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STELLINGEN 

1. Acrotelm en catotelm in hoogvenen zijn geen horizonten, maar concepten die 
bijdragen tot een beter begrip van de waterhuishouding van hoogvenen. 
Dit proefschrift. 

2. De in hoogveenliteratuur nogal eens aangehaalde Groundwater Mound Theory van 
Ingram kan niet dienen als verklaring voor de vorm van dwarsdoorsneden van 
hoogvenen. 
Ingram, H.A.P., 1982. Size and shape in raised mire ecosystems: a geophysical model. Nature 297:300-303. 

Dit proefschrift. 

3. In hydro!ogische zin is de gebruikelijke onderverdeling van mosveen in Fresh 

Sphagnum Peat en Strongly Humified Sphagnum Peat dan wel Younger en Older 

Sphagnum Peat in Ierse hoogvenen niet functioned. 
Dit proefschrift. 

4. Het uitdrukken van veengroei als stijging van het veenoppervlak geeft, ook bij een 
bekend volume-aandeel organische stof in een nieuw gevormde toplaag, geen 
informatie omtrent de toename van de hoeveelheid veen. 
Dit proefschrift. 

5. Het model van Van der Molen (1981) dat bedoeld is als berekeningsmethode voor 
de breedte van bufferzones langs hoogveenresten is zeer geschikt om de relatieve 
onbeduidendheid van zijdelingse afvoer uit de catotelm aan te tonen, maar juist 
daarom ongeschikt voor zijn oorspronkelijke doel. 
Van der Molen, W.H., 1981. Uber die Breite hydrologischer Schutzzonen urn Naturschutzgebiete in Mooren. 

Telma 11:213-220. 

Dit proefschrift. 

6. "Peat producers" don't produce peat. 

7. Het verdient aanbeveling om op grondwaterkaarten de grootte van 
grondwaterwinningen aan te duiden met de omvang van hun intrekgebied in plaats 
van het per tijd onttrokken volume water. 

8. Natuurgebieden worden niet veiliggesteld door verwerving alleen, maar pas als in 
ruime mate wordt gei'nvesteerd in kennis van processen die zich afspelen in de 
betreffende ecosystemen. 

9. Het onderscheid tussen de geologische tijdperken Tertiair en Kwartair komt 
voornamelijk voort uit zelfoverschatting van het mensdom. 

10. Het slechts tegen betaling toegankelijk maken van gegevensbestanden door 
onderzoeksinstellingen leidt tot een verzwakking van de positie van de individuele 
burger tegenover overheid en bedrijven. Dit betekent een aantasting van de 
rechtsstaat. 



11. Teksten in fraai klinkende volzinnen met geringe informatiedichtheid, voorzien van 
kleurige illustraties in al even kleurige omslagen vervullen tegenwoordig bij 
beleidsmakers nagenoeg dezelfde rol als in vroeger tijden kraaltjes en spiegeltjes bij 
zogenaamde wilden. 

12. Hoeveelheden beschikbare tijd plegen geringer te zijn naannate meer tijd wordt 
bespaard. 

13. De echte Nederlandse provinciaal woont in Amsterdam. 

Stellingen behorend bij het proefschrift Analysis of the hydrology of raised bogs in the 
Irish Midlands. A case study of Raheenmore Bog and Clara Bog van S. van der Schaaf, 
14juni 1999. 



HiNO^ol ^ 6 * 3 0 

Sake van der Schaaf 

Analysis of the hydrology of raised bogs in the 
Irish Midlands 

A case study of Raheenmore Bog and Clara Bog 

Proefschrift 

ter verkrijging van de graad van doctor 

op gezag van de rector magnificus 

van de Landbouwuniversiteit Wageningen. 

dr. CM. Karssen, 

in het openbaar te verdedigen 

op maandag 14 juni 1999 

des namiddags te half twee in de Aula 

\sn ^<oH\1Z 



The facilities needed for the fieldwork in 1989-1993 were jointly funded by the Irish Na
tional Parks and Wildlife Service of the Office of Public Works, Dublin and the Dutch 
National Forest Service (Staatsbosbeheer), Driebergen. 

Nederlandse vertaling van de titel: 

Analyse van de hydrologie van hoogvenen in de Ierse Midlands. 
Een onderzoek aan Raheenmore Bog en Clara Bog 

Cover: sketch of Clara Bog by Catherine OBrien, Clara, Co. Offaly 

Printed by Grafisch bedrijf Van Essen B.V., Molenaarsgraaf, The Netherlands 

ISBN 90-5808-062-5 



ABSTRACT 

Schaaf, S. van der, 1999. Analysis of the hydrology of raised bogs in the Irish Midlands -
A case study of Raheenmore Bog and Clara Bog. Doctoral thesis, Wageningen Agri
cultural University. 375 pp, 178 figs, 54 tables, 4 app, 209 ref. 

In the framework of the Irish-Dutch Raised Bog Project the hydrology of two raised 
bogs in the Irish Midlands, Raheenmore Bog and Clara Bog, was studied. 
The work focuses on relationships in the bog system and how they are affected by drain 
age and turf cutting along margins. The concept of diplotelmy, a differentiation of the 
bog body into a shallow highly permeable top layer called acrotelm and a subjacent deep 
poorly permeable peat layer called catotelm, is followed. Some measuring methods 
yielded wrong results inbogs, so were modified to produce acceptable results. A novel 
field method to measure the transmissivity of the acrotelm was developed. 
The acrotelm behaves as an aquifer with a constant hydraulic gradient -the surface slope-
and a transmissivity that is controlled by the phreatic level. The transmissivity increases 
by an order of magnitude when the phreatic level rises less than 10 cm and decreases as 
the level falls. Discharge varies accordingly. This mechanism and the large storage coef
ficient of the acrotelm ensure small seasonal fluctuations of the phreatic level (20 cm or 
less). Thus the acrotelm has a regulating effect on the hydrological conditions in a raised 
bog. Acrotelm transmissivity and-depth depend on surface slope. Well-developedac-
rotelms occur almost exclusively at surface slopes below 1%. 
The catotelm acts as an aquitard. Downward seepage from Clara bog amounts to 5-10 
mma"1. The seepage from Raheenmore Bog is 10-15 mma"1, in spite of differences of up 
to 3 m between phreatic levels in the acrotelm and piezometric levels in the mineral sub
soil. Water loss by horizontal flow in the catotelm is 1 mm a1 or less in both bogs. Thus 
the hydrological system of the bogs depends little on its surroundings. 
Turf cutting and drainage of bog margins directly cause surface subsidence over dis
tances of only a few metres from the margin. This results in a local increase of the sur
face slope. A steeper surface slope causes a reduction of the regulating properties of the 
acrotelm and thus a spreading of subsidence into the bogs. Because of the difference in 
composition of the peat in the centre and along natural margins, subsidence in the centre 
caused by internal drainage may be larger than along margins, causing watershed posi
tions to shift to the margin. A prominent example is the convergent flow on Clara Bog 
towards the soak system of Shanley's Lough. Both are the result of subsidence caused by 
the road that bisects Clara Bog. 

Drainage on the bog destroys the acrotelm within a few years. Natural recovery of the 
bog ecosystem from such damage may take more than a century. Evapotranspiration 
from both bogs was 0.9 to 1.2 times Penman open water evaporation, depending on pre
cipitation in spring and summer. 

Additional index words: ecohydrology, mire, peatland, soaks, subsidence, acrotelm, ca
totelm. 
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1. INTRODUCTION 

1.1. Scope 

This thesis is based on fieldwork carried out in the framework of Irish-Dutch Raised 
Bog Study. The project was a result of an agreement between the Irish and the Dutch 
governments, signed in 1989. An important reason for the agreement was the acquire
ment by the Irish government of several bogs for protection. The project was meant to 
combine knowledge on bog restoration techniques and hydrological management of bog 
remnants as developed in the Netherlands and knowledge on the much less damaged 
Irish bogs, available at the Irish Wildlife Service. Conservation, restoration and regen
eration of raised bogs require an in-depth knowledge of the role of the biotic and abiotic 
components of a bog ecosystem and their role in bog development. It was expected that 
the Dutch experience could be useful in bog conservation in Ireland and that nature con
servation in the Netherlands could benefit from available knowledge on living bogs in 
Ireland. In addition, a field research project on Irish bogs was envisaged. 

The field project consisted of case studies on two bogs, Clara Bog and Raheenmore 
Bog. Their geographical positions are shown in Fig. 1.1. Both bogs were believed to be 
only slightly damaged. Fieldwork started in the autumn of 1989 with Irish and Dutch 
organisations participating. The fieldwork on Clara Bog and Raheenmore Bog ended in 
the summer of 1993. It comprised the geology, geophysics, hydrology and ecology of 
the bogs and their surroundings. Although the hydrological system of the bogs is em
bedded in a regional system, this thesis is confined to the hydrological system of the 
bogs only. 

1.2. Terminology: peatlands, mires, fens and bogs 

The word mire usually refers to a peat-forming ecosystem that has developed a peat 
layer of such a depth that the soil may be classified as a peat soil. A fundamental subdi
vision of mires is into fen and bog (Gore, 1983). The words fen and bog are roughly 
equivalent to the German Niedermoor and Hochmoor, respectively. Fen systems obtain 
at least part of their water from other sources than the atmosphere, for example ground
water from surrounding mineral soils or water from river flooding, whilst bogs depend 
solely on atmospheric water. 

When the continuing accumulation of organic debris causes fens to grow above the 
(ground)water level of their surroundings, they may develop into bogs if climatic con
ditions are sufficiently humid and cool to permit such a development (e.g. Succow and 
Jeschke, 1990). Sometimes bogs or parts of bogs have also developed directly on min
eral soils. Bogs can be classified in different ways. Several reviews on this subject are 
available in mire literature, such as the one by Gore (1983). 
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Fig. 1.1. Raised bogs, blanket bogs and fens in Ireland (O'Donnell, 1996). The grey lines point 
to Clara Bog and Raheenmore Bog, which are positioned in the heart of the grey 
circles at their end. 

In Ireland, two principal types of bog occur: blanket bogs and raised bogs. Blanket bogs 
follow the topography of the underlying mineral substratum. They occur where the av
erage annual precipitation exceeds 1250 mm and the average number of rain days is 225 
or more (Hammond, 1981). In Ireland these are the lowlands and uplands of the extreme 
west and north-west and most uplands in other parts of the country (Fig. 1.1). In Europe, 
blanket bogs also occur in Scotland and Norway (Fig. 1.2, Fig. 1.3). 



Fig. 1.2. Lowland blanket bog (Toppmyrane, Smola, Norway, July 1994). 

Fig. 1.3. Mountain blanket bog (Skuloy, Norway, 1994). Background: reclaimed blanket bog 
with spruce forest. 

Raised bogs (Fig. 1.5 and Fig. 1.6) have developed in the less extreme climatic condi
tions of the Irish Midlands where the average annual precipitation generally amounts to 
800 to 1000 mm. The average annual excess precipitation, based on potential grassland 
evapotranspiration as calculated from Penman open water evaporation by the Irish Me-



teorological Service (Met Eireann), is around 350-500 mm. Where the average annual 
excess precipitation in Ireland is less than 250 mm, no bogs occur (Hammond, 1984). 

Most raised bogs have grown on top of fen peat that had first filled in waterlogged de
pressions in the morainic landscape (Fig. 1.4), left behind by the land-ice cover of the 
Midlandian1 ice age (Mitchell, 1976). Contrary to blanket bogs, raised bogs have a dis
tinct recognisable boundary along most if not all of their perimeter (Gore, 1983). In 
Ireland, raised bogs once covered about 310 000 ha. As a result of cutting of peat for 
fuel and industrial peat extraction, in 1989 only 22 000 ha or 7% remained that were 
believed to be reasonably intact (Cross, 1989). Later surveys by the Irish Wildlife 
Service showed that this figure is overestimated, but exact information has not been 
published yet. 

In this thesis, the term mire is used where it includes both bog and fen ecosystems. The 
term peatland includes both mires and land with peat soils that are no substratum of 
(potential) peat forming ecosystems, such as cutover areas or areas of peat soils that are 
in use as agricultural land. 

1.3. Mire protection: what becomes rare, becomes precious 

In the 181 century mires were a common feature in the landscape of western and north
western Europe. However, already in the late Middle ages peat was cut at a large scale 
for fuel in Flanders. Hardly any trace of those peatlands is left today (Borger, 1990). In 
the 17* century, large-scale peat extraction occurred in the Netherlands and turf was 
even shipped to harbours in north-west Germany in spite of the proximity of bogs to 
these cities. The main reason was the accessibility over canals of the bogs in the Neth
erlands, resulting in the possibility of cheap transport (De Zeeuw, 1976). The cleared 
subsoil was reclaimed for agriculture. Obviously, the turf was considered more precious 
than the bogs that were looked upon as wastelands. 

Linnaeus (1751) was very descriptive as to the way bogs were looked upon in the mid
dle of the 18* century. He depicted them as less than useless areas for farmers, because 
cattle often got stuck and died in the deep mud. In his view, the bog could best be used 
to improve agricultural yields on condition that proper measures would be taken. Such 
measures included cutting a deep drain right across the bog to the side where discharge 
would be easiest. After drainage, the entire vegetation should be rooted up, put into 
piles to rot and be burnt. In Linnaeus' view, this would yield a perfect fertiliser to im
prove the farmland, so that those living near a bog and having poor land with weeds 
should blame themselves rather than nature for this. He advised to install a dense system 
of drains in the bog after this treatment and to mix the topsoil with mineral subsoil ma-

On the European continent this ice age is generally referred to as Weichselian. 



terial in case it had been brought up from the drains, thus converting the bog to agricul
tural land. Linnaeus even specified the grass species that were likely to grow best. 

In 1765 Friedrich II, King of Prussia, declared all mires without owner state property 
with the intention to reclaim them. The royal peatland commissioner J.C. Findorff 
(1720-1792) developed a large-scale reclamation plan. The colonists in the Findorff 
settlements usually obtained part of their small income from cutting and selling turf and 
part from cultivating buckwheat. The crop was grown on peatland that had been burnt 
subsequent to shallow drainage, in order to make some nutrients available to the crop. 
When the German Hochmoorkultur, developed at the Moorversuchsstation (peatland 
research station) in Bremen, founded in 1877, replaced the buckwheat culture (Eshuis 
and Kruitbosch, 1948), even more bogland was reclaimed, not in the least because in 
those days the nutrient problem could be solved by the application of artificial fertiliser. 
When the physical properties of the older reclaimed peatlands became increasingly 
problematic for agriculture, the German Sandmischkultur (sand mix cultivation), devel
oped at the Bremen Institute in the late 1930's was applied. This caused the conversion 
of many previously reclaimed peat soils of 1 to 1.60 m deep into mixed organic/mineral 
soils (Kuntze, 1972). 

As a result of these and similar developments in other countries, mires disappeared from 
the landscape of north-western Europe with increasing speed. In north-western Ger
many and the Netherlands the last important areas of bog were reclaimed or mined in 
the 1950's and 1960's. 

In Ireland, where roughly 17% of the country was covered by peat, the development of 
bog utilisation differed strongly from what happened in Germany and the Netherlands. 
Turf cutting occurred mostly at a relatively small scale for the production of household 
fuel until the late 1930's, when the large bog areas were still reasonably intact. Only 
after World War II, rapid changes occurred. Large-scale industrial mining schemes were 
started, mostly by the state-owned company Bord na Mona, aiming at reducing Ireland's 
dependence on imported fuels, its economic dependence on Britain and fighting the 
poverty in the Irish Midlands. The production included household fuel (turf and peat 
briquettes), generation of electricity and garden peat. In the Irish Midlands, several peat-
fuelled power stations are still in operation (Fig. 1.7). 



Fig. 1.4. Infilling lake south of Lower Red Lake, North Minnesota (July 1998, from a height of 
250 m). Probably similar to an early stage of development of Raheenmore Bog and 
Clara Bog. 
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Fig. 1.5. Raheenmore Bog (October 1990), one of the two raised bogs studied. The 
vegetation is dominated visually by Eriophorum vaginatum. In the background 
Croghan, an outcrop of volcanic rock. 

The growing awareness that undisturbed mires were becoming rare and thus precious 
remnants of once common elements of the landscape of north-western Europe, caused 



the general attitude towards mires and bogs to swing gradually towards protection in
stead of utilisation of mires. 

In the concluding chapter of his book on the bog of Augstumal (then part of the king
dom of Prussia, now in Lithuania), Weber (1902) showed a different view on bogs and 

their conservation, 
even though he still 
favoured reclamation 
for agriculture. He 

described that the bog 
he had known until 
1898 as a hardly ac
cessible wetland had 
been turned into an 
easily accessible area 
with newly built 
homes and worked 
fields in 1900. Weber 
recalled the beauty of 
the wilderness, but at 
the same time men
tioned the sound of 
playing children and 
the view of a thriving 
agriculture that had 
replaced the silence 
and remoteness of the 
bog. Although Weber 
showed little doubt as 
to which of both 
should be preferred, he 
called the disappear
ance of the beauty of 

nature a painful experience. The year before, the same author (Weber, 1901) had advo
cated the conservation of a number of mires in Northwest Germany, foreseeing their 
extinction in a not too distant future as a result of reclamation and peat extraction. 
Weber's pledge was in vain. He appeared to be too far ahead of the generally accepted 
ideas of his days. The areas Weber had in mind for conservation were too attractive for 
peat extraction and reclamation for agriculture (Grosse-Brauckmann, 1996) and short-
term economic considerations prevailed over those of nature protection. 

Fig. 1.6. Clara Bog seen from the soak area of Shanley's Lough 
(December 1990). Clara Bog Is one of the two raised bogs 
studied. The solitary birch tree (Betula pubescens) is an 
"outpost" of the birch grove near the lake. Foreground: bog 
pool with Menyanthes trifoliata, a species that occurs in 
some pools around Shanley's Lough. The vegetation is 
visually dominated by Eriophorum vaginatum and Calluna 
vulgaris (on the hummocks). In the background the esker 
between Clara town and the bog. 



It was not until the 1970's that in most European countries government policy towards 
mires began to change. In Germany for example, a federal law on nature conservation 
and landscape management came into effect in 1976 (Grosse-Brauckmann, 1996). In 
Switzerland, the Rothenthurm Initiative enforced the conservation of mires and mire 
landscapes by referendum in 1987 (Griinig, 1994). In the Netherlands, law enforced an 
end to peat extraction in the 1990's. 

The text to the Peatland Map of Ireland (Hammond, 1981), even in the paragraph on 
future developments, still focused on the usage of Irish peatlands for agriculture and 
forestry. The agreement of 1989 that marked the beginning of the Irish-Dutch co
operation demonstrated the rapid change in attitude towards bogs in Ireland. In 1990 the 
Irish government expressed its wish to eventually acquire 10 000 ha of raised bogs and 
40 000 ha of blanket bogs for protection (Treacy, 1990). 

Today, many of the usually small remnants of the peatlands of Western Europe are 
protected and often large sums are spent on their conservation and restoration. In the 
Netherlands alone, an amount in the order of magnitude of 100 million guilders has 
been spent since about 1970 on measures for protection, restoration and regeneration. 

1.4. The role of hydrology in mire protection. 

Mire systems can only develop and sustain in the presence of sufficient water that pre
vents decay of plant remains by cutting them off from atmospheric oxygen. Hence, the 
main component of a mire soil is water and hydrology is an essential part of compre
hensive mire studies. However, until the 1970's, most hydrological knowledge on mires 
was gathered for the purpose of industrial peat extraction and reclamation for agricul
ture or forestry. In Western Europe, most of the purely scientific attention for mire eco
systems came from botanists and geologists. 

In the former Soviet Union, this situation changed immediately after World War II. 
Even though many mires were mined or reclaimed for agriculture, mire hydrology be
came an object of study. The main reason was that the usage of aerial photographs for 
geobotanical mapping by Jekaterina Galkina, a Russian geographer, had shown its value 
for military purposes during the Leningrad blockade (Masing, 1998). This led to the 
founding of several field stations where observations on hydrology and botany were 
done by specialised staff and on a regular basis, such as those at Lammin Suo (Russia) 
and Tooma (Estonia). The work resulted in a large number of publications, mostly in 
Russian. Only a small part has been translated into English, such as the books by Ivanov 
(1981) and Romanov (1968a, 1968b) and several articles in Soviet Hydrology. 

In the 1970's, the need of hydrological knowledge in mire conservation and restoration 
began to become clear in Western Europe. Until then, measures were often taken on an 
empirical basis, such as the construction of the first embankments for rewetting and 



protecting Meerstalblok, a tiny remnant of the huge Bourtangermoor that once stretched 
along both sides of the border between Germany and the Netherlands. The number of 
publications on mire hydrology that focused on the systems themselves and restoration 
rather than drainage and its effects gradually increased in the 1980's and 1990's. Sym
posia and other meetings on mire conservation and restoration often had a good number 
of papers on mire hydrology in their proceedings. Examples are Bragg et al. (1992) and 
Wheeler et al. (1995). More than ever, mires are now looked upon as ecosystems in 
which the role of water is crucial. The mechanisms that determine relationships of hy-
drological conditions and bog growth should be known in depth and preferably be 
quantifiable. This kind of knowledge is needed to ensure the survival of mires in a 
world in which man has conquered the means to adjust his environment to his require
ments. 

During the last years it is becoming increasingly clear that hydrological management of 
bogs and bog remnants, although essential in bog restoration projects, may not provide 
the one and only key to success. This seems particularly true in bog remnants that have 
been strongly damaged and in regeneration projects in areas where most of the peat has 
been extracted. In many parts of such areas in the Netherlands for example, Sphagnum 
growth does not even start or does not get beyond a stage with predominant Sphagnum 
cuspidatum and/or Sphagnum recurvum, whilst in other parts with apparendy the same 
hydrological conditions, peat forming Sphagna such as S. magellanicum thrive. The role 
of the deposition from the atmosphere of nitrogen and other compounds and the cal
cium- and carbon dioxide balances in mires are still unclear. A review of available 
knowledge and desirable research is given by Schouwenaars et al. (1997). These as
pects, although probably highly important in bog restoration projects, are beyond the 
scope of this thesis, but are mentioned here to show the context in which quantitative 
mire hydrology is to be placed. 

An element of increasing importance in the discussion on the ecological role of mire 
systems is their function as a carbon sink. Sound hydrological management of mires is 
essential in maintaining this function and in preventing mires from becoming sources of 
atmospheric carbon. For a (very) rough impression of the global importance of mires in 
the discussion on greenhouse gases, a few data are given below. 

About 3% of the Earth's land surface is covered by mires (Lappalainen, 1996). Assum
ing an average peat depth of 1.50 m and an average volume fraction of organic matter of 
0.09, Lappalainen estimated the total amount of carbon accumulated in peat in the world 
in the order of 250*1012 kg. Clymo's estimate (Clymo, 1998) is 600*1012 kg. This is 
roughly 40-100% of the mass of carbon dioxide that is currently contained by the at
mosphere. Reclamation and mining will eventually cause most of this carbon to enter 
the atmosphere in the form of carbon dioxide, thus adding to the greenhouse effect. 



Fig. 1.7. Industrial peat mining area with electric power station and rail transport of milled peat 
(Boora, March 1993). 

Measured accumulation rates of carbon in Finland in regrowth surfaces after peat ex
traction were approximately 750 kg ha"1 a"1 (Vasander and Roderfeld, 1996). If decay is 
taken into account, the net accumulation in older mires may be estimated at approxi
mately 250 kg ha"1, the approximate average of data from different countries compiled 
by Franzen (1992). Reclamation of peatlands has a net effect on the carbon balance of 
carbon release the atmosphere that (considerably) exceeds the value found by Vasander 
and Roderfeld. 
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2. HYDROLOGICAL PROPERTIES OF RAISED BOG SYSTEMS 

2.1. Introduction 

This chapter starts with a review of literature on hydrological properties of raised bogs. 
The concept of diplotelmy as formulated by Ingram (1982) and Ingram and Bragg 
(1984) is discussed as to its possibilities to serve as a basis for a comprehensive concept 
of the hydrology of raised bog systems. After a short general description of both Clara 
Bog and Raheenmore Bog, the research questions that should lead to a conceptual ap
proach to the hydrology of raised bog systems in general and Clara and Raheenmore 
Bog in particular, are formulated. 

Mire systems differ hydrologically from mineral soil areas in a number of ways. These 
differences are caused by genesis and soil material. A distinguishing property of peat 
soils in a living mire is that their material is produced in situ and undergoes diagenesis -
or partial decay- under the influence of alternating drying and wetting and exposure to 
atmospheric oxygen, until eventually the material becomes permanently waterlogged. 
Then the speed of decay becomes extremely slow. Although mire soils are generally 
termed "organic soils", their main component is water. According to Ivanov (1981), the 
volume of water in undisturbed and saturated peat may be between 88 and 97%. 

Moore and Bellamy (1974) distinguished three hydrological stages of a mire: primary, 
secondary and tertiary mires. Primary mires are formed in waterlogged basins or de
pressions. Secondary mires do not depend on basins, but still are influenced by 
groundwater. Tertiary mires are those that develop "above the physical limits of the 
ground water", so they are in fact bogs. The authors also state that the water in tertiary 
mires is held by forces of capillarity, but as Ingram (1982) argues and as can simply be 
checked in the field with a few piezometers, this is not true. Their three stages coincide 
approximately with the respective rheotrophic, transitional and ombrotrophic stages as 
distinguished and described by Hobbs (1986). 

Raised bogs are tertiary mires as defined by Moore and Bellamy (1974) and ombrotro
phic mires in the terminology as adopted by Hobbs (1986). They solely depend on pre
cipitation for their supply of water. Although their surface level lies above the phreatic 
level in the neighbouring area, the water table remains close to the surface. Bogs can 
only develop in a climate that causes the surface layer to remain wet enough to limit the 
decay of newly formed organic matter to a rate below that at which new material is pro
duced by the vegetation cover. In Europe, raised bogs generally occur north of a latitude 
of about 51-52° N. They also occur in mountainous regions at more southern latitudes, 
e.g. in the Alps and the Jura. Schneider and Schneider (1990) presented a zonation map, 
based on Kac (1971) and area totals of mires for different countries. 
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A raised bog surface can reach a height of several metres above its surroundings. A re
construction by Eggelsmann (1967) of 64 raised bog surfaces in Lower Saxony, based 
on topographic maps of around 1900 showed an average height of 5 m at an average 
diameter of 6 km. Granlund (1932) found a relationship between annual precipitation 
and bog size and the height of bog domes for some parts of Southern Sweden. Gran-
lunds results for Smaland showed an average height of the peat dome of 3 to 5 m at 
cross sections of 1 km and at an average annual precipitation sum of 500-600 mm to 
900-1000 mm, respectively. 

The view that raised bogs are solely precipitation fed is more than 175 years old. Dau 
(1821, cit. Overbeck, 1975) already showed to be aware of this in his book on bogs of 
Schleswig and Holstein. Besides this observation that raised bogs depend on precipita
tion, an interesting aspect of Dau's view was that he looked upon bogs as systems or 
even organisms. 

Undisturbed raised bogs are normally surrounded by a lagg. "Lagg" is Swedish for a 
zone where the runoff from the bog and mostly (subsurface) runoff from the surround
ing mineral area is collected and from which the water is further discharged. A lagg 
normally is extremely wet. Contrary to the vegetation on the bog, the lagg vegetation 
usually indicates minerotrophic conditions (the influence of dissolved mineral compo
nents in groundwater) because of the hydraulic contact with mineral strata. 

The most important characteristics that are typical for raised bogs and that distinguish 
them in a hydrological sense from areas with mineral soils are 

- the vertical oscillation of the surface resulting from wetting and drying 

- the small temporal fluctuation of the phreatic level 

- reduction of evapotranspiration that already occurs at shallow phreatic levels 

- large storage coefficients 

- a discharge behaviour that is characterised by large discharge peaks during and 
shortly after periods of precipitation and a quick recession to a fraction of the peak 
discharge, usually within one or two days 

- large surface subsidence occurring after drainage 

A discussion of these points, based on available literature, is given in the next sections. 

2.2. Seasonal oscillation of the surface level 

The surface level of bogs moves up and down with the seasons. In north-western 
Europe, the lowest levels normally occur at the end of the summer, the highest at the 
end of the winter or in early spring. A graph presented by Nilsson (1982) clearly shows 
the relationship of water level fluctuations and movement of the surface level in the bog 
Komosse in Smaland, southern Sweden. Uhden (1956) called the phenomenon Atmen 
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der Hochmoore, which probably was shortened later to Mooratmung, bog breathing. For 
an undisturbed raised bog Uhden reported a difference between highest and lowest lev
els of up to 0.07 m and mentioned a measured all time maximum in Niedersachsen of 
0.11m. 

Baden and Eggelsmann (1964) discussed data measured in 1956 and 1957 from both 
uncultivated and cultivated parts of Konigsmoor near Tostedt between Hamburg and 
Bremen. The difference between the highest and the lowest surface level in the unculti
vated peatland was 0.015 and 0.030 m in the two years, respectively. 50% of the move
ment in the uncultivated bog occurred in the upper 0.35 m. The differences in a drained 
part of Konigsmoor were 50-100% larger. 

Uhden (1967) presented data over 1955-1962 of the undisturbed part of another bog, the 
Esterweger Dose. However, probably as a result of drainage in adjacent parts of the bog, 
his fluctuation line of the bog surface level, even after correction for problems in the 
measuring equipment, contained a component of surface subsidence. After removal of 
this effect over 1955-1958, a fluctuation of some 4-5 cm can be derived with the highest 
surface levels around March and the lowest ones around August. Uhden's data of 1959 
and later seem unreliable because of the combined influence of the dry summer of 1959 
and the decreased size of the trial area. 

The available data from Uhden show that in years with wet summers the fluctuations 
tend to be smaller than in years with dry summers. This is easily understood as the bog 
surface reaches the same level in almost any winter, whilst the reversible subsidence in 
the summer depends on the precipitation deficit of that season. Under the climatic con
ditions of north-western Germany the fluctuations in undisturbed bogs do not normally 
exceed 10 cm. Nilsson's data for Komosse suggest slightly larger extremes for southern 
Sweden. In Irish Midland conditions such fluctuations may generally be smaller because 
of the difference in climatic conditions. Because the dry matter volume in the peat does 
not change, the volume involved in the fluctuation is the volume of water. Consequently 
a fluctuation of the surface level by a few cm means an equal change in water storage. 
This may not be a negligible amount in water balance studies. 

2.3. Fluctuation of the phreatic level 

In average years, raised bogs receive considerably more water from precipitation than 
they lose by evapotranspiration. At the same time, they have a precipitation deficit dur
ing at least a part of most summers. Nonetheless, the groundwater level in raised bogs 
fluctuates little compared to the level in mineral soils under similar climatic conditions. 

Sphagna, which usually are the most important producers of organic matter in raised 
bogs, only grow in situations with a mean phreatic level near or at the surface and small 
seasonal fluctuations. Ivanov (1981, p.13) mentions some values. Sphagnum magellani-
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cum has a mean depth of the water table below the moss surface of 5-25 cm; only 5. 
fuscum has larger values. The values for all other Sphagna in Ivanov's table are smaller. 

Balyasova (1974) analysed about 20 years of daily observations on eight raised bogs in 
the European part of the former USSR. For ridge-pool complexes with Sphagnum-
Eriophorum vegetations with some low pine and "subshrub" she derived probability 
levels of annual mean, maximum and minimum water levels and presented them in a 
graphical form. Table 2.1 shows values, derived from her graphs. 

Table 2.1. Probabilities of larger values of annual mean, maximum and minimum water levels in ridge-
pool complexes in raised bogs in the European part of the former USSR, derived from Balya
sova (1974). Values in m above average surface level. 

Probability 

Annual mean level 

Maximum level 

Minimum level 

0.05 

-0.04 

0.21 

-0.10 

0.20 

-0.07 

0.12 

-0.17 

0.50 

-0.11 

0.05 

-0.25 

0.80 

-0.16 

-0.01 

-0.30 

0.95 

-0.23 

-0.08 

-0.35 

Although annual mean, maximum and minimum levels with equal probability of ex-
ceedance do not necessarily occur in the same year, Table 2.1 suggests that on average 
the highest and lowest levels in a year differ by some 30 cm. This is much less than 
what usually would occur in a mineral soil with a groundwater table close to the surface. 

Baden and Eggelsmann (1964) presented data on phreatic levels, derived from daily 
measurements over 1951-58 in an uncultivated but superficially drained part of 
Konigsmoor. According to Eggelsmann (1963) the vegetation included Calluna vul
garis, Erica tetralix, Sphagnum recurvum, "Sphagnum rubra" (probably S. rubellum 
was meant), 5. imbricatum, S. fuscum, S. acutifolium and Eriophorum vaginatum, which 
indicates that the bog had not been disturbed to an extent that would have made the re
sults of the test incomparable to results from other undisturbed bogs. Again the differ
ence between mean annual highest and lowest level in the highest (least disturbed) part 
of the bog was about 30 cm, the mean highest level being just above the surface. The 
authors are not quite clear as to their definition of "surface level", but probably the bog 
surface around the observation wells was relatively flat. Most likely, the drains have 
caused an increase of the fluctuation of the groundwater levels, compared to a fully un
disturbed situation. 

Mott (1973, cit. Ingram, 1983) calculated residence times vs. depth of the phreatic level, 
based on data recorded at 6 hour intervals over 1970-72 at Dun Moss near Blairgowrie 
in Scotland. Here the levels fluctuated between 4 cm above and 26 cm below the "sur
face level", which in this case was the bottom level of the hollows. Again this means a 
difference of about 0.30 m, but now for observations over three years. Approximately 
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50% of the time the level in the centre of the bog was between 4 cm above and 3 cm 
below the surface. 

In a diagram of a peat profile in a small raised bog in Minnesota, Verry (1984) pre
sented some data based on 22 years (1961-1982) of continuous measurements with a 
groundwater level recorder. The difference between mean annual maximum and mean 
annual minimum water level in this diagram is about 25 cm. 

These data from literature show that in raised bogs the annual fluctuations of the water 
level are small: about 0.30 m or a little less between the mean highest and lowest levels 
relative to the surface. Seasonal oscillation of the surface level contributes to some ex
tent to this small fluctuation. However, this component is relatively small and as a result 
of delayed effects of fluctuations of the groundwater level the lowest surface levels do 
not necessarily coincide with the lowest water levels. In Europe it seems that the fluc
tuations have a tendency to decrease somewhat from east to west, possibly as a result of 
a more even distribution of precipitation over the seasons in Atlantic than in more con
tinental climates. The absence of trees on Atlantic raised bogs might contribute to this 
decrease. The results quoted have all been measured on the flatter parts of bogs. Along 
bog margins the fluctuations may be larger, resulting from drainage towards the lagg. 

2.4. Reduction of evapotranspiration at low phreatic levels 

Many authors claim that the small fluctuations of the water table in raised bogs are in 
part caused by the properties of Sphagna. If the groundwater level becomes too deep to 
ensure sufficient capillary rise, the evapotranspiration of Sphagna may reduce consid
erably. 

In a test with Sphagnum covered peat monoliths, however, Nichols and Brown (1980) 
found an increase of the evapotranspiration by more than 20% when the water table was 
lowered from the surface to 5 cm below it. The authors reported to have found no re
duced evapotranspiration when the phreatic level was lowered to 0.15 m. However, 
having given the monoliths 48 h to equilibrate they measured over periods of only 8 
hours in a growth chamber. It is therefore possible that the Sphagnum layer still con
tained sufficient water to reach potential evapotranspiration. The authors admit they 
probably would have found a reduction, had they lowered the phreatic level further than 
0.15 m. 

In a lysimeter test in the Engbertsdijksvenen in the Netherlands, Schouwenaars (1990) 
found that Sphagnum papillosum reduced its evapotranspiration by 20 to 40% when the 
phreatic level was lowered to more than 15 cm below the moss surface. 

For the raised bog Lammin Suo on the Karelian Isthmus, Romanov (1968b) concluded 
that the evapotranspiration in July and August mainly depends on precipitation. This 
indicates a reduction of evapotranspiration that can only have resulted from a lowered 
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phreatic level. Romanov also mentioned that in the same bog in average years the 

phreatic level does not fall below 24-30 cm under the surface, but that it may reach a 

depth of 55 cm or more in August of a dry year. Reportedly, bog fires could occur easily 

under such conditions, which indicates that potential evapotranspiration considerably 

exceeded the upward capillary flux. 

Romanov presented a graph of the evapotranspiration of hummocks of Sphagnum fus-

cum, a species that usually forms compact hummocks and is known for its ability to 

grow in situations with deeper groundwater levels than other Sphagna. It showed an 

abrupt decrease in evapotranspiration of about 25% when the water table dropped from 

46 to 50 cm below the moss surface. 

Boelter (1964) concluded that upward flow of water in undecomposed Sphagnum virtu

ally stops at a phreatic level of 20-30 cm below the surface. Sphagna lack stomata, a 

cuticle and an effective internal mechanism for water transport. 

The literature quoted above indicates that evapotranspiration of Sphagna is reduced at 

relatively shallow phreatic levels of up to 45 cm below the surface, depending on the 

species. 

Joosten (1993) described another mechanism that possibly leads to reduction of the 

evapotranspiration of a Sphagnum surface at "deep" phreatic levels. Because Sphagna 

hardly are able to regulate their water loss, the capitula dry out when capillary rise be

tween the moss plants does not bring up sufficient water to compensate for transpiration 

losses. The surface colour of the Sphagnum vegetation turns almost white, because the 

hyaline cells fill with air, a phenomenon that has also been described by Schouwenaars 

(1990) and Van der Molen (1992). According to both authors, this causes an increased 

albedo, resulting in an increased reflection of solar radiation and thus less available la

tent heat for evapotranspiration. In this way, the upper parts of the Sphagnum protect the 

lower parts from drying out. After rewetting, new shoots develop quickly below the 

dried layer and form a new green cover in 1-2 weeks (Schouwenaars, 1990). 

2.5. The storage coefficient 

Another mechanism that limits the fluctuation of the water table in a raised bog is the 

relatively large storage coefficient. The storage coefficient is defined by 

ds 
H = - r (2.1) 

d« 

where 

ft = storage coefficient [-] 

sw = specific storage [L], which is the volume of water stored per unit of area 
above a certain reference level 
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h = hydraulic head [L] (if a change in specific storage is directly related to a 
change in phreatic level, h is the phreatic level) 

The volume fraction taken up by water in slightly decomposed peat may be well above 
0.95, but only part of it can be removed by free drainage. 

Boelter (1964) measured water contents of some peat types at different suctions. Fig. 
2.1 was derived from his tabulated values. It shows moisture retention curves in the 
form of pF-curves of "undecomposed", "partially decomposed" and "decomposed" 
moss peat. From his description, Von Post humification values of roughly 1-2,5-6 and 
8-9 (Von Post, 1922) respectively can be estimated. 

The curve of "undecomposed" moss 
peat shows a loss of about half the 
water content at a suction of 10 cm 
(pF=l). The more decomposed peats 
hardly lost water at these low suc
tions. If a gradual increase of the wa
ter content with depth is taken into 
account, this indicates a value of// in 
the range of 0.2 to 0.4. 

Hay ward and Clymo (1982) presented 
profiles of the water content of col
umns of Sphagnum capillifolium and 
S. papillosum. In 5. capillifolium the 
volumetric water content at the sur

face reduced from near 1 to 0.15 when the water table was lowered from 0 to 9 cm be
low the surface and in S. papillosum to 0.25-0.30 when the water table was lowered 
from 0 to 8.5 cm. This indicates a storage coefficient // in the order of 0.35-0.45 in the 
upper 10 cm of Sphagnum. It also shows that differences in species could play a certain 
role. S. papillosum is a species that tends to form carpets rather than hummocks. S. cap
illifolium mostly occurs in hummocks with a more compact consistency. The data of 
Hayward and Clymo also show an increasing dry bulk density (g cm"3 of dry matter) 
with depth, indicating that the storage properties may change with depth in the sense 
that at equal suctions the lower material will retain more water than the upper. 

In a lysimeter test with Sphagnum papillosum in the bog remnant Engbertsdijksvenen in 
the Netherlands, Schouwenaars and Vink (1992) recorded water levels, which allowed 
them to calculate fi. They found //-values ranging from 0.17 to 0.34, depending on 
depth. The highest values were recorded in the upper 15 cm where the lowest degree of 
humification occurred. In bogs with a hummock and hollow pattern, the areal storage 
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Fig. 2.1. Water retention curves of peats in different states of 
decomposition (data from Boelter, 1964). 
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coefficient1 must be even higher as long as the hollows are filled with water. In a bog 
area with 30% of surface water, which is by no means exceptional, the results of 
Schouwenaars and Vink would yield areal //-values around 0.50-0.60. 

Ivanov (1981) presented graphs of depth versus storage coefficient for different bog 
microlandscapes2. All graphs show a strong decrease of ju with increasing depth. The fi-
values are very high (up to 0.8), which is at least in part caused by the definition of "sur
face level" Ivanov uses. It is an average surface level over the microlandscape. In a 
model study on the bog Turbenriet in the Swiss canton St. Gallen, Schneebeli (1991) 
applied values for fi ranging from 0.10 in strongly humified peat to 0.70 in slightly hu
mified peat, similar to those mentioned by Ivanov. 

Vorobiev (1963) presented stor-

0 50 age coefficients of the bog 
Lamminsuo, calculated from 
rainfall data of a recording rain 
gauge and groundwater level 
recorder data over 1953-54 and 
1960 and corrected for intercep
tion of rainfall by the vegeta
tion. A graph of his results is 
reproduced in Fig. 2.2. The cur
vature at small depths probably 
indicates the presence of surface 

Fig. 2.2. Storage coefficients fi as a function of depth in Lamminsuo with w a l e r -
fitted 2nd degree polynomial, (after Vorobiev, 1963). _ , . 

From the data in this section it 
can be concluded that in an intact raised bog n is in the range of 0.30 or higher. The 
areal ju in a raised bog decreases with a falling phreatic level as a result of the increase 
of the degree of decomposition (humification) with depth and the decrease of the area of 
surface water with a falling groundwater table. 
The shape of Mott's residence curves of Dun Moss, presented by Ingram (1983) and 
discussed before in this chapter can probably be explained by these mechanisms. 

0. 
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30 -
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30 0.10 0.20 0.30 0.40 0.. 

l/| 
I I 

1 The storage coefficient of a (mire) area of about a hectare or more 
2 A microlandscape, according to Ingram's translation of Ivanov (1981), is a distinguishable portion of 

the earth's surface and plant cover of about 1 hectare to 1 km2, in an area with uniform environmental 
conditions and vegetation structure. 
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2.6. Discharge behaviour 

Being systems with excess precipitation, raised bogs discharge water. The discharge 
includes both surface and subsurface runoff. Bogs also store water for a long time. This 
combination must have led to the common belief that raised bogs act as reservoirs that 
during dry periods gradually release the water that has been stored during wet times. 
This view has been controversial during a long time. According to Uhden (1951), it 
goes back to statements by Von Humboldt, that were repeated later by the geologist 
Hochstetter (1855, cited by Uhden, 1951). Liittig (1989) presented a review of the dis
cussion. 

Kautz (1906, cit. Uhden, 1967) observed that raised bogs in the Harz release excess 
water almost instantaneously and that streams that were fed by bogs were filled with 
water during and immediately after a period of rain, but dried up within a few days after 
the rain had ceased. Uhden also described a trial, conducted in 1950-1962 in the bog 
Esterweger Dose near Papenburg in NW Germany. Daily discharges from a drained and 
cultivated bog and from a virgin bog area were recorded simultaneously during 1955-
1961. The size of the drained area was 65 ha. The size of the virgin part decreased from 
70 ha in the beginning to 22 ha at the end of the trial. The virgin bog showed a faster 
recession of the discharge than the drained bog. However, winter peak discharges in the 
cultivated part were generally higher than in the virgin bog. This is not in agreement 
with the hypothesis Uhden tried to prove. Summer peaks, however, often showed the 
opposite with the largest values usually occurring in the virgin part. This difference is 
probably caused by the conditions in the trial area: 

- The saturated hydraulic conductivity k of the top peat layer in the cultivated area was 

an order of magnitude smaller than in the virgin part (k about 0.2 versus 1.9 m d"1). 

- At 0.60-0.70 m and deeper below the surface the hydraulic conductivity in the 
drained area was less than 0.005 md"1, so substantial groundwater flow was practi
cally confined to the upper 50 cm. 

- The phreatic levels in the cultivated part were shallow and varied from 0.16 to 0.44 
m below the surface. 

- Drain distances in the cultivated part were about 13 m. 

Applying a drain spacing equation like Hooghoudt's to the above situation would yield 
the specific discharge that occurs when the phreatic level touches the surface. When this 
situation is reached, surface runoff starts (assuming a sufficient infiltration capacity of 
the soil to prevent surface runoff before the event), which may cause sharp and high 
discharge peaks. 

Hooghoudt's (steady state) drain spacing equation reads as follows: 
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v=8*1Pe(ftn-ft,,) + 4fc2()im-ftd)
2
 ( 2 2 ) 

where 
v = specific discharge [LT1] 
k\ = saturated hydraulic conductivity below the drain level [LT"1] 
fe = saturated hydraulic conductivity above the drain level [LT1] 
Dt = Hooghoudt's "equivalent layer thickness" [L] (cf. e.g. Van derMolen and 

Wesseling, 1989) 
hm = the phreatic level halfway between the drains [L] 
hi = the water level in the drains [L] 
L = the distance between the (parallel) drains [L] 

When drain levels of 50 cm below the surface are assumed in the situation as described 
above, Eq. (2.2) yields groundwater levels at the surface at a specific discharge of only 
1-2 mm d"1. 

In the climate of NW Germany, where the long term mean precipitation excess is al
ready half this value, such specific discharges must occur several times in almost any 
winter. This means that surface runoff must have occurred frequently in the situation 
described. The almost unimpeded outflow via the open drains explains the large peak 
discharges from the drained area in the winter. In the summer the unsaturated top layer 
forms a reservoir that has a reverse effect on the discharge behaviour. 

Nicholson et al. (1989) found similar effects in Blacklaw Moss, a raised bog of 28 ha, 
about 45 km Southwest of Edinburgh. They compared the hydrological behaviour of a 
part of the bog during a few years before and after drainage was installed in 1962. Base-
flow depletion curves for both situations showed a considerably faster recession in the 
undrained than in the drained situation. The authors also mention that before drainage 
the outlet channel dried out for 16% of the time, but that outflow remained uninter
rupted after drainage. 

From an analysis of discharges of a number of catchments in Minnesota that contained 
raised bogs, Bay (1969) concluded that the bogs in his study had no regulating effect at 
all on discharge. 

Verry and Boelter (1975) concluded from data that were also used in Bay's study that 
undisturbed raised bogs cause a certain flattening of stormflow peaks, which, however, 
is due to the flat topography and size of the bog rather than to storage in the bog. This 
seems in agreement with Uhden's data of 1967. Their general conclusion is that "con
trary to popular belief neither groundwater fed mires nor raised bogs have a regulating 
effect on discharges. 

Verry et al. (1988) concluded from 27 years of discharge data that streamflow from a 
small raised bog (3.24 ha) in Minnesota responded to large storms in almost the same 
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