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SUMMARY

(1) Stratigraphic analysis, detailed surveying, and radiocarbon dating were used to
document the development of Hammarmossen a raised mire 1n central Sweden, and to
contrast the structure development and dynamics of landforms there with those on
Gulbert bog 1n south-eastern Labrador, Canada

(2) A series of basal radiocarbon dates from transects of peat cores across Hammarmos-
sen shows that peat started to accumulate approximately 5500 years B P and spread
radially across a glacial outwash plain throughout the late Holocene The implications of
this pattern of development for models of bog hydrology and growth and for
interpretations of the process of paludification, e g by Malmstrom, are discussed

(3) On both Swedish and Labrador mires the distribution shape and development of
open-water pools are closely controlled by the topography of the peat surface The largest
and deepest pools occur on the flattest surfaces, where water outflow 1s slow Pool
development results from hydrological controls on relative rates of peat accumulation in
hummocks and hollows

(4) Pools were mmtiated throughout the last 4000 years of bog development On
Hammarmossen a deep layer of algal gyttja partly fills the pools whereas on Labrador
bogs algal sediment 1s absent, and the pool floors are degrading peat and peat detritus
This contrast 1n stratigraphy of bog pools in Sweden and Labrador follows a similar
pattern for pools on minerotrophic mires (fens) in the two areas

(5) Once formed, pools undergo similar dynamics 1n the two regions Pool depth
increases as peat accumulation on hummocks exceeds sedimentation in pools Lateral
expanston of pools occurs through marginal flooding, controlied by differential rates of
accumulation and by the breakdown of peat ridges separating adjacent pools Pools may
be drained through surface erosion or through subsurface piping Erosion of the bog from
the mire margin towards the centre may gradually fragment the peat mass Under very wet
conditions raised bogs are inherently unstable systems on which water-dominated
landforms increase through time until stream erosion gradually dissects the mure

INTRODUCTION

Results from recent stratigraphic investigations of patterned fens (aapamures) 1n central
Sweden (Foster & Fritz 1987) corroborate elements of a hypothesis for mire development
based on examples from Labrador, Canada (Foster er al 1983, Foster & King 1984) The
Swedish research highhights the value of comparative study of mures in different
geographic regions for, although the general developmental pattern and the dynamics of
surface landforms on fens in the two areas are strikingly similar, some notable differences
permut refinements 1n the onginal hypothesis and suggest approaches for additional
study
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The key predictions of the hypothesis investigated in the studies on patterned fens are
that (1) paludification 1s an important continuing process in the lateral expansion of the
mures, (1) pools develop through a gradual process of surface differentiation controlled by
rates of peat accumulation that are ulimately governed by hydrological factors, and (11)
once pools are formed they are dynamic systems that deepen, enlarge, coalesce, and may
drain Results of the studies emphasize the similarities among widely separated sites On
both Swedish and Labrador fens, upslope and lateral paludification throughout the late
Holocene 1s documented by radiocarbon dates of the basal peat (Foster & King 1984,
Foster & Fritz 1987) Pool formation throughout the last 4000 years 1s also dated, and the
surface patterns and stratigraphy support the general concepts of pool formation and
dynamics One surprising observation 1s that, on all sites observed to date, fen pools in
Sweden have a thick layer of algal gyttja in the bottom whereas 1n Labrador the pool
bottoms have a thin layer of woody detritus over the peat and appear to be degrading

Many of the elements of this hypothesis for patterned fen development should
presumably apply to ombrotrophic raised bogs as well, despite their contrasting
hydrology, chemistry, and vegetation (Foster & Glaser 1986) Research on raised bogs in
Scotland (Ratchffe 1964, Boatman, Goode & Hulme 1981, Boatman 1983), Canada
(Syors 1959, 1961), and the Soviet Union (Botch & Masing 1979, Ivanov 1981, Mets 1982)
supports this view of pool formation and dynamics However, uncertainty remains
concerning the role of paludification and mire expansion i raised-bog development
(Auer 1928, Granlund 1932, Birks 1972, Clymo 1984)

The present study of two ombrotrophic mires in Sweden and Labrador was
comparative in two ways First, it was intended to determuine the extent to which common
processes were mvolved 1n the development of these two bogs and the patterned fens
previously studied Secondly, the study focused on similar bog types in contrasting
geographic locations with different flora, landscape history, and regional chemistry, 1n
order to evaluate current theories of bog formation

Specific methodology to test the hypotheses 1n this study includes (1) transects of long
cores across Hammarmossen, which 1s favourably situated on a nearly level outwash
plain, to investigate the process of bog development and expanston, (1) detailed surveying
of the morphology and stratigraphy of bog landforms (pools, hummocks, draimage
streams) to examune their developmental history, and (1) observations of mire drainage
features to mvestigate pool dynamics and the formation and function of streams within
the peat

METHODS

Maps of Hammarmossen in Sweden and Gilbert bog in Labrador were compiled from
low-level aerial photographs At each site the surface and subsurface topographies were
surveyed with a theodolite by recording the elevation of each open-water pool and by
probing with a thin metal rod to determine the peat depth At Gilbert bog each pool was
examined to determine whether the water table had been lowered as a result of stream
erosion The highest water level was identified by the position of stranded banks and
highest shoreline and the difference between this and the current water level was measured
as the decline 1n water level

At each site the morphometry and stratigraphy of between five and eight pools and
their adjorning hummocks were determined on transects along the width and length of the
pools A rope marked off in metre intervals was strung tautly across the pool and used to
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control a small inflatable raft Water depth was measured at 1-5-m intervals, depending
on the size of the pool Cores of the surface sediments were obtained with a plastic piston-
corer, whereas deeper sediments and peats were cored with a metal piston-corer (Wright
1967) or a Russian corer, 5 cm 1n diameter Cores were extruded and described and then
wrapped 1n plastic film for transport to the laboratory

At Hammarmossen, long cores were taken along transects running the length and
width of the bog (Figs 1 and 2) and closely following the survey lines of Granlund (1932)
Duplicate cores of the basal peats were taken with the Russian corer to provide ample
maternial for radiocarbon dating at the Department of Quaternary Geology, Lund
University

RESULTS

Macrostructure

Hammarmossen 1s a concentric raised bog with steep, treeless margins that rise 3-4 m
up to a broad centre (Fig 3) The muire 1s elongated north-south along the slope of the
underlying glacial plain and 1s approximately 2 5-km long by 1 0-km wide The elongated
central plain of the mire consists of two gently sloping areas separated by a steeper slope in
the middle of the mire (Fig 3) The lagg1s poorly developed and the mire 1s surrounded by
pine (Pinus sylvestris)* forest, much of which 1s planted and managed

Gilbert bog 1s a plateau bog (sensu Foster & Glaser 1986) consisting of a broad, central
plain and steeply sloping margins (Figs 4 and 5) The mire 1s approximately 1 Sby 2 Skm
and 1s bounded by Gilbert Lake to the east, streams to the north and south, and mineral
uplands to the west The northern and southern halves of the mire are separated by a
secondary (endotelmic, sensu Ivanov 1981) stream that has cut westward from the lake
across the bog plateau A steep ice-push ridge 2-m high borders Gilbert Lake and
separates the bog from the shore (Fig 6) Adjacent to the ice-push nidge the mineral
substratum underlying the bog 1s barely raised above the lake level

Mire development

At Hammarmossen the dates of basal peat in sixteen long peat cores decrease
consistently from the centre of the mire (5820-5190 years B P) to the margins, where
modern dates were obtained 1n ptne forest below 20 cm of humus (Fig 1, Table 1) A plot
of depth versus age for the basal radiocarbon dates shows a nearly linear relation (Fig 7)
Isochrones of mire expansion therefore closely approximate the contours of peat depth on
the mire (Fig 1) Forestry activity in marginal areas may inhibit further expansion of the
mire

The peatland expanded to the south down the gently sloping outwash plain more
rapidly than across or up this slope The basal peat 1s extremely well-decomposed and
contains abundant charcoal The reconstruction of the vegetation that occupied the site
before mire development 1s therefore uncertain

Microstructure and vegetation
At both mires the microrehef and distribution of landforms 1s correlated with the
topography of the peat surface On Hammarmossen gently sloping surfaces in the mir¢
centre are coverd with broad pools arranged 1n a concentric pattern paralleling the surface

* Plant names follow Lid (1974) and Nyholm (1954) for Sweden and Fernald (1970), Ireland et a/ (1980) and
Hale & Culberson (1970) for Labrador



D R FOSTER ef al

15820 2390,
L]

e % o

14200 1450
72

\

FI1G 1 Plan view of Hammarmossen showing (a) pattern of pools (black) (b) tree heights on the

mure surface as < 5-m tall (light shading), 5-10 m tall (medium shading) and > 10-m tall (heavy

shading), (c) contours of water table altitude for the southern two-thirds of the mire 1n cm above

the substratum, and (d) radiocarbon dates of the basal peats (years B P) and approximate
1sochrones of mire expansion

1167



1168 Bog development and landform dynamics

i e 1
g 30 m

Fi, 2. Vertical agrial photograph of Hammarmossen. The concentric pattern of pools along the
contours 18 continued fowards the marging of the bog in the alternating patiern of linear
hurmmocks and hollows,
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Fie. 3. Cross-sectional profile of Hammarmossen along north-south transect showing the
approximate thickness of sedpe peat in black and Sphagmen peat as stippled, and the relative
height of trees on the mire surface,
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TABLE 1 Radiocarbon dates from Hammarmossen, Sweden

Laboratory Depth of sample Radiocarbon date
number Sample description {(cm below peat surface) (years B P )
Lu-2539  Drained pool-—algal gytyja 215-220 2040 + 50
Lu-2540  Drained pool—Sphagnum peat 225-230 2390+ 50
Lu-2541  Pool no 2—algal gytya 305-310 3770+ 60
Lu-2542  Pool no 2-—Sphagnum peat 315-320 4200 + 60
Lu-2543  Pool no 1—algal gyttja 290-295 2580450
Lu-2544  Pool no I-—Sphagnum peat 300-310 4010+ 60
Lu-2545  Pool no 1—Sphagnum peat 310-315 4130+ 60
Lu-2537  Dramed pool no 2—algal gyttja 90-100 1300+ 45
Lu-2538  Drained pool no 2—Sphagnum peat 110-120 1940 + 50
Lu-2526 Basal peat 25-30 2045
Lu-2527 Basal peat 105-110 920+45
Lu-2546 Basal peat 115-120 1130+ 50
Lu-2536 Basal peat 130 140 1450 + 45
Lu-2533 Basal peat 170-180 2130450
Lu-2528 Basal peat 215-220 2320+ 50
Lu-2535 Basal peat 235-245 2390+ 50
Lu-2529 Basal peat 300-305 3140 £ 50
Lu-2530 Basal peat 300-309 4950+ 60
Lu-2531 Basal peat 375-385 5190 +60
Lu-2532 Basal peat 365-375 5240+ 60
Lu-2534 Basal peat 385 395 5820+ 60

- -

tours of water table

FiG 4 Map of Gilbert bog showing the pool pattern endotelmic streams con

altitude in zentlmetres above the lake surface and the former extent of dramed pools as stippled

shadings The approximate orientation of Fig 5 and location of Figs 13 and 14 are indicated by
arrowns
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Fi, 5. Obligus agrial photograph 6f Gilbert bog shiowing coalescence of adjacent pools and the
robust hummecks covered by Cladonia lichens, The 10-m tall black-spruce trees along the shore
of Ciilbery Lake at the botiom of the photograph provide scale.

contours (Fig. 1}, Pools are narrower across steeper slopes and then are replaced towards
the margins by shalfow hollows that are only seasonally mundated. Broad pools are
separated by robust hwmmocks 40-80 cm above the water table and 3-15 m across that
are covered by lichens and shrubs, Hummocks are narrower and more linear on the
steeper slopes.

Tree height and density on the mire expanse are correlated with surface morphology
{Fig. 10, Tall (=10 m) and straight, well-formed Piows spfoestris occupy the broad
hummocks adiacent to the largest pools (Fig. 8). Tree height decreases in areas where the
surface features are less pronounced. Stunted { < 3 m), poorly-formed pines occupy the
marginal slopes and unpaticrned centre. Towards the extreme margin of the bog, tree
height increases as the peat thins onto the mineral soid (Fig. 3).
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Fia. 6. Cross-section of Gilbert bog showing the ce-push ridge forming the shore with Gilbert
Lake, the low elevation of the mineral substrate relative to the lnke surface, and the gradual slope
of the peat surface.
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Fra 7. Relationship between depth and age of busal samples of Hammarmossen. See Table | for

the actual depths and daies.

Fic 8. Photograph of a large poolin the seuth-contral part of Hommarmossen. The trees growing
on the raised margin of the pool exceed 12 m in height,
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Ficr. 9. Cross-section of a bummock between two hellows on Githert bog tustrating the

distribution of species versus microtopography. The hached line indicates the level of the water

able in the adjoiming hollows. Mineral soil below s differentiated from peat ghove in the
stratigraphic symbols,

On the unforested surface of Gilbert bog the most conspicuous landforms are large
pools separated by broad hummocks. Across the central bog plain the pools are irregular
in shape and may be more than 100 m long (Figs 4, 5). The nop-oriented shape of the
larger pools is accentuated by numerous istands and peninsulas of peat. On the marginal
bog stopes the holiows and pools are elongated along the contours.

flanks of the hummocks the Sphagrum spp. (S, fuscum, S, remoreum, 5. rubellion, 5.
mageflaniciom, §. tenellwm, 5. lindbergity and vascular plants are arranged in a zonation
that is apparently controlled by the depth to the water table (Fig. 9). The huramock crests
are covered by Cladonia spp., Plewrosium schreberi and Picea marigne krummboltz less
than 13 min height (Foster & Glaser 1986}, In the northern section of the mire the stunted
spruce were killed and the extensive Cladonia cover burned in a fire started by lightning in
1959 on the surrounding upland. Parts of the bog also burned in 1936 and 1898 {Foster
1983),

Pool morphometry and stratigraphy
At Hammarmossen most pools are well developed with solid peat margins and near-
vertical sides that extend 1-2 m down to the mud bottom (Fig. 16). The banks are locally
eroded and undercut {see Fig. 70 in Granlund 1932). Algal gyttia generally forms a
smooth bottom in the peels and comprises a thick, continuous stratum 1-2 m thick.
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Fra. H0. Stratigraphy of twe pools (s and b) and one drained and subsequently in-{illed pool (c)
from Hammarmossen. Locations of samples dated by radiocarbon analysis (years w.p) are
inddicated by solid circles,

“Detrital plant fragments in the gyttia arve derived from marginal erosion, wind-blown
material or floating peat masses that drifi across the pools. These floating peat masses
cach a maximum size of 15 m < 20 m = 20 m and are formed by erosion of the bank or
from istands and peninsulas that have broken off and drift with the wind. Below the gyta,
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a thin section of Sphagnum or sedge peat overlies very well-decomposed peat that 1s mixed
with charcoal and mineral soil Deviations from this general pattern are seen in some
recently coalesced or dramed pools

Sediment samples (5-10 cm thickness), taken from immediately above and below the
gyttja/peat interface, were dated to determine the time of pool formation and to detect
any hiatus that occurred between the imitial formation of pools and the subsequent onset
of gyttya deposition Ages from the base of this interface range from 4200 to 1940 years
B P, indicating a long period during which pools were imtiated (Fig 10, Table 1) Pairs ot
dates from the peat/gyttja contact are 4200/3770, 4010/2580, 2390/2040, and 1940,1300
years B P The length of the hiatus represented in each pair 1s thus 430, 1430, 350, and 640
years For the longer intervals this hiatus may result from the removal of peat during the
mitial formation of the pool or from a delay in gyttja deposition

Drained pools are conspicuous landforms across Hammarmossen which are identified
by (1) shallow-water depth to gyttja, (1) the occurrence of secondary, lower shorelines
below primary, higher shorelines and (11) obvious signs of drainage, including eroded
nidges or streams interconnecting adjacent pools In addition, the hummocks adjoining
drained pools frequently support well-grown trees and have layers of well-decomposed
peat near the surface as a result of local lowering of the water table (Foster & Glaser 1986)

Substantially lowered or fully drained pools are much reduced from their former extent
and often have exposed mud bottoms (composed of gyttja and peat detritus) and
Sphagnum carpets or sedge mats extending out from the former shorelines across this
exposed substrate Draimned and recolonized pools have a surface vegetation of Sphagnum
and sedge underlain by a vanable thickness of peat (Fig 10c), below which 1s gyttja from
the former pool, followed below by Sphagnum and well-decomposed sedge peat overlying
the mineral substratum

That widespread lowering of pools has occurred across Hammarmossen 1s apparent
from a companson of pool height and the general topography of the peat surface
Although the overall peat surface 1s characterized by smooth gradients of vanable slope
(Fig 3), the pool heights are quite irregular (Fig 1) as a result of pool interconnections
across the contours of the peat surface via streams and subsurface pipes Because of these
freely-flowing hydrological connections many separate pools share the same water table

The morphometry and stratigraphy of pools at Gilbert bog are strikingly different from
those at Hammarmossen, although the dynamics are closely similar In general, pools at
Gilbert bog are shallow (15-120 cm) and have an irregular outhne and cross-sectional
profile (Fig 11) The margins slope gradually to an uneven bottom composed of solid
Sphagnum peat or shallow ( <30 cm) accumulations of peat detritus No algal gyttja was
recovered during the coring of any of the pools on Gilbert bog (or indeed on any other
ombrotrophic or minerotrophic mires investigated 1n Labrador (cf Foster & King 1984
Foster & Glaser 1986)) Since the time of pool formation no material has been deposited
in these depressions, whereas the surrounding peat surfaces have risen through peat
accumulation

The dynamics of the pool systems on Gilbert bog are documented 1n their shape, in
changes in the water-table altitude, and by general observation Pool enlargement
through gradual swamping of hummocks between pools produces irregular pool
bottoms Portions of the inundated hummocks form islands 1n the shallow pools and then
remain as small peat mounds when completely submerged by the rising water table The
submergence of a ridge between two pools shows up 1n a morphometric profile as a peat
ridge separating two distinct basins (Fig 11b)
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Fr T Stratigraphy of poals on Gilbert bog showing (8} two adjrcent pools, (b} recently
coalesced pools with the submerged intervening ridge, and (2) one large pook.

Comparison of the substratum topography and pool heights from the bog margin to its
test displays the extent to which pools have been lowered. The upper lmit of pools
arked by the height of the highest shoreline) parallels that of the underlying
wbstratum, whereas the present pool heights {i.e. the present water level in the pools)
eviate greatly from the highest level (Fig. 12). The greatest difference between highest
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Fia. 12, Relationship between height of the mineral substratum, the present pool height and the

former upper Bmit of poot height, Pools are arranged in their relative locdtion on a transect {rom

Giilbert Lake to the highest part of Gilbert bog. The majority of pools. especially near the lake,
have been lowered through stream erosion of conleseence with adjoining pools.

F1G. 13, Oblique serial view of a Jarge lowered pool on Gilbert bop. An endotelmic stream [ringed
with black spruce drains 1o the bog margin towards the top of the photograph. The extent of pool
lowering is apparent From the brog ui sedge and Sphagmer mat separating the former ridge and the
present pool shore. See Fig, 4 for location,
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Fro. 14, Photograph of a completely dratned pool on Gilbert bog with Eriephorum spissus
covering the former pool bottom and a robust ridge in the backpround covered with hlack spruce
and shrubs. See Fig. 4 {or location.

id present pool surface oceurs where streams have captured pools and in some focations
dve eroded down into the mineral substratum (Figs 12, 13). In other cases lowering is a
onsequence of pool coalescence.

Jn Gilbert bog, the hollows containing carpet or lawn vegetation apparently result
oth from the draining of former pools and as a stage in peol formation. However,
eeause of the absence of gytija in pools the prior history of hollows is often difficuli to
lcipher and necessarity relies on other stratigraphic and morphometric clues, Former

ols frequently have a stranded and well-developed shoreline situated above the hollow
wor (Fig. 14). In addition, partial drainage will result in a remnant pool in the deepest
'mtiem of the basin (Fig. 13). Recent drainage is ofien indicated by large expanses of
sposed mud bottom and carpets of colonizing Sphagna lying loosely on this surface

oster 1984}, Of course active streams and obvious breaks in damming ridges are
pparent on recently-drained surfaces.

Stratigraphically there may be a sharp separation between the fresh peat laid down
iice colonization of the exposed pool surface and the well-decomposed and often guite

t material below. In hollows not preceded by pools, the peat stratigraphy does not

tain these striking breaks and the peat is generally much firmer and more compact
woughout.

DISCUSSION
Mire developmens
In theoretical considerations of mire development a convenient and sometimes
soessary simplification frequently employed is 1o eliminate topographic constraints from
ke model and to envisage peatland growth either on a flat plain or within a trough-like
ey bounded by parallel ridges (Clymo 1978, 1984; Ingram 1982). Nature seldom
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Distance tm)
Fic. 15, Profile of Hammarmossen (Granfund 1932) showing {a) position of the bogon the gently
stoping plain, (b) the north end of the mire and erroneously deep pools and (¢} his (inaccurate)
reconstruction of bog development with relative isochrones.

provides such simple situations; the results of many studies emphasize the heterogencous
character of mire formation in physiographic and hydroiogically diverse scitings (Auer
1928: Malmstrom 1932: Kulezynski 1949; Elina 1987). Yet it 18 still worth seeking
topographically favourable sites that allow testing of basic assumplions concerning mire
initiation, peat accumulation, and hydrological constraints on development. With such
criteria in mind, Granlund (1932) selected Hammarmossen for extensive stratigraphic
studies, and we followed his example. The mireis ona flat, though gently sloping outwash
plain, where peatland formation could occur within a 5-km? area unconfined by major
physiographic obstacles.

Grraniund (1932) presenied a model for bog development that was largely based on five
pollen and stratigraphic profiles from the northern part of Hammarmossen. No
recurrence surfaces could be satisfactorily recognized and correlated in the profiles, so his
dating relied on the increase in spruce pollen resulting from the species immigration into
central Sweden approximately 3000 years B.p., and on other admittedly subtle changes in
the polien stratigraphy (Granlund 1932, pp. 106-115). From this work ho sketched a
cross-section of the mire to show proposed isochrones for growth of the mire (Fig. 15}
The bog is depicted as beginning simultaneously across its present extent and then
growing slowly upwards through differential rates of peat accumulation, Decreasing rates
of peat accumulation from the centre to the margin of the mire were envisioned by
Granlund as giving rise to an increasingly domed surface. In the same publication he
presented extensive data from the national peat iventory of Sweden to show the now
well-recognized relationship between the height of raised bogs and annual precipitation.
The shape and maximum height of Hammarmossen were interpreted within this context
as controiled by available moisture for plant growth, which in turn was determined by
precipitation (input) and slope (run-ofl).

A recent consideration of peat accumulation and bog growth reaches a somewhat
different conclusion from that of Granlund concerning the controls and dynamics of bog
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development (Clymo 1984) Assuming that some limited decomposition occurs through-
out the catotelm of the mire (Damman 1979), this model predicts that an equilibrium
height (Hpm, as dry mass on a unit area basis) is reached at p,./d. = 1, where p. 1s the rate of
mput of material 1n the catotelm and d. 1s the decay-rate coefficient for the catotelm
(Clymo 1984) The ultimate size (height and extent) of the mire 1s determined by the
magnitude of p. and d. and hydrological constraints on the lateral spread of the mire and
may be modelled as an elipse with application of Child’s equation for a parallel, circular
or elliptical mound (Ingram 1982, R S Clymo, personal communication)

In the spectfic model presented by Clymo, peat accumulation starts at a central locus
and spreads vertically and honizontally Water draining across the mire along a hem-
elliptical water table (Ingram 1982) and delivered to the margins promotes an increase in
mire radius (Auer 1928, Osvald 1949) This feedback system between increasing mire
height and length will continue until decay and the rate of material input into the catotelm
hmit height at H,, Hydrological constraints then restrict further lateral extension Thus,
in contrast to Granlund’s interpretation this model predicts that raised mures should
increase tn size, with the ultimate horizontal extent imited by water availabihty To date
no field test of the predictions of the model concerning horizontal expansion have been
made, although various lines of evidence suggest that predictions concerning peat
accumulation and catotelm decomposition are reasonable (Damman 1979, Clymo 1984)

Stratigraphic evidence provided by sixteen basal radiocarbon dates in transects across
Hammarmossen (Fig 1) contradict Granlund’s interpretation of the same site (Fig 15)
and provide, nstead, a case where Clymo’s assumptions for lateral extension of raised
mires seem to hold Peat accumulation at Hammarmossen began about 5200-5800 years
B p within a confined area As the mire grew vertically it expanded at a relatively constant
rate until the present Lateral extension occurred most rapidly down the gentle slope to
the south, presumably as a result of greater delivery of water draiming off the bog crest in
this direction Physiographic constramnts to mire expansion were few, at present an esker
to the south-west has given rise to a rather straight margin (Figs 1, 2) The north-east
corner bulges 1n a tongue down a very gentle topographic low that promotes greater
drainage and run-off

An age-depth plot of the radiocarbon dates (Fig 7), and comparison of the 1sochrones
for basal age with the surface topography (Fig 1), indicates that age 1s closely correlated
with the 1solines of peat depth In addition these results corroborate observations recently
obtained from fens in central Sweden by documenting that mire expansion has occurred
continuously throughout the last 5000-6000 years (Figs 1, 7, Foster & Fritz 1987) This
conclusion contradicts the long-held conviction in Sweden that expanston of peatlands
essentially ceased 2000 years ago as a result of chmatic deterioration (Malmstrom 1932,
1955, Sjors 1948, Lundqvist 1951) and may contribute to estimates of Holocene carbon
balance 1n northern peatlands (Armentano & Menges 1986) Although the process of
paludification 1s regulated 1n part by climate (Vasan 1962, Davis 1984), there 1s httle
indication that the rate has changed during the development of Hammarmossen or that
the process has not continued to the present (Lukkala 1933, Molder & Salmu 1955) A
complete vertical series of radiocarbon dates from several long cores 1n this transect will
be needed to test other aspects of peat accumulation in Clymo’s model

The results indicate that Granlund’s interpretation of the development of Hammar-
mossen was incorrect The major intractable problem in his studies was the lack of
absolute dating of peat samples The spruce pollen nse, used so effectively 1n other studies
of lateral expansion of mires (Malmstrom 1932, 1955), provided only one datum The
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pollen stratigraphy during the critical 3000 years following spruce immigration on which
dating might be based 1s relatively featureless (cf Auer 1927) Augmenting these problems
was the lack of accurate maps and aenal photographs and the uncertain coring results
from the use of the small-diameter Hiller corer

Development and characteristics of bog landforms

As discussed in Boatman's (1983) comprehenstive review of research on the Silver Flowe
in south-western Scotland, much of the confusion concerning dynamics of surface
features on mures results from an mability of researchers to relate the results of their
studies to other geographic or flornistic systems What 1s needed beyond commonality of
language and terminology 1s exposure to numerous systems The focus of the present
study was to examine similarities in the structure and development of features on
Canadian and Swedish mires while highlighting contrasts Similar, informative compan-
sons can be made, for example, between features on aapamires and raised bogs 1n a single
region Through the analysis of analogous structures fundamental principles can be
sought

The present study emphasizes that surface patterns of hummocks and pools are best
developed on level surfaces and very gradual slopes (Osvald 1923, Boatman 1972, Ivanoy
1981) The decreased expression of the patterns with increasing slope argues strongly
against gravitational processes (e g solifluction, shppage, bog bursts) as the prevalent
mode of formation as suggested in other reviews (Schenk 1966, Washburn 1979, Madsen
1985) Asdiscussed by Sjors (1961) the inverse relationship of slope and pool development
indicates that pool patterns may be the result of biological processes, controlied by
hydrology, rather than purely physical mechanisms such as sohifluction At Hammarmos-
sen, for example, pools diminish to bare hollows on marginal slopes and are deep as well
as broad on the level central plain of the mire Similar but even broader pools develop on
the flat mire expanse of Gilbert bog This pronounced development does not result simply
from the physical constraints of positioning deep pools on steep slopes and the possibility
of drainage with pool expansion downslope (Gorham 1957), because such deep pools do
develop on bog slopes elsewhere Rather it appears that for a given mire and hydrological
conditions the most pronounced features occur where influx of moisture most greatly
exceeds efflux and thereby results in ponding of water (Auer 1928, Ivanov 1981)

Initial stages 1n pool formation, as seen on Gilbert bog and Hammarmossen, are
denived from the gradual flooding and inundation of vegetated hollows On the flat
Labrador bogs these hollows are often unornentated low spots surrounded by discont-
nuous hummocks or slightly elevated lawns On the sloping bogs in Sweden the irregular
hummock hollow pattern that occurs on the very youngest, marginal portions of the bog
become more regularly aligned across the slope as small hollows enlarge and coalesce
(Fig 2) Inboth situations the hollows appear to accentuate as a result of differential peat
accumulation and expansion along the contour At Hammarmossen radiocarbon dates
indicate that pools have continuously developed on the mure surface as the mire has
expanded outward Any chmatic control of pool imtiation (cf Aartolaht: 1967, Aaby &
Jacobson 1979) 1s not evident

Hollows apparently deepen as a consequence of greater rates of peat accumulation It
adjomning nidges Many studies suggest that bryophyte production increases along the
hummock-to-hollow gradient (Boatman & Tomlinson 1977, Clymo 1970, Tint 1982
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Gnigal 1985) but that the accumulation rate of peat may decrease along the same gradient
as a result of habitat and species control of rates of decomposition (Clymo 1970, Coulson
& Butterfield 1978) As hollows are mundated the vegetation dies from flooding, and the
resulting mud bottoms or shallow pools may continue to expand as adjacent areas are
flooded Imtially the former surface vegetation of the mire breaks up, and a discontinuous
pool with islands of tussocks or hummocks develops This process may be aided by warm
water temperatures and high oxygen concentrations in the shallow water (Foster & Glaser
1986) that favour decomposition The deepening of pool bottoms by peat degradation 1s
suggested by the atus between the peat and overlying gyttja in some pools

In Labrador the pools continue to deepen as peat accumulation proceeds in adjoining
areas All allochthonous and autochthonous material delivered to or produced 1n the
pools must be degraded or flushed out as there 1s no accumulation of sediment even after
several millenma Some refractory matenals such as wood rest on the pool floor and
suggest that pool enlargement and deepeming may occur through degradation of the floor
and walls The same 1s true for all other minerotrophic and ombrotrophic mires
investigated in Labrador and adjacent Quebec to date (Foster & King 1984, Foster &
Glaser 1986), and may also be true for the raised mires in the Hudson Bay Lowlands in
Ontano (Sjors 1963, H Sjors, personal communication)

In contrast, on the bogs in Sweden a deposit of algal gyttja and detritus accumulates
even where the pools are quite shallow Although disturbance from 1ce action 1n winter
and flocculation by gases must mix the material at first, the gyttja forms a thick deposit as
the pool deepens Pools must deepen eventually because the rate of peat accumulation mn
the surrounding mire exceeds the rate of gyttja sedimentation in the pools Sediments such
as these have been noted on all minerotrophic and ombrotrophic mires examined by the
authors 1n Sweden and Norway and throughout Finland (K Tolonen, personal
communication) The hmnological factors preventing the deposition of algal sediments
on mires 1n Labrador therefore remains emigmatic

In time the surface features on the mires become more pronounced as pools deepen and
hummock ridges become higher and further differentiated Microtopographic differentia-
tion may serve to explain the otherwise anomalous distribution of trees on Swedish bogs
and extensive ichen cover on Gilbert bog In general, tree growth 1s strongly controlled by
the posttion of the water table during the growing season (Cajander 1913, Hetkurainen
1980), Soviet research on mures with Pinus sylvestris documents that for each I-cm drop 1n
mean height of the water table there 1s an increase of 1 m 1n the height of mature pines
(Ivanov 1981) Trees are therefore generally common on mire margins, decreasing in
height up the rand and disappearing altogether on the flat central area (Damman &
Dowham 1981) In progressively more continental areas the extent of tree cover and
height of trees increase On Hammarmossen the tree distribution and vigour parallels the
extent of surface development trees exceeding 10 m in height occupy the central bog plain
around the larger pools, whereas few trees occupy the unpatterned slopes and flanks
Presumably the large trees result from the relatively great height of the larger hummocks
above the water table Where pools are less developed the hummocks are less raised, and
tree growth suffers In addition the natural drainage of some pools lowers the water table
in the local vicinity and favours tree growth The absence of wood at depth in the peat also
suggests that the development of large trees has been relatively recent, as a resuit of
continuing differentiation of the mure surface An alternative explanation that trees are
abundant around central pools primarily as a result of the effectiveness of the pools as fire
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breaks, although tenable for Newfoundland (Damman 1977), where upland fires occur
frequently, 1s not appropriate in the less fire-prone area of central Sweden

On Gilbert bog, trees are lacking, but the hummock tops are covered by lichens
Lichens are favoured over Sphagnum species under extreme environmental conditions,
such as exposure to desiccating and abrasive winds in winter (Osvald 1923) As the
hummocks develop the microtopography is accentuated, resulting in snow accumulation
1n hollows and exposure of the elevated hummocks (Eurola 1975, Seppala & Koutaniem:
1985) Wenner (1947) explained the widespread abundance of lichens on bogs as a result
of surface drying from a temperature increase and humidity decrease following the Little
Ice Age However, there 1s no palaecochhmatological evidence to support that view

Pool dynamics and mure stability

The raised bogs in both areas are located in regions with excess of moisture
(precipitation vs evapotranspiration), which ultimately leads to instability of the system,
as water-dominated landforms increase on the mires As the mires expand, new hollows
and pools develop on the peat surface Progressively the individual pools expand and
deepen, increasing the extent of water on the mire surface Pool expansion occurs largely
through lateral extension via flooding (‘autappning =dranage through the damming
string’, cf Lundqvist 1951), as well as through coalescence of adjoining pools (Boatman
1983) Coalescence i1s one means of establishing a common water table across broad areas,
the other 1s through subsurface pipes that connect pools and may ultimately undermine
the peat to create a surface connection (Ingram 1983) Both subsurface and surface
connections may cause partial or complete drainage of pools as the upper pool assumes
the level of the lower one This inter-pool connection provides part of the explanation for
the extensive number of lowered pools on Hammarmossen and Gilbert bog The other
process that lowers pools 1s the headward erosion and cutting of secondary (endotelmic
sensu Ivanov 1981) streams from the margin into the centre of the mire expanse
Endotelmic streams develop when the surplus moisture draining from the bog surface
becomes focused and gradually cuts erosional channels in the upper peat Although these
streams apparently develop on the Labrador mires through run-off from large pools
there 1s evidence that similar features may start in subsurface pipes that cause the collapse
of the upper peats (Smith 1918, Ratcliffe 1964) As the streams continue to cut headward
they connect and lower pools, frequently to the extent of complete drainage In extreme
cases the streams cut down to mineral so1l

The continued development of endotelmic streams on the mures appears to mduce
irreversible, though entirely natural, change 1n mure development and hydrology (cf
Talhs 1985) Unlike pools, which can be stabilized at a new, though lower water level,
streams once formed apparently continue to expand, extend, and deepen As they cutinto
the peat they not only lower pools but they also lower the water table within the adjacent
peats, gradually divide the mire 1nto separate lobes or mire systems, and 1n extreme cases
cause considerable erosion Thus, the potential for substantial carbon loss arises as both
enhanced decomposition and eroston may remove peat This process is apparently a
umdirectional consequence of change in mire size and hydrology and additional
manifestation of the increasing role of water-dominated landforms with mire develop-
ment under ample moisture surplus Mires in moist boreal regions are inherently
unstable, and dissection 1s the natural end-pont (Ivanov 1981, Korchunov, Kusmin &
Ivanov 1980)



D R FOSTER et al 1183
ACKNOWLEDGMENTS

We thank H Sjors for an introduction to the mires of central Sweden and for lively
interpretation of E Granlund’s work, R Clymo, K Tolonen, H Ingram and O Bragg
for stimulating discussions on mire hydrology and development, N Malmer and B
Berglund for assistance at the Unmiversity of Lund, R Clymo and N Malmer for critical
review of the manuscript, and B Flye for technical assistance The work was supported by
the Swedish National Research Council and the U S National Science Foundation This
1s contribution 337 from the Limnological Research Center

REFERENCES

Aaby, B & Jacobson, J (1979) Changes in the biotic conditions and metal deposition 1n the last millenium as
;;ﬂ;;ctzgg ombrotrophic peat m Draved Mosse Denmark Danmarks Geologiske Undersokning Arborg,

Aartolahty, T (1967) On dating the genesis of peat banks and hollows 1n the raised bogs of southwestern
Finland Comptes Rendus de la Societe Geologique de Finlande 39, 71-86

Armentano, T V & Menges, E S (1986) Patterns of change 1n the carbon balance of organic soil-wetlands of
the temperate zone Journal of Ecology 74, 755-774

Auer, V (1927) Stratigraphical and morphological investigations of peat bogs of southeastern Canada
Communicationes Instituto Forestalium Finlandiae 12, 1-52

Auer, V (1928) Present peat bogs in southeastern Canada Communicationes Instituto Forestalum Finlandiae
13, 1-48

Birks, H H (1972) Studies in the vegetational history of Scotland II Two pollen diagrams from the Galloway
Hills Kirkcudbrightshire Journal of Ecology 60, 183-218

Boatman, D J (1972) Pools on blanket mires 1n Scotland Proceedings of the 4th International Peat Congress
Otamermy Finland International Peat Society pp 111-119

Boatman, D J (1983) The Silver Flowe National Nature Reserve, Galloway, Scotland Journal of
Biogeography, 10, 163-274

Boatman, D J & Tomhnson, R W (1977) The Silver Flowe II Features of the vegetation and stratigraphy of
Brishie Bog, and their bearing on pool formation Journal of Ecology 65, 531-546

Boatman,D J ,Goode,D A & Hulme, P D (1981) The Silver Flowe 11 Pattern development of Long Loch B
and Craigeazle Mires Journal of Ecology 69, 897-918

Botch, M & Masing, V (1979) Regionality of mure complex types i the U S S R Classification of Mires and
Pears pp 1-11 Proceedmgs of the International Symposium on Classification of Peat and Peatlands
Hyytiala Finland

Cajander, A K (1913) Studien uber die Moore Finnlands Acta Forestaha Fennica, 2, 1-208

Clymo, R S (1970) The growth of Sphagnum methods of measurement Journal of Ecology 58, 13-49

Clymo, R S (1978) A model of peat bog growth Production ecology of British moors and montane grasslands
(Ed by O W Heal & D F Perkms with W M Brown) pp 187-223 Springer Berlin

Clymo, R S (1984) The limits to peat bog growth Philosophical Transactions of the Royal Society of London B,
303, 605-654

Coulson, J C & Butterfield, J (1978) An investigation of the biotic factors deterrumng the rates of plant
decomposition on blanket bog Journal of Ecolog) 66, 631-650

Damman, A W H (1977) Geographical changes in the vegetation patterns of raised bogs in the Bay of Fundy
region of Maine and New Brunswick Vegeratio 35, 137-151

Damman, A W H (1979) Geographic patterns in peatland development in castern North America
Classification of Mires and Peals, International Peat Society pp 213-228 Proceedings of the International
Symposium on Classification of Peat and Peatlands Hyytiala Finland

Damman, A W H & Dowham,J J (1981) Vegetation and habitat conditions 1n Western Head Bog, a southern
Nova Scotian plateau bog Canadian Journal of Botany, 59, 1343-1359

Davis, A M (1984) Omobrotrophic peatlands n Newfoundland, Canada their ongins development and
trans-Atlantic affinities Chemical Geolog) 44, 287-309

Elina, G (1987) The main regularities of the Holocene vegetation and chmate 1n the east of the Baltic Shield
Palaeohydrology of the Temperate Zone Vol 11l Mires and Lakes pp 70-86 Academy of Sciences of the
Estonian S S R, Tailutid

Eurola, S. (1975) Snow and ground frost conditions of some Finmish mure types Annales Botamci Fennict, 12,1-
16

Fermald, M L (1970) Gray s Manual of Botany Van Nostrand New York

Foster, D R (1983) The history and pattern of fire 1n the boreal forest of southeastern Labrador Canadian
Journal of Botany, 61, 2459-2471



1184 Bog development and landform dynamics

Foster, D R (1984) The dynamics of Sphagnum in the forest and peatland commumties in southeastern
Labrador, Canada Arcuc, 37, 133-140

Foster, D R & King, G A (1984) Landscape features, vegetation and developmental history of a patterned fen
in south-eastern Labrador Canada Jowurnal of Ecology 72, 115-143

Foster, D R & Glaser, P H (1986) The raised bogs of south-eastern Labrador Canada classification
distnibution vegetation and recent dynamics Journal of Ecology, 74, 47-71

Foster, D R & Fntz, S C (1987) Mire development, pool formation, and landscape processes on patterned
fens 1n Dalarna, central Sweden Journal of Ecologv, 75, 409-437

Foster,D R ,King, G A, Glaser,P H & Wnight, H E (1983) Origin of string patterns in northern peatlands
Nature 306, 256-258

Gorham, E (1957) Development of peatlands Quarterly Review of Biology, 32, 145-166

Granlund, E (1932) De Sevenska hogmossornas geolog1 Sveriges Geologiska Undersokming C 373, 1-193

Gngal,D F (1985) Sphagnum production in forested bogs of northern Minnesota Canadian Journal of Botam
63, 1204-1207

Hale, M E & Culberson, W L (1970) A fourth checklist of the hchens of the Continental United States and
Canada Bryologist, 73, 499-533

Heikuramen, L (1980) Kuwivatuksen tila ja puusto 20 vuotta vanhoilla opitusalueilla (Drainage conditions and
tree stand on peatlands drained 20 years ago ) Acta Forestalia Fennica, 167, 1-39

Ingram, H A P (1982) Size and shape in raised mire ecosystems a geophysical model Narure 297, 300-303

Ingram, H A P (1983) Hydrology Mires Swamp Bog Fen and Moor A General Studies (Ed by AJP
Gore) pp 67-158 Elsevier, Amsterdam

Ireland, R R, Birch, C D, Brassard, G R, Scofield, W B & Vitt, D H (1980) Checklist of the mosses of
Canada Nanonal Museums of Canada Publications in Botamyv No 8

Ivanov, K E (1981) Water Movement of Mirelands Translated from the Russian, Vodoobmen v botonykh
landshaftask (1975), by A Thomson & H A P Ingram Academic Press, London

Korchunov, S S, Kusmin, G F & Ivanov, K E (1980) Raised bog systems their structure and influence on the
environment Proceedings of the Sixth International Peat Congress, pp 55-58 Duluth, Minnesota

Kulczynski, M (1949) Peat bogs of Polesie Memoures de | Academie Polanaise des Sciences et des Lettres No
15-326

Lid, J (1974) Norsk og Svensk Flora Det Norsk Samlaget, Oslo

Lukkala, O J (1933) Tapahtuuko nykyisin metsamaan soistumista Communicationes Institutt Forestals
Fennae, 19, 1-127

Lundgwist, G (1951) Besknvning till jordartskarta over Kopparbergs lan Sveriges Geologiska Undersokning
Stockholm Series Ca 21

Madsen, B (1985) The formation of topographically aligned patterns in peatlands a new hypothesis Bulletin of
the Ecological Society of America 66, 223

Malmstrom, C (1932) Om faran for skogsmarkens forsumpning 1 Norrland Meddelanden fran Statens
Skogsforsoksanstalt, 26, 1~162

Malmstrom, C (1955) Alvdalsreviren 1 nordvastra Dalarna Meddelanden fran Statens Skogsforsokmingsinsti
tut, 52, 1-110

Mets, L. (1982) Temporal changes in peatland ecosystems Changes 1n a bog pool complex during an
observation peniod of 17 years Estonian Contributions to the International Biological Programme, 9, 128-
134

Molder, K & Salm, M (1955) The general geological map of Finland Sheet 83 Vaasa Explanation to the map
of surficial deposits Geologonen Tutkimuslaitos, Helsinki

Nyholm, E (1954) [llustrated moss flora of Fennoscandia 11 Musci Natural Science Research Council
Stockholm

Osvald, H (1923) Die Vegetation des Hochmoores Komosse Svenska Vaxtsociologiska Sallskrift Handliger
(Uppsala) 1, 1-436

Osvald, H (1949) Notes on the vegetation of British and Insh mosses Acta Phytogeographica Suecica 26, 1-62

Ratchffe, D A (1964) Mires and bogs The Vegetation of Scotland (Ed by J H Burnett) pp 426-478 Olner
and Boyd, Edinbrugh

Schenk, E (1966) Ongm of string bogs Permafrost, pp 155-159 Proceedings of an International Conference
National Academy of Science, Washington, D C

Seppili, M & Koutamems, L (1985) Formation of a string and pool topography as expressed by morphology
stratigraphy and current processes on a mire 1n Kuusamo, Finland Boreas, 14, 287-309

Syors, H (1948) Myrvegetation 1 Bergslagen Acta Phytogeographica Suecica, 21, 1-299

S)ors, H (1959) Bogs and fens 1n the Hudson Bay Lowlands Arctic, 12, 1-19

Sjirs, H (1961) Forest and peatland at Hawley Lake, northern Ontario National Museum of Canada Bulletin
171, 1-31

Syors, H (1963) Bogs and fens on Attawapiskat River, Northern Ontrario National Museum of Canada
Bulletin, 186, 1-45

Smith, W G (1918) The distribution of Nardus stricta in relation to peat Journal of Ecology, 6, 1-13

Talhs, J H (1985) Mass movement and erosion of a southern Pennine blanket peat Journal of Ecolog: 7,
283-316



1185

Tint, R (1982) On the productivity of treeless bog commumties Estoman Contributions to the International
Bulogical Programme, 9, 93-101

Vasan, V (1962) A study of the vegetational history of the Kuusamo district (North East Finland) during the
Late-Quarternary Period Annales Botanici Societatis Zoologicae Botanicae Fennicae Vanamo 33,1-140

Washburn, A L (1979) Geocryology Edward Arnold, London

Wenner, C G (1947) Pollen diagrams from Labrador Geografiska Annaler H 3-4, 137-374

Wnght, H E (1967) A square-rod piston sampler for lake sediments Journal of Sedimentary Petrology, 37,
975-976

(Receed 1 April 1987, revision recewed 22 September 1987)



Copyright © 2003 EBSCO Publishing



