-
brown™ peat has been associaled with micro-
biological differences, which are, in turn, probably
connected with the position and fuctuation of the
water table (Collins et al, 1978). Reference to
standard colours is rarely made however, probably
because & complete set of such standards is expen-
sive and only cecasionally of use to ecologists,

Age

The age of peat is needed for the reconstruction
of vegetation history and in studies of peat growth.
For ages in the range from 200 to 20 000 yr the *C
technique is satisfactory for ombrogenous peats
unless there has been an abnormal amount of deep
rool growth, but may be lcss so for peat formed
from plants growing with mineral soil water, partic-
ularly if this is highly calcareous. There is un-
certainty about the calibration of **C ages (Pearson
et al, 1977). There is probably little vertical move-
ment of carbon-containing substances, though it
may be that some substances present in small
amounts, for example, amino acids (Swain et al.,
1959) and pollen (Mackay, unpublished, 1976), are
mobile in the top 20 ¢m of the peat.

Ages to 200 years cannot at present be measured
accurately, though one particular event, the 1963
peak in **’Cs produced by nuclear bomb tests, may
be useful. Aaby et al. (1979) and Otdfield et al.
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{1979) doubt this and prefer the amount of 2'VPh,
belicving that the mobility of lead s low (but see
Figs. 407 and 4.18). Atempts have been made 1o
use the cumulative totad of magnesium or aluminium
to provide a contnuous scale (Clymo, 1978), but
it Is cvident that many inorganic elements are
surprisingly mobile in the surface lavers of peat
{Damman, 1978, Mackay, unpublished. 1976}, so
such methods arc approximate atl best.

The only other method in use at present is
painstaking correlation of pollen abundance with
historical records of tree planting, industrial ac-
tivity (causing deposition of soot). changes in cercal
abundance. and se on (Lee and Tallis, 1973; Liveu
et al., 1979).

Attributes of peat-forming systems

The three characters which follow differ from the
earlier ones in being characters of the peat-forming
system as a whole, rather than of the peat substance,
The three characters are often closely interlinked.

Topography and hydrology of the area in which

peat formed

Because of their dependence on water, peat-
forming systems may be very sensitive to topog-
raphy. In regions of continuous high humidity such
as Ireland and Newfloundland, peat may form
direct on slopes up to 200 or more, although such
“blanket peats” on steep slopes are likely to “flow™
or “burst”. In drier climates, basins or valleys may
be essential to give the necessary amplification or
stabilization of the water supply. The peat itself
affects the hydrology. These matters are considered
in much detail elsewhere in this volume,

Morphology of the peat-forming system

Structures may be seen in peat-forming systems
at all scales, but three scales are most conspicuous.
First is the scale of the individual plant, centred on
about I to 10 cm. Second is a scale of | to 20 m.
This corresponds to pool and hummock topog-
raphy. There is a great variety of structures from
the extraordinary ““strings” of the northern “siring-
bogs” which may be 2m ucross, 1 m tall, and
hundreds of metres long, to the approximately
circular hummocks of more southerly bogs on the
west coast of Europe. Finally, there is the large-
scale structure of @ whole peat-forming system, such
as raised-bog, eccentric-domed bog, Schwingmoor,
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etc. The scale here is hundreds or thousands of
metres. Again, these structures are described in
detail elsewhere i this volume.

History of the peat-forming system

The history of a peat-forming system is pre-
served, with distortion, in the peat substance.
Except where cryoturbation has disturbed the se-
quence, the deepest peat is the oldest. Macrofossils
— leaves, stems and roots — show what plants
lived at that particular point. Microfossils — pol-
len, spores, etc. — may be local or regional.
Different plants decay at different rates (see, for
instance, Coulson and Butterfield, 1978; and
Dickinson, Chapter 5, this volume) so it is not in
general possible to reconstruct the vegetation his-
tory in detail, but major changes from, for example,
Phragmites to Sphagnum (see, for instance,
Chapman, 1964a) are of value as indicators of a
change in the nature of the peat-forming vege-
tation. Sometimes the changes are surprising and
would not have been expected from consideration
of present topography and hydrology. For exam-
ple, the sequence Sphagnum peat, Cladium peat,
Sphagnum peat at Shapwick Heath, Somerset
(Godwin, 1956, Fig. 14) probably resulted from
flooding of a rainwater-dependent surface by cal-
careous mineral-soil water.

‘Classification of peat and peat-ferming systems

There are a large number of classifications in use
and disuse. A primary distinction is between classi-
fications of peat substance and those of the peat-
forming system. The general problems are well
presented in the account of an International Peat
Society Symposium (Kivinen et al., 1979).

Peat is of economic importance, so there are
national commercial classifications of peat sub-
stance (summarized by Farnham, 1968} in, infer
alia, the Soviet Union, Finland, Canada, the
United States, Germany, Great Britain, Sweden,
Poland, Norway and The Netherlands. [The order
is that of the area, reported by Olenin {1968), of
exploitable peat in each country.] Attempis are
being made to produce an internationally agreed
commercial classification (Kivinen, 1977) and this
is shown in Appendix I.

Some classifications of peat-forming systems
make use, in the main, of the peat substance charac-
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ters and their vertical variation. An example of such
a classification is that contained within the United
States Department of Agriculture 7th Approx-
imation soil classification. The relevant parts are
shown in Appendix II. A similar classification is
given by Farnham and Finney (1965), who give
examples of other classifications too. These are
“special classifications” in the same sense that a
telephone directory is. They may be very good for

“one purpese, but useless for all others. The arbitrary

definition of a “control section™, 130 or 160 cm
deep in the U.S.D.A, 7th Approximation, makes
the classification of little value to those whose
interest lies in the ecology or history of the peat-
forming system, as Ingram (1978) points out.
Ecologists are likely to find the more “general”
or so-calied “natural” classifications of more use.
There are very many of these, mostly making use of

five main elements: topography and hydrology,

present surface vegetation, morphology, water
chemistry, and history. Amongst the earliest were
those of Weber (1908) and Potonié (1908), and an
influential later one is that of Sjors (1948). An
example of such a classification is shown in
Appendix 111, and others are given by Moore and
Bellamy (1974) and elsewhere in this volume. Of
particular interest are the classifications used in the
Soviet Union, which contains perhaps 60%; of the
world’s peat. Rather vague examples are given by
Bradis and Andrienko (1972) and Elina (1972), and
a more detailed description, but using
Scandinavian and German terms, by Walter (1977);
further discussion will be found in Chapter 4 of
Part B.

Most of these schemes are intended for use
within a Hmited geographic range: few of them
would cope easily with the sub-Antarctic moss-
peats (Fenton, 1978). Scme interesting and very
early “proto-classifications” are reviewed by
Gorham (1953, 1957).

Most classifications recognize the fundamental
importance of two factors: plant nutrition and
source of water. The significance of these was first
emphasized by Scandinavian ecologists, and is
discussed elsewhere in this volume. Two extremes
of each factor may be recognized. The water
coming to the system may have a high con-
centration of plant “nutrients” {or a lower con-
centration but a constanily renewed supply, or
both) in which case conditions may, inaccurately
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but commonty. be called cutrophic. Water which
has a low concentration of “nutricnts™ or which iy
not often renewed. causes oligotrophic conditions.
The present surface vegelation may be entirely
dependent on precipilation for s water supply
("ombrotrophic™), or most of s water may have
flowed through rock or mineral soil or both {'mi-
nerotrophic™). The terms “bog™ and “fen™, with
qualifiers, are freely used in classifications. Their
relationship o nutrition and source of waler is
shown in Table 4.4,

Precipitation alone does not cause eutrophic
conditions. and peat-lorming systems which de-
pend entirely on precipitation are almost univer-
sally recognized (nowadays) as “bog™. The vege-
tation ofien contains much Sphagrum, which can
make the water acid (Clymo. 1967), and a limired
number of vascular plant species, particularly
Eriophorum and dwarl shrubs, which can tolerate
acid, oligotrophic, wet conditions. Water which has
flowed through sedimentary rocks and acquired a
high concentration of solutes usually gives con-
ditions suited to 4 wider range of vascular plants,
mostly of non-bog species, and is recognized as
“fen”. Classifications differ in their treatment of
peat-forming systems which receive most of their
water from weathering-resistant rock or mineral
soil, and which are therefore oligotrephic and
commonly have & vegetation similar to that of
“bog”. Sometimes the vegetation character is con-

TABLE 4.4

Broad outline of ecological classifications of northern peat-
forming systems

Source of Nutrition
water

eutrophic oligotrophic
Rock or soil fen (a) bog or fen (b)
Precipitation - bog (¢}

Approximate eguivalence of special terms:

Weber Potonié Sidrs Tansley
(1908) (1908) (1948) (1939

(&) Niedermoore Flachmoore rich fen  fen

(&) Ubergangsmoore Zwischenmoore poor fen valley bog

()  Hochmoore Hochmoore moss raised bog;
blanket bog

These terms are only approximately equivalent because different
authors placed emphasis on different characters.
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sidercd paramount. sometimes the ongin of the
witter. On the whole such mires - g general term -
have been called “bog™ in Britain, but “fen™ in
Scandinavia where the “mincral soil water mit” is
considered of greal importance.

Buring its development & mire may have passed
from fen to bog. Some classifications recognize this,
Others ignore the histery of the peat-forming
system, but attach importance to morphoelogy.

In general it 1s as well to remember that classifi-
cations ave artificial, they are intended for con-
venfence, and they should change to accommaodate
new knowledge. The quest for “the™ classification
of peat-forming systems has proved as difficult and
as self-revealing (though not yel as deadly) ag that
for the Holy Grail, but there arc now so many
classifications in use {or disuse) that it should be
possible to find one that is adequate for any specific
limited purposc.

PEAT CHEMISTRY

Many factors affect the chemistry of peat.
Amongst the most important ace the nature of the
original plant matter, the supply of inorganic
solutes, the activities of plants and animals and of
micro-organisms, environmental conditions (partic-
ularly temperature and the extent of waterlogging)
and, finally, the age and history of the peat. These
factors are not independent: the type and extent of
microbiological activity depends on temperature and
the extent of waterlogging; the nature of the original
plants may change as eulrophic fen is succeeded by
oliogtrophic {ombrotrophic) bog, and so on.

There are marked vertical palierns in chemistry
associated with gradients in these factors, and
significant horizontal patterns within any one peat-
forming community: one need only consider the
“string bogs™ of arctic regions (Ruuhijdrvi, Part B,
Ch. 2) to appreciate this.

H is convenient to consider the organic com-
pounds in peat separately from the inorganic ones,
Nitrogen and phosphorus do not fit easily into this
scheme, and are considered at convenient points in
both sections.

Organic constituents of peat

Peat begins to form when any one of a large
number of plant species dies. At the outset therefore
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it contains the full range of chemical compounds
found in the parent plants, dominated in quantity
by the structural cell-wall carbohydrates. As the
peat ages, its chemistry changes. Some substances
are selectively removed. For example, plant pig-
ments do not survive in acid peat, though they doin
lake sediments (Gorham, 1961a). Other substances
are formed de noveo; the development of brown
colour cannot be explained simply by removal of
non-brown maiter. Micro-organisms and, in the
surface layers, small animals are known to be active
(Coulson and Butterfield, 1978; see also Chapters 5,
10 and 11 of this volume), and it s tempting to
suppose that these are the main agents of change.
The extent to which slow chemical reactions, taking
hundreds or thousands of years to become obvious,
are involved is not known. Some animal activities
are unexpected: the production of wax by the aphid
Colopha compressa  living on the roots of
Eriophorum is an example (Wheatley et al., 1975),
The wax is in interlinked fibres and contains
paraffins, with some carbohydrate and secondary
amides. It forms white aggregates up to 3mm
diameter which can be found to 6 m depth at least.
Presumably the aggregates at lower depth are fossil.
Those at 1 m depth show fewer fine fibres and less
carbohydrate and amides. This example is sufficient
to show that the chemistry of peat is likely to be
very complex.

The usuai approach o the organic chemistry of
peat has been to extract the peat with a variety of
solvents, and attack 1t with other chemicals to make
it soluble, then to apply more precise methods to
these fractions.

In general owr knowledge of the organic com-
position of peat, and of the changes which occur, is
fragmentary. Specialists have detected the presence,
often in unmeasured concentration, of a wide range
of organic substances. It is rarely possible to relate
such studies to one another, however, because 100
little is recorded about the general properties, such
as botanical composition, humification, depth or
age of the sample. Notable exceptions are the works
of Waksman and Stevens {1928z, b, 19294, b, ¢), of
Mattson and Koutler-Andersson (1954), and es-
pecially of Theander (1954): all fractionated peat
from known positions in a profile. Some of their
results are shown in Table 4.5 and Fig. 4.7.

The material soluble in non-polar solvents is
often called peat “wax”. The proportion of “wax™
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increases with age and depth, or perhaps more
specifically with humification, in the examples in
both Table 4.5 and Fig. 4.7. This might be simply a
result of selective survival; it does not seem to be
associated with the presence of macroscopic re-
mains of cuticularised plants, and there is no
evidence for a concentration of aphid activity. The
general problem illustrated here pervades the whole
study of peat: to what extent is a difference observed
niow a record of historical differences in vegetation,
and to what extent has it resulted {rom changes
applied to the same material but over different time
spans? Frenzel (Ch. 2) discusses this issue too.

The peat “wax” is a complex mixture of true
waxes, ‘“‘asphalt”, and “resins” (Howard and
Hamer, 1960) and includes at least some ligneous
matter. It is also called “bitumen”. Of these terms
only wax (esters of fatty acids with alcohols other
than glycero}l, Fieser and Fieser, 1944} is at all
clearly defined. For example, Giililand and Howard
(1968) made a further separation of peat “wax”,
using column chromatography. They recognised
nine fractions, each of which was stilt a mixture, and
identified, infer alia, alcohols with chain lengths of
even numbers of carbon atoms from C,g to Cag, and
acids with chain lengths from C;; to Cj3 (with
marked dominance of odd number lengths).

The compounds extracted from peat in polar
solvents (Table 4.5: NH; or KOH and H,0) were
constant in proportion at different depths at about
14%, of dry mass, although the proportion in
Sphagnum (probably dead for a few years) was
about 10%, of which at least 3% of the total dry
mass was fructose, and a further'3%, other sugars
(galactose, glucose, mannose, arabinose, and xy-
lose). In the lower peats about 19, was in these
sugars, but no fructose was detectable. The con-
centration of free sugar is surprisingly high; media
used for growing micro-organisms commonly con-
tain 2 to 5%, of sugars, and there is no shortage of
active micro-organisms in the surface layers of peat,
s¢ 1t may be that these “solvents™ attack the peat
chemically tco. )

Further comparison of the fractions in Table 4.5
and Fig. 4.7 is far from easy. Waksman and Stevens
(1928a, b, 1929a, b, ), and Matison and Koutler-
Andersson {1934) used two acid-hydrolysis stages.
The first was mild, and may be assumed to have
broken some polymeric carbohydrates into shorter
sections. The second hydrolysis was more severe,
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TABLE 4.5

Fractionation of organic compounds in surface Sphagrun and peat from southern Sweden (Theander. 1954)

Malerial Depth Age Humili-  Ash  Successive extractions' (°) Residue Lost®  Last four

{cm) (yr) cation " columns =
{(Von Post Cob CHOH HO  bleach NIt KOH holo-
scade) then then ccHulose

H.O M0

8. fuscum 5 -1 - L N 6.3 4.6 37 56 37 NS LY 83.7
S imbrivarum 5 -3¢ - 18 b7 4.5 36 3769 36 734 26 86.5
Peal A
S, imbricatni 17 200400 3 Lo 40 3.6 1.5 263 840 56 483 2.5 4.0
Peat B
S reneltunt, 47 700--1006 4 Ly 3 4.5 200 247 85 5% 17,8 3.9 637
8. recurvum
Peat €
S, imbricanum 39 SO0 1200 6 759 4.6 e 439 88 65 278 6.6 497
Peat D
S, imbricanen 3 1900-2200 3 0.7 33 39 Lo 221 8.3 3 53.8 2.5 69.7
Peal E
Sphagnum spp. 2G5 4300-4800  6-7 I 4.9 i 571 88 52 204 34 308

"The fractionation procedure was: {13 C M, for two days: (2) CHLOH five days: (3) dry and extract wilh HLO 9 h: £4) Na hypochlovite
+ CHRCOO0H at 60--65°C, 2-4 ho{5) swell in liquid ammonia, extract with H20: (8) 5% KO under Na. 8 b extract with 20, Stages
-3 arc simple extractions causing litile or no chemical modification. Stage 4 is 2 mild oxidation,

*Proportion lost from the holocellutose fraction d uring the preceding bleaching. This was estimated separately. and is excluded from the
“bleach”™ fraction.

Proportion of dry mass {%) Stratigraphy Approximate Ca concentration
age (yr) {pmol g-1)
¢ ! ; i 1 5|O ; ; 100 O 1,0 2,0 3,0 45}
Sphagnum
1
2 Sphagnum- 1000- |-
Eriophorum
100
3
2000~ w s
Sphagnum
o ML € HUIOSE a
Pf’?';(r)} 3000 - |-~ ~
Sphagnum-
2004 EIITITTE Y SPUDNNPL PO P —— S— Eriophorym-
calluna
=2l 5 Sphagnum AQOO A~ [ r
Sphagnum- 5000 - |-
Eriophorum
BOO e WaK decomposed R
Sphagnum 6000
Erfophorum
Phragmites
l AL | T

Humification, H
(von Post scate)

Fig. 4.7. Stratigraphy, botanical composition, humification (Von Post scale), age, exchangeable Ca concentration and organic fractions
in Ramna bog, southern Sweden. The fractionation procedure was: (1) reflux in CoHsOH and C M Cwax™}; ;5 (2) 2% HCL boil i h
(“hemicellulose™): (3) 80% HaSO4 in vacuo 2% b, dilute, boil 5h {“cellulose™); (4) residue (“tgnin’™). Redrawn from Mattsen and
Koutler-Andersson (1954). The numbers /-5 in the stratigraphy column are recurrence horizons.
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but not exceptionally so. The fractions thus isolated
they called “hemicellulose”, “cellulose™, and (the
residue) “lgnin”. “Hemicellulose” is nowadays
usually isolated by hydrolysis with alkali and after
removal of lignins. The terms “cellulose” and
“lignin™ are valid only in the most general sense.

Theander (1954) used a mild hypochlorite oxi-
dation to remove lignins before alkaline hydrolysis,
which should then give some indication of hemi-
celinlose proportions (Bonner, 1950).

If these equivalences are accepted, then the two
sets of data do agree guite closely. Again it is the
degree of humification which seems important;
“lignin” forms about 30% of the total at H3, rising
to 50 to 60% at H6-7. The amounts of “hemicel-
lulose” (Fig. 4.7, Table 4.5) differ, but whether the
difference lies in the peat or in the methods cannot
be determined. The proportion of “hemicellulose”
+“cellulose™ (Fig. 4.7 and of KOH-solubilized +
residue (Table 4.5) behave in much the same way,
decreasing with humification from initial values of
about 75% in newly dead Sphagnum to about 507,
in the early stages of peat formation and later to
about 25% in highly humified peat. Again it is
impossible to assess the relative importance of
historical difference and of development, but the
drift of values over the middle section of Fig. 4.7,
for the peat between 2000 and 4000 years oid, which
has ittle change in botanical compesition, argues
for continued slow changes.

The composition of the holocellulose (alkali-
solubilized +residue) is shown in Table 4.6. In
newly dead Sphagrum nearly 60% of the total mass

TABLE 4.6

175

could be positively identified. Most of the sugars
and uronic acids declined in the same way, but
mannose increased for the first thousand years. The
identity of about 209 of the total dry mass, ali in
the holocellulose fractions, remained unknown.
This proportion did not appear to depend on
humification or age. Theander {1954) suggested
that it might be non-carbohydrate material, but the
recorded amounts of uronie acids seem to be lower
than those measured by other workers (Clymo,
1963; Spearing, 1972) and lower by 5to 10%, on a
dry-weight basis, than those necessary to account
for the cation-exchange properties of Sphagnum
(Clymo, 1963) and peat (Puustjdrvi, 1956). These
cation exchangers — polymers containing uronic
acids — are of great importance in peat chemistry.
They provide not only the possibility of a large
reserve capacity for cations, but also reduce the ca-
pacity for anions because the concentration of anions
in the charged phase is reduced (Donnan, 1911}
The standard procedure for further fractionating
the fraction of soil organic matter scluble in alkali
or neuiral sodium pyrophosphate (“humic sub-
stances”) is to add acid. The material which re-
mains in solution is ‘“‘fulvic acid”. That which
precipitates is treated with ethanol. Insoluble ma-
terial is “humic acid”, soluble is “hymatomelanic
acid”. Schnitzer (1973) summarizes further pro-
cedures, and Schnitzer and Khan (1972) record
hundreds of specific compounds isolated from soils
by various procedures. These methods seem to have
been applied to peat only infrequently. It is worth
noting therefore (Table 4.6) that, in deeper and

Sugars and uronic acids in acid hydrolysates of holocellulose fractions in Table 4.5; figures are proportion of roral dry mass of peat
(A =alkali-soluble (NH; and KOH solubilized); R =insoluble residue; + + = present but less than 2%, + =present but fess than 0.5%)

Material Humifi- Uroaic Galac-  Glucose Mannose Arabi- Xylose Rham- . Peat Hotlocellulose
cation  acids tose nose nose proportion  anaccounted
accounted  for here
A R A R A R AR AR A R A R for here
S. fuscum 1 33 156 4+ 32 + 268 + 44+ 4 - 4+ 3.9 + 4+ 58.2 23.6
S, Imbricaum 1 34 145 + 5.3 + 284 4 44 A+ - + 26 4+ 4+ 576 26.3
Peat A 3 3.3 .8 4+ 2.6 44+ 218 4 22 + - +4+ 22 + + 42.9 19.2
Peat B 4 38 73+ 3.0 + 4+ 189 + 3.0 + - 44+ 30 4+ o+ 42.0 19.8
Peat C 6 2.5 37 4+ 44+ 44+ 136 4+ ++ Rt i I S S S o 259 17.2
Peat D 3 3.1 87 + 34 44 223 + 24 4+ - 29 4+ 45,3 219
Peat E 6-7 +4+ 4+ 4+ A+ A+ 14 + -+ — + + + + H: % 16.3
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older horizons, 607 falling to 207, seems Lo consist
ol polymers of a fow sugars — predominantly
glucose -~ and uronic acids. and 57, rising 10 157,
of a variety of complex non-polar compounds
{Uwax ), Only 20° . and possibly less, falls in the
class of “humic substances”.

Peat also contains, or can be treated 1o yield. a
great variety of phenolic compounds. Many of these
may be extracted in the “hignin™ fraction forming
4%, rising to 60%, of (he total mass. Sphagnum itself
contains unusual lignins (Bland et al., 1968), and
50 does peat (Morita, 19683 In hot-water extracts
of Sphugnum—Eriephorunr peat, Wildehain and
Henske (1965) found vanillin, p-hydroxybenzal-
dehyde; 4-hydroxy-2-methoxyacsiophenone:; 2,4,6
trihydroxyacetophenone; 3.4 dihydroxypropio-
phenone; glucoacetovanillone; p-hydroxybenzoic
actd: vanillic acid; fernilic acid; pretocatechuic
acid; caffeic acid; p-hydroxyphenylpyruvic acid;
4-hydroxy-3-methoxyphenylpyruvic acid; and de-
hydrodivanillin, Such work is still at the siage of
“finger printing” but eventually the amounts and
origin of these substances must be known if the

Concentration of N inligmn
{rmmot g-1)
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crudely derived bulk chemical properties of peat
“lignin are (o be explained.

There are many reporls that peat and Sphaginam
extracts alfect the growth of bacteria, fungi, algae
amd vascular plants. Sometimes growth s in-
creased; in other cases it is decreased (For examples
sce Kvet, 1955; and Given and Dickinson, 1975).
Very often there is an unsupported suspicion that
phenolic compounds are having toxic effects.
Controt experiments with extracts of plants and
humus from minceral soils, where decay is more
complete, arc the exception. 11 would be surprising
if peat extracts did not have seme cffects. The
unporiant question is “How big are these effects in
natural conditions””. U is difficult to answer this
question.

The “lignin™ fractions {insciuble in non-polar
solvents, water, or sulphuric acid) as defined by
Waksman and Stevens (1928a, b, 192%a, b, ¢) and
by Mattson and Kouller-Andersson (1955} have
some interesting gross chemical properties. For
example, the proportion of lignin is ¢losely cor-
related (Fig. 4.8) with the ability of the peat 10

Qp absorbed {(mmot g t)

o] ) 10
100 100~
2004 200+
Depth
{cm )
3004 300+
400 400~
Y T
o]

3

"Lignin” mass in dry peat (%)

Fig. 4.8. Proportion of lignin, oxygen-absorbing capacity of peat, and properties of the “lignin” fraction of peat in Ramna bog, southern
Sweden, No=nitrogen concentration in “lignin”; Ny=concentration of nitrogen absorbed into non-exchangeable form from dilute

ammonia. Redrawn from Mattson and Koutler-Andersson (1955),
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TABLE 4.7

Fractionation of minerotrophic and ombrotrophic peat, and of newly dead plants (values are %, of dry mass)

Depth Peat Fraction! Lost
{cm) type
i 2or3 4 5 6 7 8
“wax” “hemi- “cellulose” “lignin” “protein”  “ash”
celiulose™

A. Raised bog, Cherryfield, Me (U.S.4.)2

i-8 Sphagnum 2.4 1.5 26.5 i6.9 27.2 4.1 29 19.4
§-20 Sphagniin 2.5 1.9 25.2 4.7 29.2 4.3 1.1 21.0
20-30 Sphagnum 2.8 1.8 24.6 6.0 28.9 5.1 1.0 19.8
30-46 Sphagnum 2.6 2.1 223 i3.7 322 52 0.9 210
4663 Sphagnum 3.0 3.2 18.5 14.7 33.2 4.8 1.1 215
183~214  Sphagnum 4.0 32 15.9 15.6 374 4.4 1.0 18.5
460-480  Sphagrum 49 4.3 12.7 11.9 448 4.7 1.1 15.6
550-380  sedge 6.0 5.1 6.0 5.1 54.1 11.5 2.8 9.4
B. Ramna bog, southern Sweden®
6065 Sphagnrum 6.0 42.1 18.0 38.4 6.4* 0.8*
6779 Sphagnum 7.7 25.5 21.2 36.6
190-216  Sphagrum 10.3 19.3 15.1 48.4 5.0 1.5%
217-238  Sphagmum 10.0 29.6 14.0 399
C. Lowmoor, Newton, N.J. (U.8.A.)*
12 7 0.7 10.3 G 384 22.5 13.2
i8 ? i1 9.0 G 50.3 18.7 1¢.1
160-180 % 0.5 7.0 G 57.8 14.8 10.2
D. Everglades, Cladium peat®
0-65  surface 43 1.2 6.9 0.3 43.7 228 12.1 88
65-26 upper fibrous 4.7 1.1 6.4 G.3 46.1 231 10.0 8.4
26-49 pure Cladiuwm 4.8 1.3 8.0 0.4 44.9 22.3 6.9 il4
4050 lower fibrous 4.7 1.4 7.6 0.4 47.6 21.3 8.1 9.0
5062 upper 4.1 0.5 2.2 0 18.3 2.0 59.6 54
colloidal
6210 lower 2.3 0.7 2.6 0 28.5 13.0 42.3 0.6
celloidal
116120 lower fibrous 2.4 1.2 4.3 0 48.4 20.4 15.1 8.1
E. Newly dead plant material
Carex leaves 2.5 126 18.4 28.2 211 7.1 33 6.9
Carex rhizomes 1.7 32 209 11.8 41.7 14.6 4.6 1.6
Cladium leaves i1 6.9 2L.5 283 29.1 7.2 38 2.1
Cladiym rhizomes 0.9 5.2 208 30.7 30.9 38 36 4.1
Hyprum (moss) 4.6 8.4 18.9 24.8 211 4.2 4.3 13.7
Sphagnum 1.6 1.6 24.5 159 19.2 1.9 19.9 13.5
Pinus strobus 11.4 7.3 19.G6 16.4 22.7 2.2 2.5 6.0
leaves
Qak leaves 4.0 15.3 15.6 17.2 29.7 3.5 4.7 16.1

UExtractants and fractions: (1) ether; {2} cold and hot water; {3) C;H;OH {(boiling 95%), 1-2 &; (4) 2% HCL, boil, 5 h=""hemiceliulose”;
(5) 80% H,S0; cold, 2h then dilute and reflux, 5h="cellulose™; (6} residue, excluding {7} and (8)="lignin”; (7
Kjeldahi N x 6.25 = “protein”; (8) inorganic ash.

2From Waksman and Stevens (1928a, b, 1929a, b, ¢).

*From Mattson and Koutler-Andersson, (1954).

4 Approximate mean for the range.
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Fig. 4.9. Exchangeable and total concentration of elements in peat, and total in vegetation, in mires in southern Germany. The sites for
samples were arranged using reciprocal averaging (Hill, 1973) of the vegetation. Fen is to the left, bog to the right. Na, K, Ca, Mg, Fe in

Fig. A; N and P in Fig. B. Redrawn from Waughman {1980) assuming that peat and plants have buik density of 0.1 gcm

combine chemically with O,. The total Kjeldahl-
nitrogen content of the “lignin”, N, varies by a
factor of three, but the Kjeldahl-nitrogen, after
shaking with 12%, ammonia solution in an atmo-
sphere of oxygen, then washing with 0.1 HC! and
with water (i.e. the non-exchangeable N) is re-
markably constant except for the top 50 cm and the
base. It seems as if the “lignin” has a nearly
constant “‘nitrogen capacity” which is filled to a
greater or lesser extent at differeni depths. The
combination of ammonia with the peat is accom-
panied by an oxidation. Mattson and Koutler-
Andersson (1955) also found Ny to be correlated
with the pH of electrodialyzed peat, and inversely
with “excess base”, but the correlation with the

-3

proportion of “lignin™ in the peat is almost as high.

Much of this account has been concerned with
Sphagnum-dominated peat. 1t is of interest to
compare these peats with other types. Table 4.7
shows some of the results obtained by Waksman
and Stevens (1928a, b, 1929a, b, ¢} and Mattson
and Koutler-Andersson (1954). The freshly dead
plant materials differ in composition, but far less
than the minerogenic and ombrogenic peats. In
particular the minerogenic peats contain smailer
proportions of “hemicellulose” and “cellulose™,
even after a relatively short time. On the other hand.
they have more “lignin” and “protein” {(and ash).
Again, it is impossible to separate the effects of
original composition from those of development,
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bt it seens clear that the changes during decay are
at o difTerent vate. or perhaps oven of o different
kind. in mincrogenic peal and ombrogenous peat
{sce Sikora and Keeney, Ch. 6). The fractionation
procedures are unable (o distinguish readily meta-
belizable from resistant chemicals in the different
fractions.

inorganic censtitucnts of peat

Some wea of the range of concentration ol
elements in peat can be obtained from Fig. 4.9,
assembled from Waughman {1980), The peat sam-
ples on which these analyses were made ciome from
the top 20 om of sttes in mitres in southern Germany.
The sites were ordinated by reciproeal averaging
dsing vegelation composition, and are arranged
from fen at the lelt to bog at the right. The
vegetation ordination provides a quasi-objective
means of positioning the sites on the fen—bog axis.
The mterrelation of vegetation and mire chemistry
is thereby revealed. At the bog end occur species
such as Sphagimwm spp. and Eviophorunt vaginaium;
i the centre are Menvanthes wrifolicia. Carex
rostrate and Fguisetum fluviatile, and at the fen end
Schoenus ferrugineus, Juncus subnodulosus, and
Scorpidium scorpioides. In fens, with pH about 7.5,
the dominant cations in peat are Ca®” (Ca?” =500
pmof 178, of which about 1720 is easily extractable)
and Mgt (Mg?* =300 panel 11, of which about
/50 is casily extractable). In bogs, with pH about
4.0, the total concentration is only one-lenth that in
fens, or less, though the concentration of extract-
able Ca*™ and Mg®™ is not reduced by quite so
much. The concentration of iron and phosphorus is
also low in bogs. and higher towards the fen end of
the continuum, but with some indications of lower
concentrations again n rich fens. Sodium and
nitregen show no clear pattern, but total potassium
shows a pattern similar to t(hat of iron, though
extractable potassium and phosphorus are present
in smaller concentration in fens than in bogs, [The
concentration of extractable phosphorus depends
considerably on the extractant (Fig. 4.9B), and the
concentration of phosphorus in peat water is much
lower than either “extractable™ or total phosphorus
—-see p. 187 below.] On the whole the concentration
in the vegetation reflects the total concentration in
peat, with the exception of iron which is more
concentrated in bog vegetation than it is in bog peal,
and less in fen vegetation than in fen peat.

RS CLYMO

The majority of analyses o morganic con-
stituentsy of peat have bheen made on aorthe
temperaie and boreal peatiands {hut see Anderson.
Vol B. Ch. 6). Any account of the inorganic chem-
istry of peat must therelore be biased. 1t is con-
venient 1o consider lirst the processes allecting the
profile of concentration of morganic constituents,
next examples of the vertical distribution in deep
profites and the patiern of horizontal variation. and
thirdly the details in the 1op 3¢ cm - the so-called
“active tayer” (Romanov, 1968).

Processes affecting the inorganic constitution of

peuat

There are several processes which niay combine
to determine the concentration of an inorganic
substance in peatl.

Initial concentration in the plant or in the water in the
peat. The biggest difference is between plants grow-
ing under the influence of mineral soil water, which
usually has o relatively high concentration of, inrer
alie, calcium, fren, aluminium and manganese. and
plants dependent on precipitation and dry de-
position. The concentration in precipitation of elc-
ments such as sodium, magnesivm and chlorine,
which originate principally in sea spray, increases
markedly towards coasts (for examples sce
Gorham, 1958 Boaimun, 1961: and Sonesson,
1970). Other elements in precipitation and dry
deposition, such as aluminium, manganese and
won. probably derive from soil dust (Peirson et al.,
1973). Other distinguishable sources are industrial
and domestic gases (sulphur dioxide, ammonia),
smoke, industrial dusts, road dust (Tamm and
Troedsson, 1955), volcanic ash, and extra-terrestrial
particles (meteorites). Voleanic ash is of local im-
portance, in Iceland for example. Meteorites are
generally of negligible impottance, though locally
they can be catastrophic.

The supply of indusirial and domestic gases,
partictes and solutes has undoubtedly increased
and the increases, in a general way, are abundantly
documented, Attempts to demonsirate increases in,
for example, lead in Arctic and Antarctic snow and
1ce have posed extremely difficult analytical prob-
fems because of the low concentration (Murozumi
et al, 1969}, but the “‘concentration” of such
elements by mosses including Sphagmum has made
such work much simpler with bryophytes (Riihling
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and Tyler, 1971, 1973).-The recent increase in
acidity of precipitation (attributable to oxidation
of sulphur dioxide) in Scandinavia has been docu-
mented {Granat, 1972; Brackke, 1976), and may
have had some marked effects on fish populations.
Earlier increases are suspected but are less weli
established. For example, Conway (1949) noted
that a change of peat type at Ringinglow in the
Pennines preceded the appearance of layers of soot,
and drew attention to the high concentration of
sulphur dioxide in the air and the low pH {about
3.1) of the present bog surface.

The concentration of inorganic constituents in
dry deposition and in precipitation varies with
place and fluctuates with season {(Cawse, 1974) and,
for exampie, with agricultural practice (Boatman et
al., 1975). Long-term changés are superimposed on
these fluctuations. Generalization is therefore dif-
ficult. There are numerous measurements of the
concentration of solutes in precipitation, notably
those in the network of stations (principally
Scandinavian) described by Eriksson (1955) and in
subsequent quarterly reports in Tellus. There are
considerable technical difficulties in making such
measurements (Paterson and Scorer, 1973) and in
interpolating between stations (Granat, 1975), so
there are few cases where precipitation chemistry
can be compared directly with peat chemistry. One
example, from the Pennine hills of England, is
shown in Table 4.8, The peat came from the top
10 cm (AJ.P. Gore, pers. comm., 1979). The last
line shows that the apparent effectiveness of trap-
ping is N>P>Ca~Mg>K» Na, The order for
the tast four is approximately that to be expected if
these elements are trapped on cation exchange sites,
and indeed, for these four elements, most is ex-
changeable {Gore and Allen, 1956; Smith, undated;
Sonesson, 1970). Very little of the nitrogen and
phosphorus is exchangeable, consistent with their
presence in organic combination.

Nitrogen may be supplied in significant amounis
as ammonia gas, which may be absorbed directly by
acid peat (Ingham, 1950), or in special cases by
“fixation” of atmospheric nitrogen (assessed by
acetylene reduction) by root nodules of Myrica
zale (Sprent et al, 1978} or — at a rate inde-
pendent of pH between 4.5 and 7.5 — by blue-green
algae associated with Sphagnum or other semi-
aquatic bryophytes (Basilier, 1973; Basilier et al.,
1978; Dickinson, Ch. 5).

B3

Decay and loss as gas of peat organic matter. This
would cause a non-selective increase in concen-
tration of all inorganic solutes.

Relocation of inorganic constituents by physico-
chemical processes. The hydraulic conductivity of
humified peat is low (Rycroft et al., 1975b) and in
permanently waterlogged peat of this kind the mass
movement of water is very slow (Knight et al,,
1972), so there is probably little mass redistribution
of inorganic solutes below the surface 50 cm of
peat. Diffusion may occur. There are few measure-
ments of the diffusion rate of solutes in saturated
peat. Giles (1977) found the diffusion coefficient of
labelled (**P) phosphate in saturated peat was
about 107% cm? 57!, compared with about 107°% cm?
5! in water and much lower values — around 107#
to 107 cm? 57! — in unsaturated soils (Nye and
Tinker, 1977). There seem to be no records of
diffusion coefficients of cations in saturated peat,
but one might expect the value to be lower than for
phosphate because the high cation exchange ca-
pacily effectively enlarges the volume of the peat.

Given the diffusion coefficient and conceatration
gradient, then Fick’s Law may be used to calculate
the amount of solute moved. For example, if the
diffusion coefficient were 107% ¢cm? s™! and the
concentration gradient that of calcium in Fig. 4.12
below (assuming bulk density of 0.1 g cm™3 gives a
gradient of about 0.3 ymol cm™ in the region just
above the Carex—moss peat), then the flux would
be about 10 umol cm™? yr™'. The total calcium in
the 250 cm above the Carex—moss peat is about
400 pmol cm™?, representing about forty years of
diffusion at this rate. The real elapsed time since the
Carex—moss boundary is probably nearer to 4000
years, suggesting that, if diffusion is indeed the
main process affecting the calcivm profile in these
conditions, then the diffusion coefficient must be
about 107% ecm?s™! — only about one hundredth
that of phosphate. This would be consistent with
experimental measurements on cation exchange
resins (Helfferich, 1962). If diffusion were the
principal controlling factor one would also expect
that the profile would be a hollow curve (which it is)
and that trivalent cations would have even lower
diffusion coefficients, The behaviour of iron in
Fig. 4.12 is consistent with this., One would also
expect there to be little change in concentration
associated with changes in humification. This too
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TABLE 3.8
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Influx of solutes and particlkes (wer and dry deposition) on blanket bog it Moor House, England, and

concentration of the corresponding clements in the top 10 cmof peal! the peat comtains Sphasmun. Celfinea, und

Lriophorum

AL Influx i precipitation

Year Precipitation Influx® (pmol om * ye' B
(mn}

N, NO,y PO, Na K Mg Ca
195960 {790 01t 4.8 1.4 t.0 246
196061 1910 .30 122 1.2 33
1961--62 2060 7.6 0.09 12,6 0.9 kN
196263 1870 8.9 .60 RER 1.5 5.7
1963--64 1800 113 AR 0.2 .5 - 2.2
196405 1710 133 .35 {7.2 1.6 1.6 28
Mean 10.9 (.27 15.2 1.2 1.3 33
B. Concentration in pewt

Concentration {pmel cm™%)

totuf total MNa K Mg Ca

N P
Site 2* 1.0 13 26 30
Site 3* 0.7 L0 32 3.0
Ten sites® lowest 58 .9 0.3 0.2 0.7 24

highest 136 L7 0.8 0 52 0.3

C. Approxitmate proportion of annual influx in 1 em® of peat (median for top 10 cmn)

N P Na K Mg Ca

i0 5 0.05 0.7 4.0 4.0

“From Gore and Allen (1956). "From Gore (1968}, assuming peat bulk dessity is 0.1 g em™. *From Smith

{undated),

seems to be generally true (for example calcium in
Fig. 4.7). But there is a wide gap belween the
conclusion that diffusion could account for part of
the profile, and the conclusion that it dees. Some
clements in Fig. 4.12 — sodium, petassium, mag-
nesium and aluminium — do not fit this hypothesis
at all. If diffusion is important in these cases it must
be superimposed on other processes.

The rate of relocation may be much influenced by
changes of chemical state. Phosphate may be re-
leased into solution if peat is frozen then thawed
{(Szbe, 1969); irox and manganese change valence

belween oxidized and reduced forms {aerobic and
anaerobic peat); some elements (for example iron,
manganese, lead and copper) can form relatively in-
soluble sulphides, and probably become less mobile
in consequence when they pass into the anaerobic
zone where sulphide is produced. They may also
form relatively stable complexes with organic con-
stituents in the peat (Sikora and Keeney, Ch. 6).
The elements nitrogen and phosphorus are present
in relatively low concentration but in a wide range
of compounds which may be actively metabolized;
the rate of “mineralization™ of nitrogen is an im-
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portant character if peat is used commercially as
a plant substrate, and is related to the level of
the water table (probably through the aerobic/
anaercbic transition and microbial activity) in a
complex way (Williams, 1974).

Relocation by washing through the surface layers
is considered later.

Relocation of inorganic constituents by biclogical
‘processes. The main processes are absorption of
solutes by plant roots, then movement up into the
thizomes and leaves, and downward movement
when roots grow down into the peat. Bog species
differ in the vertical distribution of their roots, and
more particularly in the profile of radioactive solute
uptake (Boggie et al., 1958; Giles, 1977). Most
species cycle solutes through the top 20 cm of peat,
but the bog species Eriophorum may be effective to
a depth of 60 cm or more. The roots of the fen plant
Cladium mariscus extend to this depth (Conway,
1937), as probably do some roots of Calamagrostis
spp. (Luck, 1964) and of the larger species of Carex.
In Sphagnum fuscum-dominated bogs in the Abisko
area of northern Sweden, Rubus chamaemorus is
commeon. The rhizomes produce two types of roots:
fine, surface-ramifying ones, and large (1-2mm
diameter) vertical roots at a density of about one
per centimetre of rhizome. These vertical roots drill
straight down to near the water table — perhaps
from 10 to 60 cm down — with few or no laterals,
then explode in a dense network of very fine
branches. Stavset (1973) reports R. chamaemorus
roots down to 180 cm in peat on Andey in northern
Norway.

The quantitative importance of roots of various
bog plants in relocating phosphate has been exam-
ined by Giles (1977). Phosphate was used as a
convenient tracer — 2P has a half-life of about ten
days and produces moderately energetic § radiation
— but the concentration of soluble phosphorus in
peatis but a tiny fraction of the total (see later). The
exploitation of peat by a plant root is probably
diffusion-limited, because the deep roots (at least)
of bog plants appear to lack the mycorrhizal
associations (Dickinson, Ch. 5} which might effec-
tively extend out from the roots the zone from
which rapid transport is possible (Sparling and
Tinker, 1978a, b, ¢). 1t is, therefore, the length of
root produced which 1s the most important measure
of exploitation potential. Giles, taking into account
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the length of life and period of activity of roots,
calculated an effective depletion cylinder of about
4 mm for most species. Table 4.9 shows the present
proportions of species on a site in a valley bog in
southern England, and the time needed for 95%; of
the peat volume at various depths to have been
within the exploitation range of a root. Peak above-
ground biomass is a fair estimator of productivity
in this community, and is about the same as litter
fali. Above-ground production is about six times
the production of roots, and Eriephoruwm has a
greater proportion of its roots at greater depths
than other species. It is the main contributor in this
community 1o relocation of phosphate from greater
depths, as shown by the time for P=0.95 depletion.
Given the usual rate of peat “growth” of about
Tem yr~? at the surface decreasing to about 1 mm
yr~* at 50 cm depth, it is apparent that there is a
high probability that soluble phosphate will be kept
in circulation at the surface. For cations, with
smaller diffusion coefficients, exploitation even as
close as 10cm to the surface is probably much
lower. The last line of Table 4.9, corresponding to a
depletion cylinder of negligible thickness, gives
some indication of the chance of exploitation of a
totally immobile substance.

In general, one might expect there to be signi-
ficant biological relocation of anions to a depth of
50 cm, but to a much smaller depth for cations.
There is a great deal of internal cycling between
root, rhizome and shoot — in some bog species at
least (Szbe, 1968, 1970, 1973, 1977; Chapin et al,,
1975, 1978, 1979; Shaver et al., 1979). This internal
cycling is considered in detail elsewhere in this
volume.

The relocation of inorganic solutes by vascular
plants is not surprising, but relocation in the
surface layers by bryophytes is more so. Sphagnum
papillosum plants supplied with H*CO; incor-
porate '*C, about 80%, of which is in the alcohol-
insotuble fraction after 24 h (Clymo, 1965); yet
three months later, after the plants had grown on
average 3.2 cm, as much as 35% of the *C in the
plants after 24 h was found in the capitulum formed
since the original treatment, and only 5% at and
below the original treatment level. (Of the rest, 25%,
was in stem and branches which were probably part
of the capitulum at the time of treatment.) This
movement may have been partly outside the plant
(as carbon dioxide respired and then reabsorbed),
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TABLE 49

R.5. CLY MO

Shoot and oot productivity, und the caleulated tme For Y37 of peut 1o be exploited by nlant roots, @ osite i the valley hog at
I b W OF ¥ ¥ Bog

Crunesmoor, southern Englund

Lriophorion Muolinia

Nartheciunr  Ritvnchospora Ericaceue Al ve taxa

angustifolivm caeride ossifraguni wthe
Biomass atdd dry mass productivity
Maximum above-surface
Hve blomass’ (g m %) 7 i2 i) 19 $ 61
Root productivity (mg dim™ > yr 1)
Atdepth 10 em 3.6 4.2 i8.4 8.9 1.6 47
2 em 42 33 6.9 1.3 0.1 o
353 om 0.5 0.5 .02 <1 < {1 2
Root productivity summed 1o
60 com depth {g m™ 7 wr ) 0.9 2.6 a7 i3 0.3 y.0
Root growitlh in lengil
Rate of rool growth (m dm ¥y
At depth 10 om (.29 1 I8 1.58 .53 0.35 39
20 em 0.47 0.15 0.42 .15 (.04 1.2
IBem 0.04 0.02 0.01 < {10 <001 0.1
Rate of root growth summed to
& em depth {m dm Y yrH) 110 200 2494 100 54 750
Time £xr) Jor the depletion zune
of rooss 1o sunt (o 93% of the
peat volume
At depth 10 cm 180 30 30 160 210 13
20 em 1o 360 130 370 7500 44
35 em 1250 2700 5500 = §000 > HO00 750

The five taxa shown grow intermixed and account for about 98%, of the biomass of rooted plants. Sphagaion is the other major component
of the vegelation. Biomass and productivity of rhizomes are not inciuded. Data of Giles (1977},
"Minimum was ncar zero, so these values approximate productivity. Litter-fall was 56 g m™2 (cf. &1 g m™* maximum live biomass).

but it seems probable that most was within the
MOSS,

The relocation of '*7Cs is another example. The
radioactive '*’Cs produced during nuclear bomb
tests reached a sharp peak in concentration in
deposition in 1963, This is a useful date marker now
well established in use on lake sediments (Ravera
and Premazzi, 1972; Pennington et al., 1973, 1976).
{1 has been used on peat profiles too (Clymo, 1978,
and unpublished). Examples are shown in Figs.
4.10 and 4.18 below. The most notable feature is
that most of the '*7Cs which has fallen is retained in
the top | or 2 cm of live surface moss. In these cases
vascular plants are hardly involved because the
samples were from a nearly pure Sphagnum lawn,

In almost alt cores there is a lower peak at a depth
consistent with it having been laid down in 1963
and subsequently moved down and become spread
over a greater depth. This lower peak in con-

centration of soluble *7Cs may be not at all
conspicucus in a singie profile, as Fig. 4.10 shows,
but 1t appears consistently. The concentration of
insoluble *7Cs, perhaps in glassy particles, is
usuaily more conspicuous and rather higher up,
perhaps because the peak has moved less.

These relocation processes are summarized in
Fig. 4.11.

Deep peat-profiles

As an exampie, Fig. 4.12 (from data of Mornsjo,
1968) shows the variation of concentration in a
variely of substances at Fjallmossen, southern
Sweden, in a concentrically domed peat bog with
Sphagnum peat overlying Carex-moss peat over
Alnus wood peat. There are several other profiles of
the concentration of several elements on samples
taken at intervals of from 10 to 3 cm to a depth of
more than 2 m, inter alin, those of Sillanpii
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Fig. 4.10. Concentration of '*'Cs in HNO;-soluble and in-
sofuble fractions of peat collected in 1973 from Bohult mire,
southern Sweden. Note the ten-fold difference in scale. Both
fractions have a surface peak and a smaller peak further down
which may be connected with the 1963 peak in "*"Cs produced
by nuclear bomb tests. Resuits of Clymo (unpublished).

deposition
s leaching and
jeaf-fall

physical
doerr wash

LTI

movemnent movement
up rocts down roots

internal cycling

outwash & Movermnent upward
e

following evaporation:
internat and external

—— 4

i
H
diffusion
Fig. 4.11. Summary of processes causing movement of inorganic

solutes (and parsticles) in peat. The surface contains stylized
Sphagnm and a vascular plant.

185

{1972y from Finland; Mattson and Koutler-
Andersson (1955), Sonesson (1970) and Damman
(1978) from Sweden; Schneider (1968) from
Germany; Chapman (1964b) and Green and
Pearson (1977) from England; and Walsh and
Barry (1958) from Ireland. Excluding the
Schwingmoor and blanket bog the profiles all have
features in common. Their stratigraphy shows a
transition from fen communities (with or without
trees) to bog. The basal and surface peats have high
concentrations of silica (“Si0,”, or “insolubile
ash™), calcium and iron, but the middle peat has
lower concentrations. The same pattern, though
less conspicuous, is shown by aluminium and man-
ganese, while potassium has a particularly pro-
nounced surface peak. Other elements such as
magnesium are more variable, but sodium and
hydrogen ions tend to increase in concentration
from the bottom to the top of the profile. Nitrogen
and phosphorus have been more rarely measured.
They have high concentrations at the surface, but
remain fairly constant below that (Mattson and
Koutler-Andersson, 1955; Damman, 1978).

The high concentration in the top 30 to 50 cm
may reasonably be connected with the refocating
activities of live plants and animals, and with the
change from aerobic to anaerobic conditions. The
details of the processes operating in this horizon are
considered later. The transition from high con-
centrations at the base to lower ones in the mid-
section is commonly associated with the change
from a eutrophic, mineral-soil-water-dependent,
fen peat to an oligotrophic, precipitation-
dependent, bog peat. For some substances the
decline in concentration is abrupt: iron, aluminium
and “Si0," are examples. For calcium, however,
the decline is more gradual and occupies a metre or
more. The possible role of diffusion in creating this
shape has already been mentioned. In course of
time either diffusion or biological relocation would
smear an initiafly sharp transition. Mattson et al.
(1944) drew attention to the usefulness of the
Ca: Mg ratio as an indicator of the limit of influence
of mineral soil water. In atomic units, the con-
centration of calcium in soil water usually exceeds
that of magnesium, but in precipitation the sea-
derived magnesium exceeds calcium in concen-
tration, though the ratio depends on dust supply
and on distance from the sea (for example, see
Sonesson, 1970). Mattson and Koutler-Andersson
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(1954) adopted the ratio of 111, though it s evident
from thetr figure 7 that the erratic behaviour of the
magnesium profile makes this nothing more than a
rule of thumb. Chapman (1964b) used the same
vatio. though perhaps with mass instead of atomic
units of concentration, and found it a very good
guide, The same atomic ratio is reached in
Mornsio's Fidllmossen profile (Fig. 4.12) about
§00 cm above the minerotrophic Carex—moss peat
limit. It ts exactly on the wood peat Hmit in Walsh
and Barry’s (1958) Cloncreen profile, but is 200 cm
above the fen carr peat in their west coast raised
bog at Kilmuacshane, At Vassijaure (Sonesson,
1970} the ratio is more than 111 at all depths. It
seems clear that no universal rule exists, and in view
of the different sources of these two elements one
would nol cxpect one,

Where aluminium and iron have both been
measured (Matison and Koutler-Andersson, 1955;

RS CLYMO

Chapman, 1964h Marnsio, 1968: Soncsson, 1970;
Damman. 1978 Clymo, unpublished) they usually
show the pattern of Fig 412, At the base. the
atomic concentration of iron exceeds that of alu-
arnium. and both are high. In the bulk of the
ombrotrophic peat the concentration is low and
both clements have about the same concentration.
In the surlface layers aluminium exceeds iron. As
will be shown later, the thick 10 or 20 cm slices
average out a much greater range of concentration
in thin layers near the surface. The concentration of
iran at the base of & peat deposit may be so high
that iron-containing minerals such as siderite and
vivignite (Casparie, 1972) are {formed, as well as
more amorphous  deposits of  “hog  fron”
(Newbould, 1960). The basal iron and aluminium
are probably derived from the mineral soil water. In
ambrotrophic conditions the iron and aluminium
are probably derived from soil dust (Peirson et al.,
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TABLE 4.10
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Concentration (per unit dry mass) of inorganic constituents i the mid-section of deep profiles (the sites are in north~south order;

values are reliabie only within a factor of 2}

Site Concentration (umol g™*) Source
Na K Mg Ca Mn Fe Al “8i0,”  pH
Vassijaure 4 1 30 50 0.1 20 30 6.2 4.0 Sonesson (1970}
(arctic Sweden)
Ramna’ - - 607 200 0.2 2 is 005 - Mattson and

(central Sweden)

Fjalimossen 20 3 40 20 003
(southern Sweden}

Tranerdds Mosse 15 2 40 25 0.2
(southern Sweden}

Cruden Moss 00 2 80 20 -
(northeastern Scotiand)

Coom Rigg Moss 20 5 - 40 -
{northern England)

Cloncreen 20 4 60 30 -
(Ireland)

3 19 0.01 4.0

Koutler-Andersson
{1954)
Mbrasjd (1968)

4 10 0.3 - Damman (1978)
20 - 0.2 - Stewart and
Robertson (1968)
2 20 0.2 4.2 Chapman (1964b)
4 - 0.1 4.7 Waish and Barry

{1958)

'Original data on air-dry mass. Assumed oven-dry mass is 86% of air-dry mass. Exchangeable. *The Na profile is inverted, with the

highest concentration in the mid-section.

1973). If this is so, then some of the differences in
their profiles probably result from differences in the
amount of relocation. The concentration of most of
these elements in the central “fossil ombrotrophic”
section of many profiles is surprisingly similar.
Some results are coliected in Table 4.10. The most
variable of the elements commonly measured is
iron, with a range from about 2 to 20 umol g™
Total cation concentration is about 100 to 150 pmol
g7l It is possible that this seeming uniformity is
imposed by the cation exchange properties of the
peat.

Isolated measurements of total nitrogen and
phosphorus in peat have been frequently reporied,
but profiles have been less commonly measured.
The relative expense of the methods rather than the
importance of the subject must account for this.
The chemical state of nitrogen and phosphorus is
even more vaguely known than is that of the metals.
Thus, it is possible to measure “total nitrogen” and

“total phosphorus” or the exact species NHJ,
NOj, NO; and the various forms of orthophos-
phate. The complex {probably organic) forms pre-
dominate. The range of concentration of inorganic
phosphate in suction water from peat from the
Akhult mire (Malmer and Sjors, 1955, Malmer,

1962b) was from 0.003 to 0.035 mmol1™*. Sabe
(1968} recorded similar values, The concentration
of extractable phosphate depends on the extractant.
Malmer and Sjors (1955) and Malmer (1962b)
recorded, per unit volume of wet peat, from 0.03 to
0.37 mmol dm™? extractable by I M acetic acid, and
Waughman (1980; see Fig. 4.9) recorded a range
from 0.01 to 0.1 mmo! dm™?, the lower values being
in fen peats. Waughman also showed that 1A/
ammonium chloride extracted less than acetic acid
from fen peat, but about the same from bog peats.
The total concentration of phosphorus in peat is
much greater; Malmer and Sjors {1955) and
Malmer (1962b) found 0.8 to 3.2 mmol dm™?,
$mith (undated) recorded 2 to 5 mmoldm™ in
Pennine blanket peat, Beltamy and Rieley (1967)
found 1 mmol dm™? in Sphagnum fuscum peat, and
Waughman (Fig. 4.9) recorded about 2 mmol
dm™? in fen and bog peats. In round figures the
ratio of water-soluble: extractable: total is about
1:10:100. In the Alaskan tundra, however, the
“reserve” in exchangeable form seems to be much
greater {Chapin et al., 1978) although the con-
centration of soluble inorganic phosphate is about
the same. Similar differences exist for nitrogen.
Sabe (1970) recorded 0.1 to 0.3 umol dm™> NH; in
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suction waler. but totad nitregen has been com-
monly recorded in the range 30 1o 200 mmol dm
in peats from a wide range of temperate, boreal and
arctic sites (for examples see Waksman  and
Stevens. 1929, by Malmer and Siors. 1955: Walsh
and Barry, 1958 Gorham, 196]1b: Malmer., 1962b:
Stewarl and Robertson. 1968; and Smith, undated)
and from other regions, such as the Antarclic
{Allen et al., 1967) and Bornee (Richards. 19631
Between 0,5 and 3%, by wetght seems 1o be the usual
range, This is less than is found in most live plants,
but not notably less than in Sphagnum (lor exam-
ple. see Mulmer and Sjdrs. 1955 and Malmer.
1962b). Much of the nitrogen seems 1o be asso-
ciated with the “Henin™ lraction (Fig. 4.8} and the
refative constuncy of binding capacily lor non-
exchangeable nitrogen in the “lignin™ has already
been mentioned, Matison and Koutler-Andersson
{1955) drew atiention Lo the fact that the “lignin™ in
the top 50 em is nesrer to saturation than that in the
rest of the profile (except the base. which might be
expected to show mincrogenic influences). They
suggested that the surface anomaly 15 a resull of
direct absorption of ammonia from the ait —
ammonia produced in increasing amounts as a
result of industrialization, The amounts they found
correspond to about 11.6kg ha'!yr' since
1000 A.D.. compared to precipitation measure-
ments of about 3.5 kg ha™ yr™'. Bul there is good
reasen Lo suppose that the biological and physico-
chemical processes in the top 50 cm of peat arc
markedly different from those lower down, and
valid measurements of ammonia in precipitation
are notoriously difficult to make. The surface
anomaly meay be a result of industrial activity, but it
may be a normal feature of the surface.

Much the same can be said of the profiles of total
phosphorus (Fig. 4.13), though the basal high
vaiues seem to be missing.

One factor which is always difficult to assess is
the extent to which a particular vertical profile
reflects very local changes — for example the
difference between hummock and hollow. In some
cases it can be demonstrated that what would
appear In a single core of a few centimetres diam-
eter as a “‘recurrence surface” (see Tallis, Ch. 9
extends at most a fow metres (Walker and Walker,
1961; Casparie, 1972). The posilion is not clarified
by the general lack of any reference (o replication of
analyses, let alone of samples, so that the precision
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and accuracy of published values can only be
guessed. It is most unlikety that they justify the
three or even four significant digits commonly
reported. One exception Lo the lack of replication is
the wark of Stewart and Robertson (1968). They
collected 110 samples from cighteen levels in a
hlanket peat site to a depth of just over 100 cm,
spread over a lateral distance of about 410 em. One
vertical series of eighteen samples formed a profile,
the other samples were taken at random. The peat
i the top 40 cm was of a scrics of interdigitating
patches of Calfuna, Sphagnum, and Eriophorum in
varying proportions. Below this the botanical com-
position was unclear but the peat was “fibrous™ to a
depth of about 90 cm, where il became “amor-
phous”. Most of the measured substances showed
the smallest range of concentration in the mid-
depth zone between 40 and 80cm deep. As a
proportion of the whole range, the range in this
zone was about 0.3 for nitrogen, 0.3 for phos-
phorus, 0.3 for sodium, 0.8 for potassium, 0.7 for
calcium, 0.3 for magnesium and 0.3 for sulphur.
For all but suiphur the range was proportionately
greater in the “mixed” peat layers: about 0.4 [or
nitrogen, 0.5 for phosphorus, 1.0 for calcium, and
$o on. Only for sulphur, and perhaps magnesium,
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was the range about the same at all depths. The
chosen profile also showed marked patterns in
relation to the range of two elements: sodium was
consistently high in the mid-layers, but low in the
bottom layer; potassium was low in all but the
bottom layers. The other elements showed no
consistent pattern. Even in this work, however, it is
not possible to separate sampling and analytical
errors.

One may perhaps conclude that, in the absence of
botanical information, erratic individual differ-
ences in concentration in adjacent samples by a
factor of less than two may be uninterpretable,
though a change of the same magnitude occurring
gradually but steadily over several samples may be
more meaningful.

Profiles of the surface layers

‘I'he surface layers (the top 50 cm or so) of a peat-
forming community are specially important be-
cause within them rapid changes are in progress
and much relocation of inorganic substances may
occur. This upper layer has sometimes been called
the “active” layer, overlying the “inert” layer. This
is an unhappy choice of words, prejudicing con-
sideration of what changes are going on in the lower
layer. There is much to recommend the suggestion
of Ingram (1978; see also Ch. 3} that the layers be
calied the acrotelm and catotelm, respectively,

Smali differences in rate in the acrotelm may
have a disproportionate effect on peat accumu-
lation (Clymo, 1978; Jones and Gore, 1978).
Perhaps the most useful indicator in this zone is the
“redox potential”. In practice this is measured as
the electrical potential between a platinum probe
and a calomet (or similar) reference junction. A
KCl salt bridge, usually saturated, is used to
connect the calomel to the peat {for the same reason
that it is used in pH measurements) and its exact
position is usually unimporiant — anywhere within
1 to 100 cm will usually leave the potential un-
changed. The potential may be changed however by
the pretreatment of the platinum. Some workers
(Urquhart and Gore, 1973) boil the platitrum in
concentrated oxidizing acids, and use one electrode
for only one or at most a few measurements.
Resulis which are reproducible may be had with no
preparation of the platinum apart from a few
immersions to 10 ¢m or so in the peat. This process
seems to prepare the surface in some undefined

189

way, so that on subsequeni removal to sites of
different redox potential the reading stabilizes with-
in a few seconds. With platinum prepared by the
long process, the reading usually drifts, and some
arbitrary time must be chosen for the measurement.
The less carefully prepared platinum may drift in
oxidizing conditions, but very little in reducing
conditions.

“Redox potential” is also affected by pH, and it
is usual to apply a “correction” of about 58 mV per
pH unit to an arbitrary standard, often to pHS5 (Es).
Temperature affects the readings too, reducing the
potential as temperature rises by about 0.8 mV per
°C, and a correction to a standard temperature is
usually made.

Potentials are usually reported relative to the
calomel half cell. They may be changed to the
standard hydrogen cell by adding about 242 mV., If
the K Cl bridge is not saturated, the shift is different
(Conway, 1952).

It will be obvious that “redox potential”, as
measured in the field or on fresh peat newly
returned to the laboratory, may be usefully com-
pared within any one set of measurements but
should not be compared too closely between
sets, particularly if different methods have been
used.

Three other features are commonly correlated
with “redox potential” profiles: the position of
the water table, the presence of suiphides, and
the oxygen concentration. In acid peat and even in
alkaline peat a sulphidic smell, usually attributed
on no other evidence to hydrogen sulphide, is often
conspicuous. The blackening of a freshly cleaned
silver or copper wire or plate (Burgeff, 1961;
Clymo, 1965; Urquhart, 1966) may be used in a
semi-quantitative way. At low temperature partic-
ularty (as shown for example in Fig. 4.8) the
sulphidic smeli may be quite strong and yet there
may be no detectable blackening of silver within an
hour. The kinetics of blackening have not been
investigated, but are obviously complex. Many
profiles similar to that of Fig. 4.14 have been
reported (for example, by Mornsjé, 1969; and
Urquhart and Gore, 1973). Most of these agree in
showing the upper limit of $*7 to correspond to
“E:" about +200 mV. This is a figure similar to
that found for the transition from SOZ™ to $*7 in
lake muds by Mortimer (1942). Urquhart and Gore
(1973} reported that “*E,;” showed a minimum at 12
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Fig. 4.14, "Redox potential” profile on September 17 in
Sphagnum fiscwm pest near Abisko, northern Sweden. £, =as
measured; Fs = calculated at pH 5 using the temperature profile
and pH value by each point. A platinum-tipped probe was uscd
with a calomel reference junction. Results of Clymo (un-
published).

to 20 em deep, but the evidence for this is much less
strong than that for a large surface drop.
Nevertheless, the profiles they reported are re-
markably similar to those found in lakes in winter
(Mortimer, 1942), and the paralicl between mire
surfaces and lake muds might be iiluminating.

The suiphide zone seems to be of limited thick-
ness {Mornsio, 1968; Urquhart and Gore, 1973).
What happens to $27 at the lower limit has not been
investigated, but the seasonal variation in concen-
tration of sulphide — lower in winter — perhaps
indicates that sulphide is normally removed by
chemical conversion to other forms, and that which
is observed has been recently produced by micro-
biological means. The finding by Gorham (1956) of
increased concentration of SO in pools during
dry weather in mid-May is consistent with this
hypothesis.
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1T waterlogged peal is drained the oxidation of
frge amounts of sulphide may produce so much
suiphate {as M,804) that the peat becomes cox-
tremely acid. Hart {(1962) recorded that the pH of a
drained mangrove swamyp fell during six months
from 6.2 10 3.8, and even greater acidity has been
recorded in these circumstances. The seasonal vari-
ation of "redox potential” and the extent of black-
ening on a silver plate has been most thoroughly
investigated by Urguhart and Gore (1973). They
found that in wet sites {lowland, and 560 m alti-
tude) Ey fell, as temperature increased. by about
SmV¥ per C between 12 and 20 em depth, and by
about 8 mV per C between 22 and 30 em depth. In
drier sites the effects were erratic. and mostly of
tower statistical significance. Blackening of a silver
plate wasclearly correlated with “wetness™ — it was
most intense (after | hr) 1n the wet sites, and in one
case where the plaie crossed the boundary between
hummock and hollow the top of blackening was
within 2 em of the hollow surface, but [S om below
the hummock surface and was actually lower (in
altitude) below the hummock than below the hol-
low, Unfortunately the wet sites were examined in
May and June and the dry siles in August. and
common experience is that sulphidic smells on
bogs are generally mest noticeable in early summer,
so this difference berween sites may have been
result of measuring at different seasons of the year,

The interrelations of “redox potential™ and sul-
phide content with water table in peat are obvicus
in general, but unclear in detail. One may deduce
that during the measuremenis of Urguhart and
Gore (1973) the top of the sulphide zone wag
usually just below the water table, and the data
reported by Clymo (1965), Smith (undated) and
those in Fig. 4.14 here show this too. On the other
hand, Boggie (1972) found the mean water table
was about 4cm below the mean upper limit of
blackening on silver-plated copper. His siivered
plates were left in the peat for aboul a month
however, compared to the period of one hour or so
used by other workers, and it is 1o be expected that
traces of sulphide not detectable in one hour would
be conspicuous after 600 h. The problem is further
complicated by the fact that the water table can,
when near the surface, fluctuate by 5 to 10 cm over
one to two days (Chapman, 1965); and the very idea
of a water table {as such} in humified peat is as
dubious as the existence of a water table in a
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domestic jelly, though there may be a clear and
rapidly changing water table in a well in that jelly.
Sulphide production is likely to be related to
wetness of the peat and not, in general, to a free
water table in an inspection pit, unless the hydraulic
conductivity at the level is high. The following
hypothesis seems to be consistent with most of the
known facts. During winter the water level rises and
covers some newly dead plant matter containing
readily decomposable compounds, but temperature
is low, so microbiclogical activity is low too. In late
spring the temperature increases, and with it micro-
biological activity. The rate of oxygen diffusion
(about 10™* of the rate in air) is insufficient to
support this activity, so the peat a few centimetres
below the water table becomes anaerobic, as shown
by a fall of “redox potential” by an average of
about 150 mV (Urquhart and Gore, 1973). A
different set of microbiological processes is then
favoured, resulting in the relatively rapid pro-
duction of sulphide. Later in the summer, as the
water table falls and the readily metabolized ma-
terial is exhausted, the rate of sulphide production
declines, and more of the existing sulphide is
reconverted to sulphate either chemically or by
micro-organisms. It may be that production of
methane is partiy linked to this pattern.

There is a need for concerted studies of chemistry
(both organic and inorganic) and of microbiology
in the field at the same site. Tentative steps in this
direction were taken during the International
Biological Programme (for example, see the various
accounts in Sonesson, 1973; Flower-Ellis, 1974; and
Heal and Perkins, [978), but far more needs to be
done. The interrelations of “redox potential”, sul-
phide concentration, and the concentration and
movement of inorganic substances is equally un-
clear. The correlation between a particular chemi-

TABLE 4.11

Correlation of chemical transition with “redox potential” in
mud from Lake Windermere [data from Mortimer {1942},
adjusted to Es from E,; relative to calomel]

Transition “Redox potential”, Es (mV}
NO; »NO; 570-520
NQ; »NH, 520-470
Fe** »Fel* 420320
SO 87" 220--180
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cal transition and redox potential is prebably
mediated by microbial activities. Table 4.11 gives
four of the important transitions recorded in lake
muds by Mortimer (1941, 1942). These are not the
potentials for the chemical reactions, but the poten-
tials which happen to be correlated with them. To
what extent the bacteria cause the potentials or are
favoured by them is obscure.

There seem to be no published measurements of
valence states and few of sulphide or oxygen
concentration in peat. Webster (1962) made
measurements in ground water of a wet-heath
community, but this ground water was probably
moving through, and perhaps in, a mineral soil.
That the concentration of oxygen and sulphide
could be important is suggested by Fig. 4.15, which
shows the maximum concentration of metals which
may, in theory, remain in solution at various
concentrations of sulphide and other anions.
Ponnamperuma {1972} considered these and other
equilibria. The order of precipitation from equi-
molar ionic solutions is: Ag® first, then Cut (f it

A0

10
MOS
10°4 Fos \
= e Cato,, Mgty
os” —= e
2n g 2
Cds ] 3 o S Fe(OH),
—_ B. PHEO4
T 0y A e B GE AlLOH)
= ﬁ‘\ s S ——— e FE{OH]y
fe} A1
£ HgS
&
24 o0 Cus
i HGS
£
g
5
Y 167704 Cus
g e
"
Q
leags)
Cups
Ag,5
10790

T T
ol ws
Anion concentration {moi 17")

Fig. 4.15. Calculated relationship of cation and anion con-
centration for some sparingly sofuble salts, Above the kne the
solution would be supersaturated. Hatched bars show the
approximate peak volometric concentration of the cation in bog
peat. Calculated from solubiiity products in Weast (1965).
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forms), followed by Hg?" and Cu?*, then afler a
gap Cd*", Pb**, Zn**, Fe** and Ma®" in that
order. The actual formation of metal suiphides
should be influenced by the solution concentration
— strictly, activity - of the metals. As a first
approximation the volumetric conceniration in
peat (Clymo, 1978, unpubl; Damman, 1978} is
shown, though this is probably higher than the
solution concentration by a factor of perhaps 1060
All the suiphides shown are with divalent metals, so
the slopes in Fig. 4.15 are all —~1, and if the
concentration of the metal is reduced by a factor 1/
then that of sulphide must be increased by a factor
v. If the metal concentration in the peat water is a
thousand-fold less, then the sulphide concentration
must be a thousand-fold more. Applying this to
Fig. 4.15, with a sulphide concentration of
I mmol ™ one would expect ne MaS, but possibiy
some FeS, CdS and ZnS. The compounds PbS and,

cspecially, CuS and HgS seem to have a high
probability of forming. The blackening of silver
and copper is some support for this prediction, but
there are no reliable direct measurements of 84~
activity in peat, and H,S is such a weak acid that
cne would expect only low S*” concentration in
acid conditions.

Detailed profiles of metal concentration in the
top 20 to 50 em are beginning to be available
{largely as a result of the development of atomic
absorption flame spectrophotometry). The reso-
lution of such profiles has usually been 5 to 10 em
(Bellamy and Ricley, 1967, Sonesson, 1970,
Sillanpdd, 1972; Tyler, 1972; Pakarinen and
Tolonen, 1977, Damman, 1978). It seems to be a
common feature of such profiles that they show
sporadic peaks - single samples with unusually
high or low values; but there is almost never any
replication of samples, so it is difficult to decide
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how to regard such one-sample peaks or troughs.
Profiles sampled at l-cm intervals (Clymo, 1978,
unpublished; Aaby and Jacobsen, 1979; Aabyetal,,
1979, see Figs. 4.16, 4.18) reduce these problems
because the trends are usually clearly distinguish-
able against the sampling and analytical “noise”. In
the one published instance of replicate cores, sam-
pled a year apart in time and analyzed by different
workers with different equipment (Clymo, 1978),
the mean difference in concentration of lead in 36
pairs of samples, each pair from the same depth
down the profile, was 70 ppm, but the general trend
was from a concentration of about 200 ppm in the
top 19 cm, rising to 600 ppm at 29 cm, then falling
to 80 ppm at 36 cm. This general point is illustrated
in Fig. 4.16, which shows three lead profiles from
peats at about the same latitude.

Even with these reservations it is possible to
make some generalizations. The most interesting
work of Damman (1978) reproduced in Fig. 4.17
may be used together with Fig. 4.18 to illustrate
features which are found repeatedly in ombro-
trophic mires. The element potassium has very high
conceniration in the top 1 to 2 cm of live Sphagnum,
falling from 3500 ppm (0.1 mmol g7} to 150 t0 200
ppm at 10 cm depth and to 25 ppm at 40 cm depth.
The very high surface values are associated with the
live moss; in dead patches the values are about
50 ppm: (Clymo, unpublished). The element so-
dium, also monovalent, shows similar behaviour,
though less extreme, with surface values of 400 ppm
falling to 150 ppm at 20 cm depth. Granat (1975)
reports the ratio of Na:K in precipitation about
100 km inland from the west coast of Sweden, and
200 km to the north of these peat sites, as about 1:1
(mass basis). The 6:1 ratio in peat at 40cm is
therefore rather surprising unless there has been
selective loss of potassium by leaching.

The element manganese shows a characteristic
pattern of very high surface concentration — 200 to
300 ppm -~ 1n the surface of hummocks, falling
sharply from the surface to 5 to 10 cm above the
water table. In peat formed by Sphagmum magella-
nicum growing in a “lawn” just above the water
table, the surface concentration is about 50 ppm, and
falls very steadily to about 1 to 2 pptn at 40 cm depth.

Other elements increase in concentration with
depth and reach a peak at about the mean water
table. In the case of iron and lead the peak is very
marked. For zinc it may be less so, when the
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discrimination is fine. For yet other elements (alu-
minium, magnesium, calcium, phosphorus and ni-
trogen) the peak is even more obscure. For copper
and cadmium there is no obvious pattern, though
for copper {(at least) replicates agree closely, so the
small drifts in concentration may be of significance.

There are marked differences too in the prom-
inence of peaks compared to the concentration at
40 cm depth. The peak is prominent for potassium,
manganese, lead and zinc, but less so for sodium,
and inconspicuous for aluminium, iron, mag-
nesium and calcium. .

The elements also differ in concentration in dif-
ferent peat types (Fig. 4.18). Conspicuously higher
in concentration in Eriophorum peat than in Sphag-
num cuspidatum peat are potassium, aluminium and
insoluble ash, Slightly higher are lead, copper,
cadmium, sodium, iron and calcium, but slightly
lower are manganese, zine and magnesium.

Congentration (mg g1

Depth below
surface {em)

1 20
38 Fornmnmrnen
2

Water table

o]

b 3
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30 ___(F‘
Denth as Al
{cm} Na -

Fig. 4.17. Concentration, per unit dry mass of peat, of eleven
elements in surface profiles of ombrotrophic peat from
Storemosse, southern Sweden, Left columns: Sphagnum fuscum.
Right columns: S. magelfanicum. Roots of vascular plants were
removed before analysis. Redrawn from Damman (1978).

{It seems likely, from other results in PDamman’s paper, that the
Mg peak should be about 1 mg g™*, not 10, and the Fe peak
about 2 mg g™!, not 2. If this is true, the scales should be
reduced by a factor of ten.)
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There are as yet too few reports to be sure which
of these patterns are common and which are
particular to one or a few sites, but it does seem
clear that there is a variety of patterns, and that
some of these are correlated with the type of peat
and with the oxidation-reduction state of the peat.
The order of depth of the peaks of manganese, iron,
zinc and copper is the reverse order to that of their
sulphide solubility.

In several cases it has been assumed that bryo-
phytes (Rihling and Tyler, 1971; Pakarinen and
Tolonen, 1977) or peat profiles {(Lee and Tallis,

1973; Livett et al, 1979) or both may record the
history of deposition in the same way that e
accumulations do, but without the technical diffi-
cuities of that case (Murozumi et al., 1969) and with
fewer geographic consiraints, In one instance
(Clymo, 1978, using information available in 1972}
the cumulative amounts of magnesium, aluminium
and titapium were used as indicators of age in the
surface layers. [t is important therefore to consider
the extent and mechanism of movements of solutes
in the surface layers, to a depth of perhaps 10 cm
below the mean water table,
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In a few cases it is possible to make crude
estimates of the proportion of deposited matter
which is retained. For a Sphagnum magellanicum
profile in the Pennines (England) about 30 to 407
of magnesium and about 50% of caesium (**’Cs)
were retained (Clymo, 1978). The calculations were
possible because the profile for magnesium was
relatively free of peaks, and most of the 1*Cs input
is recent and fairly accurately known. For most
other elements however the peaks imply relocation,
so the best that can be done is to use the mean
concentration in the lower “‘central” anaerobic
section (Table 4.10) on the assumption that these
approach “steady state” values and that in this
section there is little relocation. These very crude
calculations (Table4.12) suggest that retention
may be related to valence, ranging from values of |
to 3% for sodium and potassium to 407, for
aluminium. The valence state of manganese and
iron is uncertain, but one might expect them to be in
the reduced form.

The retention values in Table 4.12 are about 0.1
to 0.2 of those in Table 4.8. The calculations used
in Table 4.8 were for the top 10 cm, and assumed
about 1 cm of vertical growth per year, whilst those
for Table 4.12 assumed that at greater depth only
I mm of that is left.

The incomplete retention and the variety of
profiles indicate that at least some elements are
relocated. Equally clearly the processes of re-

TABLE 4.12

195

location differ in importance. In ombrotrophic
peat-forming systems the following may be
considered:

(1) Biological cycling of various kinds, partic-
ularly the movement from roots to shoots, and
return either internally to rhizomes in winter, or
externally by leaching and leaf-fall. These processes
are considered in detail by Dickinson (Ch. 5), and
are of obvious importance for elements such as
potassium and caesium.

(2) Diffusion, which is probably of less impor-
tance because the available time is relatively short
(perhaps 10 to 50 years) and the pathway is
dissected and tortuous.

{3) Movement by mass flow, similar to the
glution of a column of exchange resin or micro-
porous gel. That such efution (or leaching) does
occur seems nearly ceriain, and the relation of
retention to valence is consistent with elution of
cations from an exchange phase. If the surface
layers have high hydraulic conductivity, as is often
the case, then water probably flows down to the
water table rapidly, and then laterally. The details
are obviously complex; the profiles of Fig. 4.18 are
not simply explicable by this mechanism, but have
biological cycling and probably valence change as
well as recent changes in deposition rate {(of lead,
for example) superimposed. One might expect Cs™
to behave in 2 manner similar to K¥, and the
pattern for 1*7Cs (Figs. 4.10, 4.18), most of which

Retention of deposited substances by the central section of peat deposits

Na K Mg Ca Fe Al Precipitation
{mm}

Concentration range

in peat (Tabie 4.13) 4 1 30 26 0.G5 2 19

(umol g7 50 5 80 50 20 30
Deposition flux

(umol em™? yrh)

Chilton, 1973 5.2 0.8 0.9 1.9 0.02 0.48 1.2 574

Wraymires, 1973 18.3 6.9 23 1.4 0.01 0,23 0.6 1482
Approximate!

retention {%) 1 3 30 20 30 40

The peat concentrations are taken from Table 4.10. The deposition rates, sefected from Cawse (1974}, are from
Chilton (central southern England, low precipitation, 90 km from ses, rural, predominantly arable} and
Wraymires (English Lake District, high precipitation, 25km from sea, rural, little arable, some industrial

influence).
' Assuming peat growth of | mm yr', density 0.1 g em™>.
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fell in precipuation during 19630 does perhaps
support this view. Much ol the avid-solubic "7 Cy s
still suspended” hiologically at the surlace. with a
sinall peak. probably representing the 1963 mpui,
at about 10 cm in this profile. The acid-inseluble
s, perhaps glassy particles, peaks 2t about 8 ¢m
depth, with a larger surface peak. The difference of
2 om may represent clution of the soluble fracuon
in the len years since it was deposited. The process
cannol be as simple as this, however: Clymo (1978)
reported that about 507 of the deposited '¥7Cs was
not recovered from peal profiles. and clution ex-
periments i the field and laboratory (Mackay.
unpublished, [976) indicated that a substantial part
of cuesium and other cations added wo Sphagnun is
cluted. The same cxperiments indicate however that
a fraction remains where it was applied. There may
be one fraction which can be readily eluted and
another which moves much more slowly.

The surface peak of acid-insoluble "7 Cs is rather
surprising, but Mackay (unpublished, 1976) has
shown that upward movement of particles and
solutes occurs around Sphagrum during dry con-
ditions. The top of the plants is the fimit to
maovement in 1that direction, so particles may accu-
mulate there. In the downward direction there is no
limit, so particles moving in that direction may be
dispersed and. eventually, lost lazerally.

One may conclude that there is still much to be
fearned about the chemistry of peat.

ACCUMULATION OF PEAT

Peat accumulation results when the rate of ad-
dition of dry matter exceeds the rate of decay.

Maiter is added mostly at the surface, and may
be measured as productivity. For mosses — mainly
Sphagrum in bogs or hypnoid mosses in fens — all
the new matter is added at the surface, but vascular
plants produce rhizomes and roots, and these add
matter perhaps as much as 2 m below the surface in
exceptional cases (Stavsei, 1973). Most of the
matter is added in the top [0 cm, however.

Decay on the other hand may occur not only at
the surface but through the whole peat depth. The
rate of decay seems to be highest in the surface
layers, and to be much lower in waterlogged peat.
In addition, some species ~— particularly some
species of Sphagnum — seem to decay at a lower
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rate than others. These dilferences have several
consequences: the depth of the water Lable is very
Hnportant a very low decay rate operating over 5 m
of peat may be as important as o hundred-fold
greater rate restricted 1o & 3em laver: selective
decay of species may result in a peat dominated by
one or o few only ol the species which grew on the
surface which formed it

[t is convenient to consider productivity first,
then decay, and lasily models of the peat accumu-
ilion process,

Productivity

The productivity of vascular plants in peat-
forming systems is reviewed by Bradbury and
Grace {Ch. 8). Purticularly valuable accounts of
primary productivity of blanket-bog are given by
Smith and Forrest (1978) and by Grace and Marks
{1978), so only the contribution of bryophytes is
considered here. In these acid habitats vascular
plant productivity ranges from about [00 to about
800 g¢m *yr ! in fens. the contribution from non-
vascular green plants — mostly hypaoid mosses —
is probably small compared to that from vascular
piants, In bogs, the contribution from non-vascular
plants may be important and is usuvally dominated
by Sphugnum. Exceptions include, for cxample,
Polytrichum commune on the edge of some valley
bogs i southern England. Individual plants up to
150 om jong may be recovered with anaual incre-
ment of 12 em and productivity up to 1400 gm™?2
yr " f. This productivity was maintaincd for a few
years only during a transient rise in the water table,
and over an area of about | ha oaly. Other cases
where mosses are impeortant are the “moss-banks”
of the maritime Antacrtic. On Signy Istand, Baker
{1972) estimated the net productivity of the moss
Chorisodontiwm aciphytlum a1 440 g m™ ? vt and
Fenton (1980} estimated the net productivity of
C.aciphythm and Polytrichum alpestre 1o be from
160 to 350 g m™? yr™!. For systems with pH 4, a
growing season of about five months, and a mean
maximum temperature of 0°C, these seem at first (o
be surprisingly high values. They are probably
explicable by adaptation to low temperature, but it
may be that the mean monthly temperature of §°C
obscures the fact that the temperature is above 0°C
for most of the growing season. If the mosses are
able to respond to change in light-flux or in
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temperature as rapidly as aquatic subantarctic
mosses can (Priddle, 1980a, b}, then the produc-
tivity is less surprising.

These cases of relatively high productivity are all
exceptional, and of interest only in pointing to what
may be possible. On a world scale they are trivial;
the only bryophytes whose production is important
on this scale are a few species of Sphagnum. On
blanket-bog in Britain their productivity in pure
stands ranges from about [50 gm™ yr~* on hum-
mocks to about 500 gm™? yr™! in lawns, but up
to 800 g m~2yr~! in pools (Clymo, 1970). The
methods of measurement have rather large inherent
inaccuracy — perhaps +50%. As a component of
shrub-dominated blanket bog Sphagnum contri-
butes about 100 to 300 g m~? yr~! (summary in
Smith and Forrest, 1978). The species of Sphagrum
commonly grow in different micro-habitats, partic-
ularly in relation to the water table. Thus S.
capillifolium (8. rubellum, S. acutifolium) com-
monly grows some way above the water table, 5.
papillosum and S. magellanicum grow just above the
water table, and species of the section Cuspidaia
usually grow in the water or close to it. Itis of some
interest that species seem to grow in that habitat in
which their productivity is greater than that of
competing species of Sphagrnuwm rather than that in
which they grow best. For example, S. capillifoiium
grew best in pools, but better than other species
tested on hummocks (Clymo and Reddaway, 1971;
see also Fig. 4.19). Similar productivity — 100 to
600 gm™? yr~* - was reported by Sonesson (1973),
who also found a similar difference between the
drier hummocks and wetter depressions near
Abisko in Arctic Sweden. Greater productivity by
Sphagnum may occur in special habitats such as
slow-flowing streams draining peatlands (where S.
subsecundum shoots may grow more than [20 cm in
a season) or, transiently, in the furrows made when
preparing the ground for afforestation. Up to
1500 g m™% yr~' may be produced. Excepting these
special cases, it is of interest to find the same range
of values appearing for such diverse climates. If the
value of 200 g m~2 yr~* applied to all acid peat-
tands — say two-thirds of the 150 x 10° ha reported
by Tibbetts (1968) — then the world annual pro-
duction by Sphagnum would be about 200 x 10° t.
Woodwell et al, (1978) estimated total productivity
on the continents — that is, excluding that in seas
and oceans — to be about 72 x 10° t yr™!. Sphag-
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Fig. 4.19. Net productivity of four species of Sphagnum in three
habitats on bianket bog at Moor House (England). The plants
were put experimentally in all three habitats, Dotted area shows
the usual natural habitat for cach species. Redrawn from Clymo
and Reddaway (1971).

nurn may thus contribute about 0.3%; of the total. It
would be interesting to know how many other
families contribute as much (though the family is
a rather arbitrary division: the Sphagnales are a
clearly isolated group). If the efficiency is calculated
per unit of nitrogen or phosphorus employed,
rather than per unit area, the importance of Sphag-
num is even greater (Clymo, 1970).

Plant productivity, by vascular plants and bryo-
phytes, in fens and bogs is clearly not exceptional
for temperate regions. Yet peat accumulates, so the
rate of decay must be exceptionally low. To this |
now turn.,

Decay rate

Some indication of the overall decay rate may be
had by caleulating how much of what was produced
has remained as peat. Assuming productivity of
300 g m™* yr™', no decay, and peat bulk density of
0.1 gcm™?, then after 5000 years there would be
15 m depth of peat. Such a depth is uncommon -2
to 5 m is perhaps more usual ~— so one may expect
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to Hnd that hall or more ol the plant material
decays, But it scems likely that there may be o
rather delicate rclutionship between production
and decay. so that a small change in either may
have a big effect on how much remains in peat. The
rate of decay is usually measured by one or more of
five methods: by direct measurement of mass loss;
by direct measurement of gas evolution; by indirect
estimate from change in properties of a standard
substance; by indirect estimale as & parameter of 4

model. or by indirect estimate as the result of

simulation. These methods are considered in turn.

Drirect measurement of mass loss

The commonest method 1s the “litter bag™. The
mesh size may be farge (¢ | em). sllowing animals
ready access; medium (commonly ¢ | mm), re-
stricting access by large soil animals and preventing
the removal of whole chunks: or very small (¢
20 pm), preventing access by all but the smallest
animals such as ncmatodes and protozoa, The
nature of pretreatment of the plant material may
have an important effect on results, In particular
there may be quite & large fraction of the original
plant mass which can be removed by simple leach-
ing, For example, Coulson and Butterfield (1978)
found that, if freshly pathered leaves were dried in
vacuum at 30°C and put into waler lor seven days,
then the loss in mass was 25% from Rubus cha-
maemorus, 14%, from Calluna vulgaris, 5%, from
Eriophorum vaginatum, and 0%, from Sphagmm
recurvum (see Tig. 4.23). Another important techni-
cal point is the method of drying. Sphagrum
papillosum dried at 105°C decayed less than half as
fast as air-dried material (Clymo, 1965). Even air-
drying may change the case with which the plant is
attacked.

A major problem with large-mesh litler bags is
the possibility of loss of large fragments of litter.
This danger becomes greater as time passes and
plant structure breaks down. The amount remain-
ing may therefore become increasingly biased on
the fow side. This effect is likely to be extreme in
cases where individual leaves are tethered by a
thread but not enclosed. Frankland (1966) used this
technique with Preridivm aguifinum petioles on peat
and found the rate of loss appeared to increase
between the fourth and seventh years. The opposite
effect — gain from material moving in - is
occasionally found (e.g. Clymo, 1965).
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A particularly clegant method can be applicd in
the special case of Antarctic moss peats {Buker,
1972; Fenton, 1978, 198(G) in which the annual
growth pattern of the moss is preserved for 200
yeurs or more. Assuming that there has been no
change mn the average mass of a newly produced
segment it is possible o calculate the toss after a
known time. The plant material has been com-
oletely undisturbed. Fenton (1980) gives decay rate
for ages as great as 170 years, whereas the best litter
bag results (for example, Heal et ab., 1978) rarely
extend 1o more than five years. In all cases, how-
ever. difficulties develop by the time that less than
20", of the origingl mass remains.

Direct measurement of gas evelution

In this method itis the gascous products ol decay
which are measured. There are many reports of the
rate of evolution of carbon dioxide from mineral
soils, forest litter, and so on, but few of the flux of
carbon dioxide from peat. There are even fewer
measurements o the flux of other carbon-
containing gases such as mcthane. The fact that
decaying organic matter may evolve methane has
been known for 180 years (Dalton, 1802), and with
the advent of gas chromatography il has become
possible to show that small amounts of other
paraffing (ethane, propane) may be evolved as well,
Bog peat evolves casily measurable amounts of
carbon dioxide and methane (Clymo and
Reddaway, 1971; Svensson, 1974). The three main
problems with this method are that enclosures used
to collect the gas change the conditions (partic-
utarly temperature), the flux of gas varies during
the day—night cycle, and the Hux (especially of
methane) is subject to erratic surges, probably
associated with the escape of bubbles.

Indirect estimates on standard materials

The best-known method depends on the re-
duction in tensile strength of unbleached calico
strips (Heal et al, 1974). The method can be
calibraed, though not very precisely, against other
measures of decay. It allows comparisons between
sites to be made easily, but the almost pure cellulose
is a “foreign” substrate and the results cannot be
generalized.

Loss in mass from sheets of standard cellulose
has been used in the same way (Rosswall, 1974).
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Indirect estimates from models of peat growth

Suppose that the rate of addition of dry matter,
7, is constant and that the rate of loss is a constant
proportion, o, of the accumulated mass of peat, x.
Then:

dx
T e Py 7
i =) — §X (N

Here it is assumed that the time scaie for the
annual march of p and «is so short, compared to the
time of interest, that the annual fluctuations can be
treated as high-frequency components which have
negligible effect on the low frequency trends, and p
and o can be assumed constant. The solution to
eq. 7 has been known since Newton’s day and is:

x="{1~e"™) (8)

This equation, iflustrated in Fig. 4.26, has impor-
tant consequences which are considered later. It can
be shown (Clymo, in [it.) that where V is the peat
mass measured from the surface downwards (ie.
backwards in time) and T is the age of the peatata
given depth, relative fo that at the surface, then:

y=E(-e=T )
&

The variable V, the peat mass to a given depth
below the surface, may be called the “'depth in mass
units”. If the bulk density of dry peat were the same
at all depths then ¥ would be directly proportional
to linear depth. In fact, of course, it rarely is so.
Where mass of peat accumulated is being con-
sidered then ¥ is a more useful variable than the
linear depth.

The relationship {eq. 9} is formally the same as
the relationship between the mass of peat accumu-
lated and time elapsed (eq. 8). In effect one rede-
fines zero time anywhere one wishes and looks
backward. Given three depths (in mass units) and
the corresponding ages, then the decay rate, «, is
defined by:

Vz“‘ V} 1 —e"“( Ty— Ty
V3“' V2 - ] —g-at Ti T3 (10)
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This can be solved (by iteration) and, as a bonus,
p may be obtained from eq. 9.

Published examples of dated profiles abmost all
relate to linear depth (measured in units of length)
rather than depth in mass units. In such cases the
calculation can be made for length in place of mass,
but only if the bulk density profile is assumed
constant — that is, there has been no consolidation,
Jones and Gore (1978) and Clymo (1978) have
given several profiles of bulk density, from which it
is clear that there are variations within a profile and
between profiles, so that the assumption of a
uniform value could lead to non-trivial errors. To
illustrate the principle of the method a very detailed
profile from Draved Mose, Denmark {Aaby and
Tayber, 1974) is shown in Fig. 4.20. Here eq. 9 has
been fitted, by minimization of weighted squares of
deviations, to all the points (not just to three)
assuming no consolidation. The simple model gives
a surprisingly complete description, with the decay
parameter o estimated as 2X 107% yr™!,

A more complex model, including consolidation
effects (Clymo, 1978), when applied to blanket-bog
peat at Moor House gave most estimates between
1073 and 107% yr~ L.

Indirect estimates from simulations

Simuiations may be used to calculate the overall
rate of decay from a knowledge of the rate and
functional relationships of component processes.
For example, Bunnell and Tait (1974) and
Flanagan and Bunnell (1976) included the effects of
temperature, moisture content and nature of plant
substrate on microbial respiration rate. Given the
march of temperature and moisture content, the
model gives decay. Simuiations of this kind have
been used for litter of Carex aquatilis and
Eriophorum angustifolivm, but not for older peat.

Factors affecting the rate of decay

The rate of decay of plant material in peat-
accumulating systems is affected, inter alia, by
temperature, water supply, oxygen supply, nature
of the plant material, and nature of the micro-
organisms and invertebrates in the peat. These
factors are not always independent, and all may be
correlated with depth in the peat and with age.
Thetr effects may interact, too. The rate of oxygen
consumption by litter of Eriophorum angustifolium
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Fig. 4.20. Age (by "*C counting) against depth curve for Draved Mose (Denmark). Results of Aaby and Tauber (1974). The 55 dated
depths are shown by circles, seven of which have, for illustration, a horizontal bar giving the 93", confidence interval. Eq. 9 was fitted to
these points (sce text), assuming a uniform bulk density of 0.1 g em™3. The parameter estimates, +standard error, are: productivity
(2y=64x 1070 228 x 107 gem ™ yr~ ' decay rate {2) = 1.9 1075+ 1,95 1073 yr~ ', The 95%, confidence bands are shown assuming that
errovis all in the depth or all in the age. The diagonal straight line shows whal would be expected lor the same productivity, but no decay.
The lower horizontal line 2l 330 em is the stead y-state depth (see (ext). The surface of this bog has been cut for fucl, so Lhe whole bog may
be considered haplotelmic (only the catolelm remaining: [ngram, 1978), The fitted line is extrapolated up to today. giving a “virlual
surface™ at about 55 cm above the actual surface. From Clymo {in lif).

at 20%, water content is sbout 130 ul g™' h™! over
the temperature range ~47C to 8°C (Flanagan and
Bunnell, 1976; see also Fig. 4.21). At —4°C the rate
is little changed over a range of “water” content
from 20% to 3209 at least. At a temperature above
—2°C however, water content has a considerable
effect. Al 8°C and 3209 water content the rate of
oxygen consumption is double that at 209% waler
content, More usually, the relation between rate of
oxygen consumption and temperature is a hollow
curve. At 10% water content Rubus chamaemorus
litter consumed oxygenatSto8ulg ™t h™! at —5%C,
increasing to 3010 50 ul g™ h™* at 10°C and 240 1o

360 w1 g7F h™toat 30°C (Rosswall, 1974). Carex
aguatilis litter gives similar results (Flanagan and
Veurn, 1974). These resulls show —- not surpris-
ingly -— that temperature has an effect on the rate
of oxygen consumption, and hence of decay rate, of
litter. FThey also show that the process is significant
at surprisingly low temperatures. Micro-organisms
adapted to the general thermal environment seem
to be the rule, so that the mean temperature is of
less consequence than might be supposed. That
psychrophilic micro-organisms occur in peat is
known (see, for instance, Janota-Bassalik, 1963),
What is not known 1s how fast the micro-organisms



PEAT

AG0

300

Rate of Op consumption
v
o]
7

per unit dry mass

(ut g™ heT)

10CH

1.6

Water content

Temperature
par unit dry mass e

¢ (°C)
04

Q2 -4

Fig. 4.21. “Respiration rate”, measured in a respirometer, of
dead leaves of Eriophorum angustifolium gathered at Barrow
(Alaska, U.S.A) in relation to water content and temperature.
Redrawn {rom Flanagan and Bunnell {1976).

can adapt to temperature change. This may be
important because peat, even water-saturated peat,
is a fairly effective thermal insulator. The amplitude
of temperature fluctuations is rapidly damped. The
‘damping depth — that depth at which the ampli-
tude of a sinusoidal oscillation has been reduced to
I/e=0.37 of that at the surface — is about 5 cm for
the daily cycle and SX\/§65 cm (=1 m) for the
annual cycle in peat (Monteith, 1973). At a depth
three times the damping depth the amplitude is
e¢"¥=0.05 of that at the surface. At 15cm depth,
therefore, daily fluctuations in temperature are
small, but at the surface they arc twenty times
larger, and the total amount of decay may be
critically dependent on the speed with which decay
organisms respond to change. This is particularly
so if the relation between temperature and oxygen
consumption rate is non-linear. It ¢an be shown
{Clymo, in [ir.} that rapid response to a non-linear
relation coupled with a smaller-amplitude thermal
regime (though at the same mean temperature)
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should reduce the overall decay rate of Rubus
chamaemorus at mean temperature 0°C from
0.35yr™" at the surface to 0.14yr™' at 100 cm
depth, and at mean temperature 5°C from 0.62 yr!
to 0.42 yr~. Of course Rubus litter is unilikely to
survive in identifiable form to such a depth, but the
same sort of effect should hold for material which
does. It is this effect which makes the use of day-
degree sums dubious.

Measurements of oxygen consumption by litter
are necessarily made in artificial conditions; re-
spirometers with shaken flasks are usual, The same
material is often taken through a series of increases
in temperature with no check of the extent of
adaptation or damage. It is thercfore of interest to
find that measurements of decay of Rubus cha-
maemorus litter (in bags) in the field range from
about 0.2 yr™! (Rosswall, 1974) through 0.4 yr~*
(Heal et al, 1978) to 0.7 yr™' (Coulson and
Butterfield, 1978). These rates agree fairly well with
those calculated from the respirometer measure-
ments. Direct comparisons in the field at sites with
different mean temperature have been made for
standard cellulose material (Rosswall, 1974) and
for uniform Sphagnum material of several species
{Clymo, 1965). There are several reports of the rate
of decay of plants of the same species, for example
Eriophorum vaginatum, but these are not easy to
compare because the plants were in all cases local to
the site at which the measurements were made. In
general the rate of decay of cellulose increases with
temperature, or with time at a given temperature,
and the decay of Sphagnum was about 0.05 yr™!
faster at a site with mean temperature about 4°C
higher, but with the same amplitude.

The effects of oxygen supply on rate of decay
have rarely been measured directiy, but are deduced
from the change in decay rate with depth.
Waterlogged peat rapidly becomes deoxygenated
because the rate of diffusion of oxygen in water is
too slow (about 0.0001 of that in air) to replace that
used in aerobic metabolism of micro-organisms.
There are micro-anoxic patches in unwaterlogged
peat too. The consequent change in the activities of
micro-organisms is considered elsewhere in this
volume. Here only the measured effects on decay
are considered. .

That decay rates can be low may be deduced in
general from the fact that macroscopic and micro-
scopic plant structures (not only pollen) are stiil
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identifinhle after several thousand years as peat.
This argues for a decay rate of fess than 0,006 v '
In ¢xeceptional cases 1t may be even luss. For
example, between 2400 and 2600 years ago al
Tregaron Bog{Wales) Sphagnun magellanicun was
abundant (Turner, 1964). Even today there remains
the equivalent of a productivity during that time of
Jtha™ yr'. This would be a respectable rate
before decay had begun, Other instances arve known
too. There are records of about 700 discoveries of
human bodies buried in peat (Dieck, quoted by
Glob, 1969). In many cases the body was buried
and fixed down in an old peat culiing. Usually the
skin is well-preserved. and bones and other tissues
may be oo, Clearly, the processes of decay have
been slower than in the acrobic conditions of the
more conventional places for burial.

Direct measurements of plant loss by litter bag
technigues have given results which differ in detail
but show that there 1s a general reduction in decay
rate of material in waterlogged peat when com-
pared wilth the same material placed above the
water table. Sphagnum papiliosum decay rate fell

Loss in weight

during cne year Sulphide production
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abrupty from about 012 v at the surface of
Thursley Bog 1o 0.07 yr ' between 5 and 18 om
depth. and to 0.01 (6 0.02 yr' ¥ below T om depth
— the mean depth of the water table (Clymo., 1963;
see also Fig. 4.22). A similar surface dechine and
then abrupt drop of decay rate of Coflung stems at
18 em depth in Meoor House {England) blanket peat
was found by Heal et al. (1978), and losses in tensile
strength of cellulose strips at nine sites at Moor
House, and in a wet sitc at Abisko (northern
Sweden) all show the same abrupt drop (Heal et al,,
19743, us do strips in an Antarctic Rosikovia magel-
fanice peat bog {Ancaymous, 1978). The only
conspicuous exception is the decay of roois of
Eriophorn vagingrmm, which increases steadily
from about 0.07 yr™ ! at the surlace of blanket bog
at Moor Heuse to about 019 yr 7 at 25 am deep
(Hea! et al., 1978). The decay rate below the water
table appears mn most cases to be only 0.01 to
0.04 yr™'. This is close to, or beyond, the accuracy
of the litter bag techniques. An alternalive is to
measure the evolution of methane. At Moor House,
on a wet blanket bog 3 m deep, the rate of evolution
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%}

o} arpitrar it
( o {arbrtrary units) 10 20 a0 G 50
O L 13 L A L L. i 0 1 13 1 i "‘1 O i' L i ]
16 - 196371964 30 - ,i ™ ’l
[ |
- - o B A
20 20+ I 20 1
[ Juncus effusus Calluna vulgaris
4 4 lgaves stemns
30 upper limit 30 30
?fg:'; of sulphide
40
10 2G G 20 30 40
o ] -3.‘ 1 J [s] " k i 1 !
Sphagaum
50 papiilasiim ’
old shoots E
E 10+ . 10+
80~ ,‘ l
20 L e 204 cotton strips
Eriophorum vaginalum
30 roots

Fig. 4.22. Decay during the first year after death of a variety of materials at various depths in peat. For Sphagmun papillosum at Thursley,
southern England, the annual cycle in the upper level of sulphide (detected by blackening of a silver wire) is shown, and the suiphide
production, on a single occasion, of water samples added to an entichment culture. The other four materials were measured at Moor
House, northern England, Redrawn [rom Clymo (1963) and Heal et al. (1978).
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of methane gas, calculated as carbon, was 1 to
7 gm™% yr™?, with least from hummocks and most
from pools (Clymo and Reddaway, 1971} At
Abisko, Svensson (1974) found similar rates of
methane evolution. At Moor House the efffux of
carbon dioxide, calculated as carbon, was 31 to
54 g m~2 yr~% If the methane is being produced
at all depths, is the only product of decay, and
reaches the surface by diffusion, then the decay rate
is about 107% yr™! {Clymo, 1978). This is certainly
too simple a view: the. erratic appearance of high
methane concentration in traps suggests the evo-
lution of gas bubbles; some of the methane may be
oxidized and appear as carbon dioxide (Svensson,
1974); and there is no direct evidence that methane
production is not localized near the current water
table, with “fossil” methane in solution or even
as trapped bubbles lower down. Svensson (1974)
showed that a lot of methane is present in peat at a
depth of 50 cm, but it is not clear how much of this
is “fossil”. There is much scope for experiment.

The other method of estimating decay at depth is
from **C dates and a mode] of the peat accumu-
lation process. The resulis from Draved Mose
(Denmark) already quoted give a decay rate of
about 2x 107%yr™', which is (considering the in-
accuracy of all existing methods) not inconsistent
with 107° yr™* from methane evolution at a dif-
ferent site.

These rates of decay in the anaerobic zone seem
low, but they are not negligible, because they apply
over perhaps 20 to 50 times the depth and 40 to
100 times the mass that the aerobic rates do, and
they apply for a very long time. Just how important
such rates are is shown later.

The effects of nutrition and of the spectrum of
micro-organisms and invertebrates are closely con-
nected with the nature, history and location in the
peat of the plant material. The organic material
itself is the main “putrient” for the organisms of
decay. They attack the different chemical con-
stituents selectively, and may themselves produce
new organic substances. Moilecules which were
attackable by aerobic organisms may be unavail-
able to anaerobic ones, and vice versa,

It has already been shown that the decay rate is
lower in waterlogged peat whatever the plant
material. In the surface layers, however, the rates
of decay of different species and parts of species
differ widely. One of the earliest demonstrations
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of this was made by Waksman and Tenney (1928).
They measured carbon dioxide effiux at 26°C from
air-dried and ground plant materials mixed with
two or five times their own weight of water and
inoculated with a “suspension of a good field soil”.
The rate of flux of carbon dioxide from maize stalks
was about three times that from rye straw, pine
needles, or Sphagnum. When small amounts of
ammonium salts and phosphates were added, the
efflux of carbon dioxide from all the materials
except Sphagnum increased two- to five-fold, but
the efflux from Sphagnum was unchanged unless
the Sphagnum had been treated with acid, causing
partial hydrolysis. These experiments were, of
course, in very unnatural conditions and excluded
the natural fauna, but they did show that “ordinary”
soil micro-organisms could attack Sphagrum at
much the same rate as they do several other plant
materials, and that, uniquely among the materials
tested, the rate of attack on Sphagnum could not be
increased by adding inorganic nutrients alone. The
rate of attack in this case seemed to be limited
by organic nutrients alone. This may explain the
observation (Strygin, 1968) that the rate of heating
in piles of milled peat can be increased by the
addition of hay or straw as sources of easily
attacked organic nutrients, and that Sphagnum
papillosum capitula, which presumably contain a
relatively high concentration of easily attacked
organic compounds as well as higher concen-
trations of nitrogen and phosphorus, decay about
three times as rapidly as do newly dead stems and
branches, whilst the addition of inorganic nitrogen
and phosphorus has no significant effect on decay
rate (Clvmo, 1965). In a particularly elegant way,
Coulson and Butterfield (1978) have confirmed
these findings and have shown the importance of
invertebrate grazers in decay in the aerobic zone.
This is of particular interest because, whereas about
60%, of the plant material on mineral soils adjacent
to blanket bog at Moor House is assimilated, so that
it is animal faeces which are the main food for the
rest of the decomposers, only 5% of plant pro-
duction on blanket bog is assimilated (Coulson and
Whittaker, 1978). In particular, Sphagnum is
scarcely ingested at all, except perhaps accidentally.
Three species (the craneflies Tipula subnodicornis
and Molophilus ater, and the enchytraeid worm
Cognettia sphagnetorum) form about three-quarters
of the biomass and account for about three-
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guariers of the assimifated plants. Coulson and
Butterfield used litter bags and made Jour com-
parisons: of large-mesh (e 1 oy with fine-mesh (¢
20 pmy litter bags. thus allowing or preventing
access by most of the soit fauna: of decay on
mineral soif with that on peat; ol a varicty of species
naturally occurring on the mineral soil or on the
bog; and of plant material as it occurred naturally
with that grown on plots fertihzed with either
nitrogen or phosphorus, and thus having larger
concentrations of these elements. The fivst three of
these comparisons are shown in Fig. 4.23. The
species are arranged in rank of nitrogen con-

Phisum pratense leaves

initiat weight

loss \

Eriephorum vaginatum  leaves
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centration in the material used. Amimals accounted
for an important proporiion of the weight loss of
Phienni pratense on minerad soil. Rubus chamae-
siorus on mineral soil and on peat. Calfuna vulearis
on both soils, Festwea ovine on peat, and Sphagium
recurvam on mirerat soil, Animals had no effect on
welght toss of Eriopharum vagivarum on either soil.
or of Sphagnum recurvion on peat. Comparing soil
types (with free access by amimals) Phivunm lost
notably more weight on the mineral seil than on
peat, whilst Rubus and (o some extent Cullunu
showed a reverse effect. Rubus leaves recovered
from pent after three months contained more en-

Rubus chamaemorus lecves

e

mineral soil,
/unzmﬂ!s excluded
o]

mineral

welight soif

foss (Y}

peat,
antmals
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Calluna vuigaris
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Fig. 4.23. Weight loss during one year from Htter bags filled with plant material of one of six species. The bag mesh size was 20 pm
{excludes most animals) or 0.8 mm, and bags were buried in mineral soil adjacent to blankel bog al Moor House (England) or in peai
there. Arcs define 0% and 507 loss. The results for the four treatments are joined by straight lines, forming a polygon. Rubus
chamaemerus it smaill-mesh bags was measured for 3 months only, The results have been calculated in the same proportion as that
found for 3-month and 12-month measurements on large-mesh bags. The northwesterly “stick-and-knob ™ shows the leaching loss
during the first seven days. All material was leached belore the experiment began. To west and southwest are the injtial concentrations
of nitrogen and phospharus. Thick bars show the natural habitat, Drawn from results of Coulson and Butterfield (1978).
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chytraeids, dipteran larvae, mites and Collembola
(by a factor of from 2 to 5) than did similar leaves
on mineral soil.

Taken together, those results show a surprising
range of rather specific effects, Invertebrates on
peat are clearly important agents in the decay of
Rubus chamaemorus leaves, but of little importance
in the decay of Eriophorum leaves or Sphagnum
shoots.

There are potentially important differences be-
tween species in the absolute rate of decay, mea-
sured over the first year, too (Table 4.13). The rank
order of decay rate is much the same where it has
been measured more than once, but the absolute
values differ. There are uncontrolled differences
between different sets of measurements, even for
the same experimenters (e.g. Fig. 4.24). Water con-
tent can have a big effect. For example, Heal et al.
{1978) showed that the relationship between loss in
weight of Rubus chamaemorus leaves and water
content is approximately hyperbolic with half-
maximum rate (0.3 yr~) at about 200% water
content. In very wet conditions the rate was
0.6 yr~!. Overali, however, it is clear that some
parts of the species, such as leaves of Rubus
chamaemorus, Narthecium ossifragum and Calluna
vulgaris, decay rather rapidly, whilst stems and
roots of Calluna and Eriophorum, and Sphagrum,
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decay more slowly. There is a tendency for ma-
terials with relatively high nitrogen and phosphorus
concentration to lose weight more rapidly, whether -
they are available to animals or not (Figs. 4.23,
4.24), Coulson and Butterfield experimented with
blanket bog which had been fertilized with am-
moniwm nitrate or superphosphate (a mixture of
calcium sulphate and calcium phosphate). The con-
centration of nitrogen and phosphorus in plants
growing on these plots increased (by from 10 to
30%), and so did the abundance of many of the
invertebrates. The decay rate of plants grown on
unfertilized bog, but transferred to fertilized bog,
was no different from similar material on fertilized
bog, but plants grown on nitrogen-fertilized bog,
and having a higher concentration of nitrogen,
decayed more rapidly than did normal plants when
put on unfertilized bog (Fig. 4.24). The decay rate
of plants on phosphorus-fertilized bog was not
more rapid, however, Indeed the loss of S. recurvum
was only 10%, compared to 18% for unenriched
plants.

The differences in the nitrogen experiment were
rather small, but because the experiment was large
and carefully designed the differences were signi-
ficant at the I in 20 level. Earlier reports that
nutrition was without effect probably mean that
those experiments were not sufficiently sensitive to

TABLE 4.13
Rate of weight loss (yr™!) from dead plants in large-mesh bags during one year on blanket bog at Moor House,
England.
Source
Heal et al. Coulson and Clymo (1905}
{1978) Butterfield (1978)
Narthecium ossifragum leaves 0.45
Rubus chamaemorus leaves 0.36 0.7¢*
Eriophorum angustifolium leaves 0.24
Eriophorum vaginatum leaves 0.22 0.46°
Calluna vulgaris shoots 0.2¢ 0.55%
Sphagnum capillifoliom shoots’ 0.16
S, recurvurm shoots 0.14%
S. cuspidatum shoots’ 0.15
S. papillosum shoots’ 0.08
C. vulgaris above-ground stems 0.08
C. vulgaris roots G.05
E. vaginatum roots 0.01

UExcludes capitulum, *Pre-leached to remove readily sofuble materials. Values recalculated to include these lost

materials, to allow comparison with the first celuma.
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Fig. 4.24. Decay rate in rclation to initigl concentration of

nitregen in plant material in litter bags at Moor House
(England):

v = Calluny vuigariy shoots

Cvlas) == O vulgaris above-ground stems
Cvihy) = vulgaris below-ground stems
Cytry =0 vulgaris Toots

Eu = Eriophorum angustifolium leaves
£y = L. vaginghun leaves

Evir; =K. vagingtuti voots

Js = Juncus squarrosus leaves

No = Nartheefum ossifragum leaves
Re = Rubus chamaemorny leaves

Se = Scirpuy cespifosus ieaves

Sr = Sphagnum recurvirm shoots

Results from: 4, Heal et al. (1978), ¢, Coulson and Butterfield
(1978}, first experiment; @, Coulson and Butterfield (1978),
nutrition experiment. Arrow-heads point to the experimentally
nitrogen-enriched material

detect the differences. The change in nitrogen
concentration on fertilized bog was not large either,
when considered as a proportion of the range
shown in Fig. 4.24. Nevertheless, the results are
important because there is high intercorrelation
between the concentration of different elements in
plants, Complex descriptive equations, such as that
used by Heal et al. (1978) using (P+Ca) and
(lignin X tannin) give no insight into mechanisms.
Only by experiment is it possible to isolate the
differences and to discover causal links.

Not only do different species and macroscopic
parts of species disappear at different rates
(Fig. .23}, but so do different parts of celis. For
example, the abaxial and adaxial surface of the cells
in leaves of Sphagnum break down more rapidly
than do the thickening bands and the enclosed cells
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(Dickison and Maggs. 1974), and the atack is
sporadic: some feaves are extensively damaged
whilst others close by are virtually undamaged.

The time course of decay iz difficult to measure
and difficuit to interpret. Broken litter may be fost
from litter bugs. The bags themselves become
covered, and thus move into a different environ-
ment, Different chemical fractions decay at dif-
ferent rates. Eguations for the time course of
decay can therefore be nothing more than de-
seriptions, but are essential if models of the peat
accumulation process are to be made.

Two assumptions have commonly been made.
The first {e.g. Baker, 1972) is that the rate of decay
is constant, so that & constant proportion of the
original mass disappears during each time interval,
Thus, if the decay rate 1s 0.2 of the original mass
per vear, then the material will have disappeared in
five years. A much commoner assumplion, inspired
by the observation that some peat is thousands of
years old, and ignoring the fact that such peat if put
in aerobic conditions will decay quite rapidly, is
that the rate of decay is a constant proportion of
what is left, Jenny et al. {1949) used this assump-
tion, and have generally been followed, though with
little or no evidence in support. The two assump-
tions may be expressed:

dm

=2 e f§

T f (1
dm o =
Q= A (12}

where m is the mass of peat, [ is time, i a decay
parameter (dimensions M T7'} and « a decay
parameter {dimension T'). These equations, when
selved for m, give:

B, = RBig - it {13)
i, == prge” {i4)
Eq. {4 can be put in linear form as:

n (myfmg) = —at {15)
The same resuits, plotted according to egs. 13 and

15, are shown in Fig 4.25. There is little reason to
claim that one set is cioser to a straight line than the
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Fig. 4.25. Weight loss of various plant materials in ltter bags during five years in peal at Moor House (England). On the left graph, a
straight line would indicate that a constant proportion of the original weight was lost per unit time. On the right graph a straight line
would indicate that the rate of loss is a constant proportion of the amount left at any time. Rubus chamaemorus is plotted again (filled
circies) restarting ai cleven weeks after the initial rapid foss in weight. Results of Heal et al. (1978), redrawn from Clymo (1978).

other, though there is some indication that thereis a
fraction — up to about 20% in Rubus chamaemorus
— which decays within ten weeks. For the next 250
weeks, either assumption seems to fit equally welk.
Given a coefficient of variation of about 10 to 209,
which it is very difficult to reduce in experiments of
this kind, it is unlikely that the evidence from litter
bags will favour one assumption rather than the
other until about 80%; of the original mass has been
lost. By that stage of course most of the structure
has gone too, and litter bags become increasingly
inaccurate, This is true also of Baker’s (1972)
method of measuring the loss from Antarctic
Chorisodontium aciphylium which had never been
disturbed: the measurements fit either assumption
fairly well, and become inaccurate beyond about
609 loss (Clymo, 1978, figure 1). Finally, one may
perhaps have doubts about cases such as the last
two points for Eriophorum vaginatum leaves in
Fig. 4,25 where the precision is high but the accur-
acy is obviously much lower; errors of accuracy in
long-term measurements are commonly unknown
but are quite possibly much larger than errors in
precision.

This uncertainty about which assumption is
correct may appear to be unimportant, as it seems

to matter only when the mass left is less than 309 of
the original mass. That this is not true, and that the
exact form of the decay curve is of vital importance,
is best revealed by calculations on models, extended
over hundreds or thousands of years. The existing
evidence about decay is in some respects un-
satisfactory and will probably have to remain so.
The biggest single gap is the lack of reliable
estimates of the actual rate of decay deep in the
peat.

Before turning to models of peat accumulation it
is worth summarizing the factors which are known
to be important determinants of decay: (1) tem-
perature; (2) water supply (at the surface of the
peat-forming system); (3) oxygen concentration; (4)
nature of the plant material; and (5} nature and
activity of soif animals and micro-organisms. These
interact with each other and with position in the
profile, and they change with time.

Models of peat accamulation

The chief purposes of models of peat accumu-
lation are: to test our understanding of the ac-
cumulation process; to reveal the consequences of
assumed processes; and to estimate parameters,
such as the rate of anaerobic decay over hundreds
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of years. which cannot be measured directly. There
is much confusion about the reliability and value
of model results, The apparent precision of sym-
bols and numbers is often belied by grotesquely
unlikely predictions. Some explanation is therefore
NECCSSATY.

Moedels can be expressed in one or more (simul-
taneous) equations of the general form:

Ro=f(V., ¥;, F) (16}

where R. is the calculated result; V. are external
{driving) variables, such as temperature: ¥ are
wmternal (stale) variables, such as the mass of some
component; and F are parameters. These equations
embody the assumptions aboul the processes and
their interactions, it any. If there is evidence that a
particular relationship does actually exist, and its
functional form is known, then the uitimate test of
understanding s likely to be more stringent because
fewer arbitrary assumptions need be made; but fack
of evidence has rarely inhibited the making of more
or less credible assumptions. This stage of model
making may start from assumptions about a pro-
cess — for example, that decay rate (s proportional
to the amount of material - and derive equations
algebraically. Alternalively it may be simply an ad
hoc description, in symbols, of an observed geo-
metric refationship (typically a graph) but enshrin-
ing no understanding of why the shape is as it is.
Even in such cases there is room for choice: a
hyperbola can be understood as some sort of
saturating process, and is generafly therefore a
more {Hluminating assumption than a quadratic (or
higher-degree polynomial) description which gives
an equally good ‘fit” to the observations. In choos-
ing descriptions it is important to remember that in
reality there are physical boundaries to the validity
of any description; mass cannot be negative, rate
cannot increase exponentially without limit. If these
features are not included the model will, sooner or
later, become unrealistic.

The fundamental strength of a model may,
therefore, be tested by asking questions such as: Is
there evidence that the processes occur over the
range of variables to be used? Has the possibility of
interaction between processes been constdered? Do
the descriptions arise from clear postulates, or are
they ad hoc? Do the descriptions allow for discon-
tinuity or non-linearity or both? When tested in this
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wily, most of the models of peat accumulation are
rather weak.

Models have been used in muany ways. The
simplest is 10 supply values for all the variables (V.
¥} and parameters (F) and 1o calculate the resulis
R, This is a direct simulation. The results may be
compared with measured values R, Such com-
parison may be of a crude by eye” type, or may
invoive some numerical measure of badness of fit.
There are difficult problems of weighting — the
model may be a good fit in some places and bad in
others, and this may or may not be expecied.
Esseatially this 18 a direct test of the model Il
agreement between R, and R, i poor then it may
be that the pracesses are inaceurately described {the
wrong shapes on graphs) or incompletely de-
scribed, or it may be that the variable or parameter
values arc inaccurate (or both). The sensitivity of
the model to errors in the values supplied may be
examined analytically or by numerical trial. If
agreement between R, and R, s close, then the
model may be accepted as a useful working de-
scription, and as confirmatory evidence that the
processes and values used are fairly accurate. The
more complex the pattern of R, the greater the
confirmatory value.

A more complex, indirect, way of using a model
is to omit some or all the parameter values (). Trial
values are assumed and R, calculated. Using known
values of R,, a measure of badness of At is
calculated. The values of P are then changed to
arrive at a least bad fit between R and Rn.. An
example 1s the use already mentioned as a meuns for
estimating the decay in anaerobic conditions over
5000 years at Praved Mose. This sort of use does
test the description of processes to some extent; it
might prove impossible to get an acceptable fit over
the whole time span by any combination of p and «,
But on the whole the test is not very strong. An
equally close fit could be got by using an arbitrary
quadratic {which has three parameters). This does
nol mean the modei is “wrong” ~— only that the
accuracy of the processes included in it cannot be
well confirmed by this test.

The adjustment of parameter values is best done
systematicalty. There are many ways of doing this,
and choice of which is best is a matter for spe-
cialists. [n general, there is no method of guarantee-
ing that the best combination of parameters has
been found, but in practice it usually happens that
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much the same set of values is reached from
different starting points, and this is taken to show
that something near the best has been reached.
Sometimes this minimization is done “by hand”. A
trial is made, then a new parameter value guessed
and another trial made, and so on. This was the
method used by Jones and Gore (1978) in estimat-
ing the decay rate that best fitted their model of the
blanket bog at Moor House, Engiand. They com-
bined this approach with changes in the assump-
tions about processes too. It will be obvious that
such “fitting” methods are likely to be inefficient.
The parameters are usually estimated with different
precision, and the estimates may be weakly or
strongly correlated.

The earliest explicit model of organic matter
accumulation was that of Jenny et al. (1949). They
-postulated an annual instantaneous injection of
organic matter as litter fall from deciduous plants,
and decay of a consiant proportion of the accumu-
lated organic matter during each year. This is
mathematically awkward, so they assumed that
both litter fall and decay were continuous, and
arrived at the equivalent of eq. 8 on page 199:

x=L (1—eo
o

where p is net productivity (M L™* T™*) and x the
mass accumulated at time ¢ This i3 shown in
Fig. 4.26. If one assumes that litter addition is
instantaneous but decay is continuous then one gets
a graph similar to those in Fig. 4.26 but with annual
negative exponential “teeth” superimposed.

Eq. 8 has interesting implications. One is that
after a long time the whole system tends, asymp-
tomically, towards a steady-state mass. More pre-
cisely, as t— o0, x—p/a. Suppose, for illustration,
that present-day peat-forming systems are in a
steady state. Forrest (1971) believed this to be true
of the Moor House blanket bog, and one may
deduce from curves relating peat depth to pre-
cipitation and bog diameter (Granlund, 1932;
Wickman, 1951) that some Scandinavian peat-
forming systems are approaching, or in, this state.
If the peat is 5 m deep with bulk density 0.1 gem™?
and if surface productivity is 200 gm™? yr™!, then «
is 0.4x 1077 yr~'. The model of eq. 8 makes no
allowance for differences in rate of decay of dif-
ferent species or parts of species, or for position in
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Fig. 4.26. A, Accumulation of a single-component peat accord-
ing to eq. 8. The left axis shows mass, the right axis shows height
assuming buik density {p) to be 0.1 g cm™3, The three curves (a},
(b} and (c) have the same ratio of productivity {(p, gem ™ * yr™ ') to
decay rate (&, yr™*). The steady stale approached by all three is
shown at pfo. The parameter values are:

(a) ) (©
plgem™tyrly 64x107% 19 x107% 64x1072
a (yr-t) 1L9x 107 057x107% 1.9x1072

The values for (a) are those which best fit the Draved Mose data
(Fig. 4.20).

B. Accumulation of a single-component peat {curve (a) repeated
from Fig. 4.26A] and course of decay (d} of an initial mass of peat
of 10 gem ™ ? with the same decay rate as that of curve (). Theage
profile of curve (a) at the arbitrary time of 7000 yr is shown.

relation to the water table, but a second implication
is that a very low decay rate — 0,045/ - is sufficient
to change the accumulation curve from an inde-
finitely accumulating peat mass to one which has
reached a steady state at a relatively modest depth
of 5m. A decay rate of 0.04% is very difficult to
measure in the field. Litter bags are much too
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imprecise and inaccurate. Gas evolution rates arc
beiter. but it is not easy to deiermine where the gas
cames from. Indirect estimates, from maodels, may
be sensitive enough but suffer from inaccuracy in
their assumptions.

A third mmplication is now obvious: surface
productivity, p, may be finite and perhaps large end
yet the rate of peat acewmulation may be very smell
or zero. It may even be negative, with & net loss of
carbon to the atmosphere, if the rate of decay at
depth has incremsed — perhaps because of an
increase in temperature, or as a result of draining
(e.g. Huichinson, 1980) during the last century o
two. The possible consequences of this were con-
sidered by Woodwell et al, (1978), The stable stale
may be seen formally in eq. 7 where, if p=xv, then
dx/dr=0, the rate ol production, which is limited to
the surface, is balanced by the rate of loss summed
over the whole depth of peat.

The assumption that the peat-forming system
has reached a steady state may be unimportant. ltis
easy 1o show that if Qs the proportion of the final
asymplotic steady-state mass, x,, which has been
rcached by 1q then;

In{l—
o= — M = Q) (17)

For the example already used, the peat will have
reached 909 (Q =0.9} of the steady state after about
5800 years. It is interesting to note that the time
needed depends on the decay rate bul not on the
productivity.

The independence of rate of peal accumulation,
dxjdt, and productivity, p, appears in another
important context. It has become increasingly com-
mon to see layers of peat dated by '*C age or by
cross-reference of pellen zones to other '*C-dated
profiles. The distance between two such layers may
be divided by the difference in dates, and a “peat
accumulation rate” reported. There are two objec-
tions to this practice (apart from possible errors in
the dating technique). First, the peat may have
consolidated — a general term for elastic and
plastic reduction in depth. That such consolidation
tay occur has been shown in experiments by, incer
alia, Berry and Poskitt (1972} and Clymo (1978),
and on a large scale in the English fens (partly as a
result of drainage} by Hutchinson (1980). This
problem could be avoided if peat accumulation
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rates were expressed on a mass basis rather than as
depth, If thes s 1o be done then a bulk density
profile s needed, but those who take samples for
HEC measurements rarely measure butk density too.

The second abjection 1o such estimaies of “peat
accumulation rate” is that the caleulation is valid
only if the decay rate is zero. Suppose, for example,
that " daling establishes that a peat sample is
1000 years old, and another from 100 cm deeper is
2000 years old. Assume further that there is no
consolidation. I there is no decay at all, then in
another 5000 years this layer of peat will still be
100 e thick. I the decay raie s as itte as 0.04°
per year, however, the peat layer will be only
13.5 em thick (the general shape of the decay curve
is shown in Fig. 4.26} and the peat accumulation
rate would, wrongly. be reported as 13.5/5000
=0.03 mm yr™ ' Noris the accumulation rate really
10075000 =0.2 mm yr”* because the youngest part
of the layer is 1000 yeurs old but the oldest is 2000
years old.

The solution to this probiem 13 Lo use a minimum
of three dated levels and apply eq. 10 and theneq. 9
to get first & and then p. More useful is to use the
minimization technique already described to esti-
matc pand o, as shown in Fig. 4.20. The values thus
obtained (p=64 gm™* yr™!, x=28x107% yr'H
are small and refer 1o the zone of low decay —
the anaerobic zone, or catotelm of Ingram (1978).
In particular, p is the rate at which matter is added
to the anaerobic zone —- the material which has run
the gauntlet of the aerobic acrotelm and reached the
comparative safety of the anaerobic catotelm. OF
course the material itself has not necessarily moved
in space, but new plant production above it has
gradually buried the original material, and the
water table usually keeps al an approximately con-
stant mean depth below the surface, so, as the water
table rises, the material moves down relative o the
water table. The rate at which material passes into
the anaerobic catotelm is of much greater impor-
tanice in determining the amount of peat accumu-
lated than is the net primary productivity at the
surface. For Draved Mose the rate of entry to the
anaerobic zone is perhaps one-fifth to one-tenth of
the net primary productivity. The vaiue of 64 g m™?2
yr! may be compared with 32gm™? yr~! esti-
mated by a different method for blanket bog in
Ireland {Moore, 1972).

Differences in decay rate lead to changes in the
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representation of different components too (com-
ponents here mean chemical substances, tissues or
whole plant parts). There is some experimental
evidence for this in pine-needle litter (Minderman,
1968). It appears as a bend or as two lines joined by
a curve on graphs similar to Fig. 4.25B. Rubus
chamaemorus is a good example. The sort of effects
to be expected are shown in Fig. 4.27. For two
components with decay rates of 0.5 and 0.1 yr™’
and initially in equal proportions, then after ten
years the proportions will be 0.2 and 0.8, and will
change very little thereafter. If the decay rates are,
say, ten times smaller, then it takes ten times as long
to reach the same proportion. It seems that decay
rate actually drops by a factor of about 100 when
the catotelm is reached, so most of the selection
probably happens in the first few years after death.

It is helpful, for illustration, to consider the
resuits of a model which combines two layers and
two components, giving four independent com-
ponents of the mass variable m, and two inde-
pendent decay parameters {o,) in the aerobic ac-
rotelm and two (o) in the anaerobic catotelm.
There are two independent net primary produec-
tivity parameters, p, and a fixed depth (in mass
terms) for the acrotelm, giving seven parameters in
all (Table 4.14). The output rate from the acrotelm
is then the input p. to the catotelm and is de-
termined by the other p, ¢, and depth parameters. It
is this p, which can be estimated from the Draved
Mose results. Starting from nothing, the acrotelm
accumulates to the fixed depth, taking a character-
istic time, {, determined by the p, and «, parameters,
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to do so. Thereafter the acrotelm is in a steady state
and feeds matter at a constant rate to the catotelm.
For matter added at the surface it takes the
characteristic time for the catotelm to grow up and
claim it, and at the end of that time whatever
survives is in the catotelm. Some exploratory results
of this model are shown in Table 4.14. The first
case, which acts as a reference for all the others,
gives the components equal productivity, but there
is a four-fold difference in decay rates and a fifty-
fold difference in decay rate between acrotelm and
catotelm. The net productivity (1000 gm™?) is
between likely values for bog and fen. The acrotelm
depth, assuming the approximately linear trend in
buik density from 0.01 gem™? at thesurfaceto 0.1 g
cm™? lower down, corresponds to a depth of about
16 cm. 1t takes about sixteen years before the
catotelm can claim newly produced organic matter.
Only 24%, survives so long, and of this only about
8% is of the faster decaying component 1, which
originally formed 30% of the total. The final steady
state corresponds to about 220 cm depth of peat;
component 1 forms only 2%, of all this, and much
less than 1% in the lowest layers.

The second case gives both components the same
decay rate in anaerobic conditions. This has little
effect on the final steady-state depth (and the
proportion of component 2 does not change in the
catotelm). '

In the third case, increasing the anaerobic decay
rate of both components five-fold reduces the
catotelm steady state in proportion to give a total
depth of about 50 cm. It is very clear that the
difference between a decay rate of 0.4% and 2% in
the catotelm has a marked effect on the steady-state
depth. It is the proportional change, not the ab-
solute change, which matters.

The fourth case shows the effect of a four-fold
decrease in the aerobic decay rate for the faster
component. This results in a shorter time (ten
vears) for both components in the dangerous ac-
rotelm. The steady-state depth approaches 4 m.

‘The same sort of effect is seen in the fifth case, in
which the productivity of component 2 is doubled.
The acrotelm is traversed in only seven years, so the
input to the catotelm is great and the steady-state
depth- is over 7 m.

In the sixth case, the acrotelm has been deepened
from about 16cm to about 20cm. This small
difference results in a marked increase (from 16 to
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TABLE 4.14

Parimeter vithies and calvulinted resalts For i two-kiser, two-component puittaveumubiing sysiem O~ indicates the sime valoe axin Case
Pran wsterisk shows that the value s that of o parameter which is specified: other values wre caleubuied resulis: bokd type indicaies the
parameter vaduets) in which cach other case differs from Case 1)

Variable!  Acrobiv zone Gerotelm) Anacrobic zone {catptelm) Total

2, % [REN A L P, % ndr) Qrson A} mdn)

(g cm 2 yr !} ()"l" |) (g om «.7,) (g em ---2).;. ()“l') {g cm--z yr J) (,}.!.- 1} (g om’ 2)'i‘ (n“) Eg om A).;.

Case Component

! t .05 0,20 0.24 0,604 0.47 0.71
2 *0 05 .03 .56 .00 220 22.6
Total (.10 23,800 V6.4 233 9z 233

2 ! o~ o ~ - ~ G001 1.38 212
2 Y~ RN ~ - ~ a0 220 .6
Total ~ o~ ~ ~ ~ 239 92 247

3 ! o~ o ~ ~ ~ 020 009 0.33
2 o R ~ ~ ~ 008 4.41 4.97
Totai ~ *a ~ ~ ~ 4.5 106 3.3

4 I o L5 0.40 00 0.030 F o 7.50 7.90
2 o o 0.40 ~ 0,030 o 30,6 30.0
Total ~ A .00 .2 0,060 37.5 84 379

3 | Fe e 0.19 ~ G012 # 293 312
2 10 # 0.61 2.00 0.970 * o~ 69.6 70.2
Total 0.15 o 225 7.3 (.082 72.5 92 733

6 1 o~ o 0.25 ~ < 0,001 # o 0.05 0.30
2 * e 0.75 - 0.012 % 12.5 13.2
Total ~ =100 ~ 27.8 0.012 12.5 92 135

tSymbals: p.=net productivity {must be specified); 2, =aerobic decay rate {must be spectfied); m (1) = depth of aerobic zone in mass
units {total must be specified); i =characteristic ime that matler stays in the acrobic zone before being claimed by the rising anaerobic
zone; m{o) =steady-stale mass which would have been reached by Lthe asrobic zone alone: p.=rate at which matter passes rom the
aerobic to the anaerobic zong; s =anaercbic decay rate {must be specified); m{ o) =steady-state mass in the anaerobic zone;
Qys0 == proportion (as ™} of the fina} sieady state reached afles 2560 years,

TAn approximale value for depth (em) may be oblained by muliplying the value for muss in g em ™ * by 10, This assumes that the buik
density is 0.1 g em ™2, For the aerobic layer 4 factor of 20 would be more accurale because bulk density increases from 0,01 to about

010 gem”?,

28 years) in the time needed to traverse the ac- processes can produce a great variety of effects.
rotelm. In consequence, nearly all component | Various modifications and extensions of this
disappears. The steady-state depth is about 140 cm, simple model have been used. The first (Gore and
but component 1 forms less than ¢.4% of the whole Olsen, 1967) was to increase the number of com-
mass. A 4 cm change in acrotelm depth has had a partments {equivalent to zones) to include transfers
remarkable effect on the relative survival of the two of “net primary production” to “live plant™ and
components. thence to “dead plant” and “peat”, with provision
These few examples are sufficient to show that for transfer from live plant direct to peat (pre-

simple assumptions about the growth and decay sumably as root and rhizome), The model was’
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programmed for an analogue computer — at that
time this was a sensible choice — but it is unclear
from Gore and Oisen’s account precisely what
processes were supposed to be operating or where.
The parameters of the model were adjusted by trial
and error to fit the time course of matter in the
different categories to that measured on a blanket
bog recovering from cutting.

Subsequently, Jones and Gore (1978) devised
another model which allowed several components
to be put in at the surface at constant rate, but in
which the rate of decay was a linear function of
depth, decay decreasing at greater depth. This
imptlies, of course, a potentially negative decay rate,
and it is not clear what Jones and Gore did to
prevent this happening. They showed that, if less
dense leaves decay more slowly than denser wood
does, then peat bulk density might increase for this
reason alone. This effect has not been considered by
other workers, and might be of some importance if
the peat contained much wood. The simulated
age—depth profiles did not agree closely with the
observed ones down to 150 cm and 2500 years, and
were particularly sensitive to changes in the depth-
decay regression slope. Jones and Gore then tried
ad hoc adjustment of parameters and of assump-
tions about the way in which decay rate changed
with depth, but without much improvement in fit to
the field results.

A different elaboration is to try to account for
the effects of consolidation. At least iwo different
effects much be considered, First is an “elastic”
compression: a load, rapidly applied to and re-
moved from peat which still. retains macroscopic
structure, produces elastic deformation. Over small
ranges the stress—strain relation is linear (Hooke’s
Law) but over the range of interest, with compres-
sion over 209 or more, a negative exponential is a
better description. The force involved is produced
by the weight of the accumulated peat and of water
above the water table. More important is long-term
creep or plastic flow. Hanrahan (1954), Berry and
Poskitt (1972) and Clymo (1978) have all shown
experimentally that the amount of consolidation
from this cause is proportional to the logarithm of
time. These two processes can be combined with a
two-zone (acrobic and anaerobic) single com-
ponent model (Clymo, 1978). This model, which
has seven parameters (p, o,, %, rate of growth in
length of plants, compression parameter, creep
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parameter, and depth of the acrotelm, which is
equivalent to the transition from aerobic to anae-
robic conditions) produces calculated profiles of
bulk density and age. Initial tests of this model
using measured parameter values were much less
ambitious than those tried by Jones and Gore, and
showed agreement within the 95% confidence bands
for age and bulk density for about half the top
30 cm, corresponding to fifty years. It was obvious,
however, that agreement varied systematically
(Fig. 4.28). The model was particularly sensitive to
the depth of the acrotelm, just as the one illustrated
in Table 4.16 was, and just as Jones and Gore's
model was to change in the regression slope. All
these effects come from the same cause: the length
of time spent in the zone of high decay rate is crucial
to survival into the comparative safety of the
anaerobic peat.

The consolidation model was also used to es-
timate the parameters for a fixed aerobic/anaerobic
transition depth. The remaining six parameters
were chosen at random on a logarithmic scale
extending from [07% to 10° times the measured
value, and then adjusted to minimize a weighted
sum of squares of deviations of observed bulk
density and age from calculated bulk density and
age. This process was repeated 28 times using dif-
ferent randomly chosen sets of parameter values to
start the minimization. The frequency distribution
of parameter values obtained after minimization is
shown in Fig. 4.29, (The frequency distribution of
starting values was, of course, much broader, even
for anaerobic decay which is shown on a log-
arithmic scale.) In general the estimated biological
parameters (except for anaerobic decay, which was
ill-determined) agreed fairly well with the measured
values, but the two physical ones did not agree,

Part of the explanation of this fack of agreement
may be that the model takes no account of a process
which certainly happens -—— the catastrophic col-
lapse of mosses, with attendant increase in bulk
density, when structure has been so weakened that
it ean no longer support the overlying weight of
shoots and capillary water. Fenton (1978, 1980)
worked with the very interesting and particularly
favourable Antarctic “moss-banks”, These contain
no vascular plants and a negligible number of in-
vertebrate grazers; they can be monospecific; the
mosses retain their structure at all depths; and one
species shows annual growth increments. Below 20
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Fig. 4.28. Measured (full hne) and calculated (dashed Hng) profiles of bulk density and age ol the surluce Jayer of peal ul Meor House
(England), The model included compression and creep. The transition from acrobic to anaeroic decay rate was at the water table at
S em depth. Measured values of the seven model parameters were used i the caleulation. Redrawn from Clymo (1978).

(¢ 30em the peat is permanently frozen, and,
uniguely, the peat is nowhere anaerobic. Fenton
assumed that the decay rate in the permalrost zone
was zere and this zone might therefore be con-
sideted as the catotelm. The permafrost is at a
depth below the surface which is approximately
constant. [t rises as the surface does, just as the
anaerchic zone does in temperale peats. The special
feature of the model which Fenton devised is that it
allows for the observed fact that the shoots of
meosses are paraltel and upright at first, but at about
10 cm below the surface the combined effects of loss
of strength and increasing weight of material above
cause the shoots to bend. The bending may start as
a catastrophic event, perhaps during the early
aulumn when there is a surface load of snow and
ice, but during which the peat between the surface
and the permafrost has not yet {rozen.

The importance of this effect on bulk density can
be quantified {Fig. 4.30). If the original depth of a
layer is he, the depth after collapse is &, the shoot
angle after coliapse is @, and the mean distance
between shoots, normal to the shoot direction, is iy
originally and u after coilapse, then:

h i .
Cm};gw;(;-—sm() {18)

where ¢ is the reciprocal of consclidation. Because
the growth increments were prescrved, all three
measurements (thickness, intershoot distance, and
angle) could be made. tn other places it is unlikely
that ail three wouid be measurable, bul 1in
Sphagrum fuscunt peal at Abisko (northern Sweden)
A and Ay were measurable (Clymo, unpublished). If
this consolidation were all that were happening one
would expect bulk density to be constant until
collapse, and then to increase in proportion Lo
consolidation. In fact it does not do this (Fig. 4.31)
but decreases down to 10cm depth and then
increases. Fenton attributed the difference to de-
cay, and pointed oui that growth, collapse and
decay might be combined in 1 model the parameters
of which may be measured and the results checked.
The measurements available are profiles of col-
tapse, decay (assumijng constant productivity), bulk
density and age, and the annual growth in length of
plants. Which is considered dependent is a matter
of choice. The agreement between calculated and
observed bulk density, for example, is quite close.
Peat is reaching the permafrost zone (catotelm) at a
rate of 90 to 160 g m ™2 yr~! — a rate simifar to that
at which it reaches the anaerobic zone in temperate
bogs: 64gm™2 yr™' at Draved Mose, 32 at
Gilenamoy, Ireland (Moore, 1972), and 48 to 180 at
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Fig. 4.29. Distribution of six paramcter estimates minimizing a
function of observed and calculated profies of bulk density and
of time in Fig. 4.28. The seventh parameter, water-table depth,
was fixed at the measured depth of 8 cm. The distribution resukts
from starting the minimization at different trial values. Verticai
arrows show the measured values. None of the parameters is
tightly constrained. The distribution of estimales of the top four
{biclogical) parameters does centre al or near the measured
value, For the bottom two (physical) parameters agreement is
very poor. Redrawn from Clymo {1978).

Moor House {Clymo, 1978). _
A major probiem with models of complex sys-
tems — and models of peat growth are no exception
— is that of how to assess the accuracy and reliable
range of the model. In the simplest case considered
here — that of a single component decay fitted to
the Draved Mose age—depth profile — the esti-
mated values of rate of transfer to the anaerobic
zone and of decay rate are not incredible, and the
general shape of the curve fits that postufated, But
" these tests are not stringent; the profile could be
explained in part or whole by a steady increase of
bulk density with depth {so that the value at 250 cm
depth was about double that at the present-day
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Fig. 4.31. Measured compression, bulk density and decay, and
calculated age of Polyirichum alpesire moss-peat at two sites in
the maritime Antarctic, Redrawn {rom Fenton (1980).

surface) and no decay at all. The addition of two
zones and of consolidation (Clymo, 1978) or of
several components and linear decrease of decay
rate (Jones and Gore, 1978) aliows tests of the
profile of two variables (age and bulk density). But
again, the expected shapes are simple curves, which
could be explained by many different simple hy-
potheses. The way forward seems to be to include
more variables, and to reach a point where much
more complex curves are expected and may be
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measured. Forrester (1961) considered that the
paitern of behaviour was all that was worth
examining in complex models of industrial systems,
These contained interlocking and nested feedback
loops, however, whereas the existing models of peat
forming systems have nothing more than simple
feedback loops. Bunnell and Scoullar (1975) de-
scribed a model of carbon flow in tundra which has
96 parameters. “Soil organic matter” and “soil
humus™ are only two of fourteen variables, how-
ever, and their geccount gives no results for these two
variables. An ambitious attempt to make a complex
model of a peat-forming system is that made by
Wildi (1978), His model includes five variables

{amount of peat, amount of water, amount of
“autrients”, biomass of bog plants and biomass of

fen piants) and twenty parameters. The variabies
are specified for each element of the model, and
adjacent elements can be put at different height, so
there is flow of water and “nutrients™ between
elements.

ShEat
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The complete model s so large that it is im-
practicable Lo use 1t for parameter minimization.
but parameter values lor @ part. for example those
controlling water-flow, were optimized. The whele
madel is able 1o simulate peat growth in relation 1o
topography. and in a crude way o simulate succes-
sion of bog and fon plants (Fig. 4.32). There are
clearly a large number of testable results. Unfor-
tunately the tests which have actually been made are
few and qualitative: “peat thickness .., comes very
close to what can be observed in the field™; “the
minimum water table is in the center of the bog™:
“the high nutrient concentration at the upper limit
on the slope which is occupled by a definiie fen
vegetation”. Many of Wildi's assumplions about
processes are necessarily shmphstic, as he realized.
The flow ol waler thraugh peal. for example. does
not always follow Darcy’s Law (Rycroft et al.,
19750}, the assumption that “the concentration of
Ca' " may be the limiting factor in peat bogs™ is less
than certain, and the equation of “cations™ with

Fig. 4.32. Change in five variables during simulation of peat-bog growlh on a sioping surface. The mineral soil surface level is shown at
the centre 2t Arrows indicate that at two places the water is altowed 1o flow taterally (or percolate into the ground). On all graphs,
downhill is to the right. The peat and water are given as depth above the mineral soil surface defined in the small graph. Redrawn from
Wildi (1978).
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“nutrients” is even less so. Nevertheless such com-
plex models have great promise because they give a
large number of testable results, and, perhaps most
impoertant of all, they focus attention on those areas
where ignorance is not bliss but a bane. The move-
ment of water and “nutrients”, and their effects on
the growth and decay of bog and fen plants, are
such areas.
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APPENDIX I: OUTLINE OF A COMMERCIAL
CLASSIFICATION OF PEATS (Kivinen, 1977)

Three characters are used

1. Botanical composition
{a} moss peat: >75% moss, <10% wood
(b} herbaceous peat: >75% herbaceous plants, <10% wood
{c) wood peat: >35% wood
{d) mixed peat: any other type

2. DPecomposition
(a) littie decomposed
(b) medium
{c} highly decomposed

3. MNutritional state
(a) eligotrophic
(b} mesotrophic
(c) eutrophic

This scheme is the basis for the proposed International
Classification.

APPENDIX IE: TREATMENT OF ORGANIC SOILS IN
THE U.S.D.A. 7th APPROXIMATION SOIL
CLASSIFICATION (after Ragg and Clayden, 1973; Buol et
al.,, 1973}

The ten orders of soils are:

{1} Entisols — recent soils

{2} Vertisols — clay soils with marked shrinking and swelling

(3) Inceptisols — embryonic soils

(4) Aridisols — arid region soils

(5) Motlisols — soils of steppe and prairie grassland

(6) Spodosols — soils with subsoil accumulations of iron and
aluminium oxides and humus

{7} Alfisols — forest soils of high-base status
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(8) Ulfisois — forest soils of low-base status
(9) Oxisols — highly weathered, sesquioxide-rich tropical soils
(19) Histosols — organic soils

During development a soil may pass from one order to
another. The Histosols, in which peats fzll, are perhaps the most
outlying order, and have, on the whole, been neglected by soil
surveyors. Histosols are defined as follows:

Soils with organic soil matter containing:

(13 ne mineral layer 40 ¢ or more thick with upper boundary at
ar within 40 cm of the surface;

{2} less than 40 cm cumulative mineral layers in the top 80 cm,

The depth of organic matter must be one of:

{1} 60 cm or more if three-quarters or more (by volume) is fibric
moss, or the bulk density is less than 0.1 g em™;

{2} 40 cm or more if: (a) the material is water-saturated for more
than six months or is artificially drained; and {b) the organic
material consists of sapric (H%-10) or hemic (H6-8)
materizls, or fibric (H1-5) materials if less than three-
quarters by volume of fibric moss, and with a buik density
0.1 gem™? or more;

{3} a tayer more than twice the thickness of a mineral layer above
and within 10 cm of the junction;

{(4) any depth if the organic matter rests on fragmented mineral
material with interstices partially or wholly filied by organic
matter,

Sub-orders of Histosols

A depth of up to 130 am {or 160 cm if the top 60 cm has three-
quarters or more of fibric moss) is arbitrarily used for deseription
{"‘control section’”). Three layers (*tiers”} are arbitrarily defined:
upper 30 cm {or 60 cm if more than three-guarters of fibric moss},
subsurface 60 cm, bottom 40 cm. )

After separating Folists (see below), the main divisions are
based on the stale of decomposition. Within the suborders the
main divisive criterion is the mean annual temperature, T,.

(1) Folists — not water-saturated for more than a few days per
year; iess than three-quarters fibric Sphagaum and lithic
material within 100 cm of surface

(2) Fibrists — humification about HI to HS

Crycfibrists ~ frozen in some part two months after
summer solstice

Sphagnofibrists — at least three-quarters fibric Sphagrum
in top 90 cm.

Borofibrists - T; less than 8°C

Tropofibrists — mean summer and mean winter tempera-
tures differ by less than 5°C

Medifibrists — other fibrists with less than 2 cm humil-
luvic matter

Luvifibrists — others

{3) Hemists - humification about H6 1o H§

Cryohemists
Borohemists
Tropohemists
Medihemists )
Sulfihemists — sulphidic within 100 ¢cm of surface
Sulfohemists — suiphidic within 30 cm of surface
Luvihemists — as for corresponding Fibrist

as for corresponding Fibrists



2%

(4 Saprists - bhumification about HY o FHO
Cryosaprists
Borosaprisis
Troposaprists
Medisaprists
Luvisaprists

as {or corresponding Fibrists

APPENDIX UE QUTLINE OF A
GECLOGICAL ECOLOGICAL CLASSIFICATION OF
BIOGENIU SEDIMENTS {alter West, 1968}

The classification is based on peat origing symbols for use in
stratigraphic diagrams are suggested by Trosls-Smith (19535

There arve theee main groups, of which only the second and thivd

CORtIIN poits.

. Sedimentary (allochthonous) deposits laid down in lakes.
most with & large proportion of inorganic mauer

Tt

Sedentury {auvtochthonous) deposits

{i) Limnic peats, formed by plamis growing in water. for
exgmple:
(a} Phragmites
(b} lake Scirpus
(¢) Typhu

(i) Tebmatic peats, formed by plants growing between ltow
and high water

Eutrophic types — examples:
(a) Cladivm peat
(b)Y Magnocaricetum peat (formed from tall sedges)
(¢} fen moss peat (hypnoid mosses)
Oligotrophic types — examples:
(d} Sphagmun cuspidanom peat
(&) Eviophorum vaginatum peal

3. Terrestrial peats, formed at or above high water mark

Eutrophic types — examples:
{a) Parvocaricetuwm peat (formed [rom small sedges)
{b) fen woad peat (especially birch and alder)

Oligotrophic types - examples:

(a) Sphagaum peat formed by hummock species

(b) Sphagrium + Calluna peat

(¢) bog shrub peal {Myrica, ericaceous shrubs other than
Calluna)

(d) bog wood peat (mainly Betula, but sometimes Pirus)

(&) Eriophorum vaginatwm peat [indistinguishable from
2(ii) (et

(Y Scirpus cespitosus peat
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