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PART 7: NATURE OF THE POTENTIAL DAMAGE TO THE SITE

1.

Much emphasis has been placed on the possible effects of SMD's development
proposals on the geese, either by disturbance, ’or long-term destruction of the
roosting area. However, far more significant is the fact that, if Phase I goes
ahead as planned, a major area of unpatterned Sphagnum 'flow' would be directly
destroyed. A significant part of the site's interest would be lost as a result,
whatever the wider hydrological effects. It is not sufficient to protect only the
large pools of the watershed bog, which are used for roosting and feeding by the
geese: the hybrid nature of the bog (Part 4) would be completely lost if Phase I
were to go ahead.

Any proposal which permits Phase I to go ahead will therefore mean the

destruction of one of the site's major features of nature conservation interest.

It is difficult to give a firm answer to the question of wider effects arising from
the long-term impact of drainage because much research is still required.
However, there is sufficient evidence available to indicate that there are good

grounds for concern. NCC has always made this clear in its submissions.

Fears about the long-term effects of drainage are based on much recent work,
particularly by the University of Dundee, together with NCC's own experience
with drainage on sites, and recently-translated evidence from Russia, where bog
hydrology is a well-established science.

(For a technical summary of drainage impacts, see Annex 1.)

Impact of drainage on peat bog systems

5.1 Water is the life's blood of a peat bog. However, the low hydraulic

conductivity of peat is generally considered to limit the effects of drainage.

5.2 While economically successful drainage of peat is indeed difficult, its
impact on the nature conservation interest of a site is probably far more
profound than is generally realised. Under normal circumstances, a bog

system consists of two layers:
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- a very thin (10-15cm) surface layer of highly-conductive, relatively
unhumified peat, capped by living vegetation, through which water can
move fairly rapidly. This layer has been described as the "active
layer" or "acrotelm". The lower limit of the acrotelm is defined as the

lowest point to which the water table naturally falls.

- the. remaining bulk of the peat deposit, which consists of a fully-
saturated peat matrix, through which water moves very slowly. This
layer is called the "catotelm", and is defined as the zone into which

the water table never falls.

If water is the life's blood of a bog, then the catotelm is the body's internal
structure, the internal organs which must never dry out. The acrotelm is
the skin, maintaining the body's internal moisture level and protecting it

from a harsh external environment.

Almost all drainage studies have been concerned with water table draw-
down into the catotelm, and tend to dismiss the impact on the acrotelm as
relatively unimportant. Yet the acrotelm contains most of the features of
nature conservation mterest - the vegetation, fauna, and surface patterns.
Ultimately, it is the overall effect of drainage on this layer which
determines the long-term impact of drainage on the nature conservation

interest of a site.

Drainage changes the normal pattern of water table behaviour, disrupting

the two layers and producing four types of response from the bog.
5.4.1 Shrinkage

When a drain cuts into the catotelm, the peat matrix is forced to give
up a proportion of its water,’causing the whole matrix to shrink. The
effect is not restricted to the immediate vicinity of the ditch, but is
actually related to the depth of peat. In raised mires, total shrinkages
of 25% original peat depth have been recorded. Total shrinkage can

thus significantly increase the effective dimensions of a ditch.
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Wastage

This is a more insidious, long-term problem, caused by oxygen
penetration of the normally-saturated catotelm. Whenever drainage
causes actual dehydration of the catotelm peat, the result is increased
decomposition of the peat. It is lost as carbon dioxide and water and

the effective size of the ditch is increased.

The scale of change possible through these two processes can be seen
at Wedholme Flow, Cumbria, where a 0.5m wide ditch dug before the
war now has an effective width of 220 metres (see Fig. 1 of Annex 1 to
this Part).

Ground water mound

The raised water table of ombrotrophic sites is derived from impeded
lateral flow. On this basis, it has been possible to construct a model
of the water mound which is described by the Dupuit-Forschheimer

Approximation - a semi-ellipse.

The model produces a different ellipse in differing climates.
Conversely, given a constant climate, the shape stays constant, but
the maximum height varies with diameter of the mire. The
implication of this for drainage or peat extraction is that a bog which
is artificially reduced in size may only stablize after it has undergone
an overall reduction in its height to achieve a new stable shape (seé
Fig. 2 of Annex). Cors Fochno, in Wales, is described by Slater (1976)

as having shrunk 5m following limited drainage on its western side.
Response of the acrotelm

The only significant effect of drainage in peat acknowledged by most
authors is "a more rapid removal of surface water". Figures quoted

suggest an average lowering of the water table by 5-10cm.

It is therefore illuminating to consider a statement by the leading

Russian bog hydrologist, K E Ivanov: "the maximum difference in mean
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long-term water levels which does not lead to a change in the quantity
or floristic composition of mire plant communities is very small. For

several varieties of moss cover it is less than 4-5cm".

The draw-down from drainage may not be significant for economic
exploitation but, at 5-10cm, appears sufficient to bring about floristic
cﬁange. The nature of such changes has been suggested by the work of
various authors, and clearly represents a loss of more aquatic., or low
ridge, communities. In other words the low-lying Sphagnum-rich
carpets, and the bog pools, are liable to be lost as a reaction to the

longer-term, indirect effects of drainage.

The significance of such a process for the Greenland White-front is that

both main food plants, Rhynchospora alba and Eriophorum angustifolium, are

characteristic of the 'hollow' zone (ie the first few centimetres below the
water table). This first aquatic zone (Al : Lindsay et. al. 1985) is one of
the most sensitive zones to a slight drying of the bog surface. Evidence
exists from a number of sources demonstrating the loss of this zone

following a change in the water table of only a few centimetres.

If a widespread, though slight, change in the water table were to occur
following extraction of Phase I, this may well be sufficient to remove the
Al zone from the bog patterns. A general bog vegetation would remain, but
it would not contain sufficient quantities of the main food plants for the

Greenland White-fronts because the plants' niche has been removed.

In addition, the current cyclic pattern of pool system usage by the geese
could be significantly limited, resulting in more intensive usage of the
unaffected areas. Whereas this past pattern of usage would have allowed a
recovery period, the present situation could result in increased quanotrophy

(nutrient enrichment by bird droppings) and physical disturbance.

A major cause for concern in relation to the proposed Phases I and II is that
of these two phases lie exactly within the main area of unpatterned raised
bog 'flow'." If the work were to go ahead, one of the main features of
interest on the site would have been lost. The ‘'intermediate' nature of
Duich Moss would be destroyed, leaving bnly the patterned blanket bog areas

free from direct damage.
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Impact of proposed development on Greenland White-fronted Goose

6.1

6.2

The main area of the Duich Moss used by the Greenland White-fronted
Geese is the central pool system. However, evidence from droppings and
feeding remains show that the geese range widely across the site at night

feeding on Eriophorum and Rhyncospora. Evidence of goose use has been

found in all three phases of the proposed peat development.

The probable effects of the development on the geese using the site -are two
fold.

6.2.1 There is a strong risk of desertion due to the scaring effect of works
on the bog eg linear drain patterns, banks of stacked peat, newly
exposed peat banks etc. These changes in topography are disturbing to
the geese and often enough to deter them from using an area as a
secure roost (Ruttledge & Ogilvie, 1979). Examples of sites which
have been deserted due to this mechanism are given in section 7 of the

Annex.

6.2.2 There is the long-term risk that the drainage associated with the
development will affect the vegetation and thus the feeding quality of

the site. The geese in particular extract Eriophorum angustifolium

and Rhyncospora alba from the very wettest flushes and Sphagnum

flows. It is precisely these communities that are most at risk from the

development.

6.3 In the long-term both these mechanisms can be expected either to result in

the desertion of the site by the geese or at least reduce its feeding potential
and quality. If this is the case, birds will return to the breeding grounds in
poorer condition, produce fewer young and the population will decline in the
long-term. It is this mechanism that has been identified (Ruttledge &
Ogilvie, 1979) as being responsible for the fall in numbers in Ireland from
the 1950s to the late 1970s as a consequence of the massive exploitation of
peatland habitats there (Reynolds, 1984; Ryan & Cross, 1984).
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"6.4 The potential loss of this site as a roost has to be placed in the context of

6.5

other available roost sites on Islay. Rapidly increasing afforestation on Islay
is currently greatly reducing the extent of upland bog and moorland habitat
on the island (Table 7.1). Current activities of forestry companies indicate
that this trend will continue. Within the areas afforested are several roosts,
which in themselves do not qualify for SSSI protection. Taken collectively
they are extremely important and birds will inevitably be displaced from
these sites. As such, the few major roosts on Islay, such as Duich Moss, can
be expected to increase in importance. There are insufficient alternative

roost sites to take geese displaced from Duich Moss as well.

It is known from both ringing recoveries (Greenland White-fronted Goose
Study, unpublished) and from evidence at other exploited peatland sites
(Ruttledge & Ogilvie, 1979) that Greenland White-fronted Geese do not
readily change roost sites. Desertions of important Irish sites have not been
associated with corresponding increases elsewhere. In the context of
peatland losses on Islay and elsewhere, of present ecological knowledge of
the Greenland Whitefronts (Fox et al., 1983) and of the history of past
population decline associated with peatland exploitation, the conservation

risks associated with the development of Duich Moss are considerable.
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Table7,1 Approximate breakdown of land-uses on Islay with particular respect to forestry. Areas in hectares.

Plant 0ld Recent FC FC Remain % current loss % of non-

Areas as Figure 2 Arable/ Coastal/ able existing plant appro current der of potentially agricultural

urban unplant  upland foresr.ry3 ing val appli potent plantable land technically
able! ss512 cation ially upland to unplancahle1
plant forestry6
able

1. RHINNS 2273 476 0 0 1635 320 0 2936 40.0% 8.8%

2. GORM 1781 1115 897 0 0 o 150 2988 4.8% 26.2%

3. RUBHA BHOLSA 2310 1152 442 0 1301 0 0 9528 12.0% 9.6%

4. BEINN BHEIGIER 7115 1395 1177 685 0 405 89 15905 6.9% 7.5%

5. 0A 834 358 0 0 206 218 250 2871 19.0% 9.1%

TOTAL 14313 4496 2516 685 3142 943 489 34228 13.1% 10.2%

'

1. Includes all inter-tidal and unplantable coasts as well as technically unplantable hill-ground.

25 Only includes those SSSI on upland areas subject to potential plantings, other SSSI included in arable/coastal headings as appropriate.

3. 0ld coniferous plantations, usually Forestry Commission pre-1970.

4. Recent plantings mainly since 1980.

5. Ground with Forestry Commission grant clearance but as yet not ploughed or planted.

6. These current loss estimates are bare minima due to the inaccuracy of the mapping method (which includes water-bodies), and the fact that
many large areas are on the point of sale to forestry interests and thus not included here. Immediate loss rates (plantings within 2 yrs)
are probably 30-40% greater than estimates presented here.

Total land surface area equals 60,812 ha.
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ANNEX 1

Hydrophysics of Drainage and Ecological Consequences on Ombrotrophic Mires

1.

Introduction

1.1

1.2

1'3

1.4

1.5

1.6

Peat formation is a product of waterlogging, although the source of water
may take a variety of forms. As a result, while peat itself may be an
extremely useful resource as a growing medium or a fuel, its water content
must usually be reduced before successful exploitation is possible. The first
phase of any development scheme involving a peatland system is therefore,
almost invariably, drainage. However, the extremely low hydraulic
conductivity of peat represents a major obstacle which must be overcome if
drainage is to be successful.

This phenomenon has been studied and described by a great many authors,
particularly in relation to drainage requirements for development, and in
general such studies have suggested that the effect of drainage from even
deep ditches is extremely localised. Significant effects on the water-table
are apparently restricted to a few metres either side of the ditch. i

Yet evidence does exist of more extensive, and profound, effects resulting
from drainage. - On occasion, the process appears to confound accepted
wisdom, producing major physical changes over a wide area. On other
occasions, more subtle but still significant changes in the vegetation
composition of a site appear attributable to drainage.

Citing those cases where changes have been marked, conservationists have

. argued that drainage is a serious ‘threat to bog systems. Developers’

meanwhile point to the difficulties they experience in draining even their
immediate area of working as clear evidence that drainage impacts are
extremely localised.

The arguments have raged back and forth, but in the absence of any model
which describes the underlying mechanisms of bog hydrology, the results
have tended to be inconclusive.

Over the last 4 years, however, a number of lines of research have gradually
come together to produce what appears to be a plausible model of bog
hydrology, one which offers a real hope of assessing the impact of drainage
in a rational framework.

Evidence for the localised effect of drainage

2.1

2.2

Boelter (1972) is a frequently-quoted author in relation to water-table draw-
down. After examining the effect of drainage on two bogs in Minnesota, he
concluded that water was removed more rapidly from surface (fibric) peat
layers, but the effect in lower (hemic) layers was restricted to 5m either
side of the ditch.

Burke (1961) found that water levels on study plots at Glenamoy were not
significantly lowered at a distance of more than 2m from 1lm - deep
ditches, largely irrespective of ditch spacing. Huikari (1968), on the other
hand, recognised a clear relationship between ditch spacing and water level
on Finnish mires. At strip widths of less than 40m, run-off caused by
ditching exceeded evaporation, while at 60m widths, the drainage influence
was entirely restricted to the upper 10cm.
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Many authors quote distances-of 1-5m as the measured limit of water table
draw-down in blanket mires and other peat systems. (Hudson and Robers,
1982; Jackson and Wright, 1979; Knight et. al., 1972; Boggie, 1972; Rutter,
1955).

Stewart (1980) provides a comprehensive review of moorland drainage, and
gives additional evidence of water table behaviour from his own
observations at Moor House, all of which confirms the limited extent of
measurable influence around a ditch in blanket mire.

Galvin (1976) regards surface drainage as "one of the most important
aspects of peatland ‘reclamation” because adequate surface drainage
eliminates water ponding and depression storage. Stewart and Lance (1983)
also present a review of the problem, and reach similar conclusions, stating
that:

"At typical drain-spacings of 15-35m, as much as 85-90% of the bog is
unaffected ..... Drains do carry water, but it is almost all surface water
which cannot enter the still-saturated peat mass".

With evidence such as this, developers have turned the handicap of low
permeability into a virtue when faced with opposition to their drainage
schemes from conservationists. By claiming that partial exploitation of a
site will leave the remainder unchanged, they are able to claim that the
effects of their operations will be restricted to a narrow zone immediately
around the workings.

Yet such claims are not always accurate in their prediction of events.
Fig. 1 shows two cross-sections of a ditch cut through part of a raised mire
some time before 1949. The gross changes alone, some 20-30 years after
the ditch was cut, now affect a 250m wide zone, although the original ditch
is thought to have been only 1-2m deep and 0.5m wide.

When exploitation comes into conflict with conservation, evidence of this

kind, suggesting that drainage impacts are not always limited merely to

localised effects, understandably fuel the fires of the conservation case. At

the same time, in the mind of a developer who has come to think of peat as

extremely resistant to drainage, such evidence is instead viewed with -
extreme scepticism.

This latter view is understandable because, in general, drainage
investigations have been carried out largely with an eye to development. "A
significant change" in the hydrology for a developer is one which rapidly
improves crop yield or makes extraction easier. Drainage effects which are
slow, or which may be more subtle than this, are of no interest to the
developer and therefore tend to be ignoréd, or go un-noticed. Until
recently, very little was known about the hydrology of natural bog systems,
or the interplay between hydrophysics and bog vegetation. Research effort
had tended to view bogs as exploitable ecosystems, rather than "a cause for
ecological wonder" (Verry, 1984).

3.  Hydrology in natural mire systems

3.1

Although early attempts to explain the "raised" nature of many
ombrotrophic mires relied on matric forces (capillary action), Ingram (1982)
has shown that capillary forces are far too weak to draw water up to the
heights typical of a raised mire system (up to 10m).
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Ingram (1982) concludes, therefore, that the raised nature of such mires is
instead a product of impeded lateral flow, rather than upward suction. The
accumulating peat mass allows only very slow loss of meteoric moisture
through lateral seepage, with the result that a "ground water mound”
develops.

Ingram (1982) also concludes that the character of this mound is usefully
described by a widely-used model in drainage engineering known as the
Dupuit-Forschheimer Approximation (D-FA), which produces a mound of
semi-ellipsoid shape.

In a given climate zone the D-FA suggests that a clear relationship exists
between the overall dimensions of the bog and the shape of the ground water
mound; the maximum height of the mound is a function of its diameter,
while the shape is determined by the climate (Granlund, 1932; Wickman,
1951; Ingram 1982; Ingram & Bragg, 1984). See Fig. 2 and Fig. 3.

The mound consists of two parts: a thin surface 'skin', and the underlying
body of peat. Romanov (1961) identified the presence of these two layers,
which give rise to dramatic changes in the hydraulic conductivity within a
short distance of the surface, as the main feature which separates
ombrotrophic mire hydrology from that of mineral soil systems.

He referred to the highly conductive surface layer as the "active layer" and
the lower layer as the "inactive" or "inert" layer.

Ivanov (1981) and Ingram (1982) develop this concept further, with Ingram

re-naming the upper layer the "acrotelm", and the lower layer the
"catotelm". : -

Catotelm and Acrotelm Dynamics

4.1

4.2

If water is the life's blood of a bog, then the catotelm is the body's internal
structure, the internal organs which must never dry out, while the acrotelm
is the skin, maintaining the body's internal moisture level and protecting it
from a harsh external environment.

Catotelm dynamics

4.2.1 The catotelm has been defined by Ingram & Bragg (1984) as a
permanently-saturated peat colloid into which the water table never
falls, even during extreme drought, whereas Verry (1984) argues that
the upper level of the catotelm does include the zone into which the
water table falls during the most severe drought periods.

4.2.2 Except under these extreme conditions, therefore, the entire catotelm
Peat remains waterlogged, thereby inhibiting the normal processes of
aerobic decomposition. While anaerobic decay does occur at a very
slow rate (Clymo, 1984), the microflora of the catotelm is rendered
largely inactive (Dickinson, 1983).

4.2.3 Catotelm peat therefore accumulates, and in doing so gives rise to the
ground water mound. This mound is kept fully saturated, even though
it may rise several metres above the mineral ground water table,
because the amount of rain soaking through the protective acrotelm
into the catotelm exceeds the rate of water loss from the site.
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Consequently a stable shape for any climate is one which limits water
loss from the peat body to a rate which can easily be re-charged by
rainfall. If for any reason the rate of seepage should begin to exceed
the rate of input, air would penetrate the catotelm and begin the
process of slumping and oxidative decay. If, for example, a drain were
cut into the catotelm, it would remove water at a more rapid rate
than normal, just as blood flows readily from a deep wound.

The catotelm is generally described as having a very low hydraulic
conductivity. The physical structure of the catotelm peat, under
pressure from the water and plant material above it, displays a more
amorphous and compacted nature than the rather loose, vertical
structures which permit rapid water flow in the acrotelm (Romanov,
1961).

Although the catotelm, unlike the acrotelm, is not capable of rapid
water exchange, it does have a storage capacity which can absorb and
release water over a period of weeks. A form of seasonal 'breathing'
has been recognised (Prytz, 1932) where the whole mound swells during
the winter months, then shrinks during the summer. Local anecdotal
evidence confirms this winter storage and expansion, where certain
landmarks were traditionally obscured by the dome of the bog in
winter (Fox 1984).

Acrotelm dynamics

4.3.1

4.3.2

4.3.3

4.3.4

The acrotelm is described as the zone of natural water table
fluctuation. The lower limit is defined as the lowest point of air
penetration under all but the worst drought conditions. The layer is
extremely thin, rarely more than 50cm, and sometimes less than 10cm.

Water movement in this layer is extremely rapid and can be described
accurately using Darcy's Law (i.e. a simple linear model).

There is a clear gradient in the hydraulic conductivity from the base
of the acrotelm to the surface. This appears to be, amongst other
things, a mechanism for preventing sheet surface flow, which would be
catastrophic for a genus lacking roots, such as Sphagnum (Ingram &
Bragg, 1984).

Despite its thinness, sometimes less than 1% of the total peat depth,
the significance of these few surface centimetres should not be
underestimated. The acrotelm plays several vital roles:

- it acts as a buffer, protecting and insulating the saturated
catotelm from the diurnal and seasonal fluctuations of the
climate;

- it represents the only part of the mire with a capacity for rapid
water storage; ’ :

- almost all the mire surface structure, such as hummocks, lawns,
hollows, even pools, lie within the acrotelm;

- the thin living layer of Sphagnum and the majority of other mire
species of interest to nature conservation are to be found in this
layer. : :
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4.4 Ingram & Bragg (1984) summarise the properties of the two layers,
describing the hydraulic conductivity of the acrotelm as highly variable, and
that of the catotelm as constant, but low.

4.5 While this is true for any one site, the catotelm displays an enormous range
of states between sites, from the super-saturated peat fluid of true quaking
mires to the extremely dense layer of highly-humified peat typical of
steeply-sloping blanket mire.

The condition of super-saturation, which can be assumed from historical
accounts of catastrophic 'bog-bursts' (Leland, 1535; Walker, 1772; Gorham,
1953), indicates a state of fluidity in the catotelm rarely encountered today.
A few sites have been recorded, from the north and west of Britain, which
still display the phenomenon of a 'quaking' catotelm.

The majority of mires in Britain today, particularly the blanket peats, are of
the highly-humified type. Although a certain proportion of these are the
products of natural processes, there is evidence to suggest that a large
proportion may now have a dense, humified catotelm as a result of man's
activities.

4.6 Many sites also appear to have lost their acrotelm because the living
Sphagnum layer has been destroyed by, for example, repeated burning.
Ingram (1983) terms these sites "haplotelmic” mires (i.e. mires with only one
layer), which are highly susceptible to sheet flow and consequent erosion of
the moribund catotelm peat.

Effect of drainage

"Intensive drainage and lowering of the average water table ... leads to the
disintegration of mire systems through the desiccation of their peat ... the main
thickness of the peat becomes extremely dehydrated, its temperature rises and
biological processes leading to the decomposition of organic material are
activated. Decomposition reinforced by the pressure of the peat's own weight
(which, after the lowering of the water table, is no longer suspended in water) and
by capillary tension, also resulting from the lowering of the water table, leads a
shrinkage of the whole peat deposit, a gradual increase in its mineral content and
the disappearance of its organic components.”

(Ivanov 1981)

5.1 Fig. 1 demonstrates many of Ivanov's points, the data coming from an actual
site, Wedholme Flow in Cumbria, NW England. At the same time the
profiles clearly show a tendency to re-establish a less extreme and stable
hydrological gradient around the ditch line. The super-organism which is an
ombrotrophic bog has a series of protective responses which, just as in all
living organisms, are designed to minimise the drift away from a
homeostatic system. In the same way that a body cut by a knife relies on
defensive reactions such as blood clotting and constriction of surrounding
vessels to reduce blood flow, so a bog cut by a drainage ditch can be shown

to demonstrate a set of 'injury' responses which reduce the likelihood of
catastrophic change, and offer an opportunity for recovery.

5.2 Catotelm responses to drainage

The main mechanisms operating in the case the of Wedholme Flow appear
to be slumping and wastage, both of which are catotelm responses.



o %

= \‘g

5.2.1 Slumping
5.2.1.1

5‘2. 1.2

5.2.1.3

5.2.1.4

5.2.1.5

5.2.1.6

5.2.1.7

5.2.1.8

53

Drainage, in cutting through the normally-protective
acrotelm, exposes the colloidal peat matrix of the
catotelm to a direct and unfamiliar hydraulic gradient.
The response of the catotelm to this is to give up water
from the colloid, thus increasing its bulk density and
slowing down the rate of further water loss.

The extent to which this is possible depends a great deal on
the original bulk density of the peat. A highly-humified

‘peat can only give up a little water, whereas unhumified

Sphagnum peat can give up a great deal of water before
colloidal forces make further loss difficult. Thus drainage
of a bog having a high nature conservation value is likely to
produce a far greater response than would a drier, much-
modified site.

The overall effect, however, is a lowering of the mire
surface as the peat becomes more compacted. The
'effective' width of the drain thus becomes: original width
of drain + width of subsidence zone.

Egglesmann (1972) quotes subsidence of up to 60% in the
acrotelm layer, with the effect decreasing at increasing
depth.

Both he and Prus-Chacinski (1962) make the point that
shrinkage occurs below the drain, as well as above. Total
shrinkage is therefore related not just to peat structure,
but to the total depth of the deposit. Egglesmann (1972)
gives the total shrinkage from a 1.5m ditch in 3.5m of peat
as 98cm. or 27% of the original depth.

Prus-Chakinski (1962) gives worked examples, which
largely agree with Egglesmann's figures, but he also
emphasises the importance of peat structure. From the
information he gives, it is possible to show the relationship
between peat depth, peat structure, and slumping (see Figs.
4 and 5).

Blanket peat will usually suffer less slumping than raised
mire peat because of its denser consistency (c.f. Fig. 4).
However, undisturbed areas of plateau or watershed mire
may consist of peat which is much less humified than is
generally now encountered, or recognised, for blanket
mire. Again, it is important to emphasise that a soft, wet
area of blanket mire, which is usually the type of interest
to nature conservation, has a much higher water content
than most blanket mire, and will therefore tend to show a
more dramatic response.

An example of the dramatic response possible from high
quality sites can be seen at Butterburn Flow, in Cumbria,
NW England. The bog is a blanket mire formed over
several watershed plateaux, linked by moderate slopes.
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The largest plateau has a peat depth of more than 4m, and
is extremely wet. In 1983 the Forestry Commission dug a
series of drains from the deep peat on the edge of the
plateau down to the bottom of the thin-peat marginal
slope.

The response has been not simply a great deal of surface
water removal, but the formation of several extremely
deep cracks (1-2m at least) in the peat, from which large
volumes of water pour forth even during dry periods. Some
of these cracks give the impression that large slabs of peat
might eventually slip down the hillside. NCC has recently
set up a monitoring gauge to determine whether the water
loss from these upwellings is having a shrinkage effect on
the general mire surface across the plateau.

In his report of hydrological findings carried out before the
ploughing  programme, the Forestry Commission's
hydrologist commented that the hydraulic conductivity of
the plateau area was very much higher than was usually
encountered in peat (Pyatt, 1983). This re-emphasises the
difference between sites where peat hydrology has
generally been studied, compared with the few sites of
nature conservation interest.

It is also worth noting that Pyatt (1983) used the auger-
hole method for estimating hydraulic conductivity (van
Beers 1979). This method in its basic form cannot be used
for estimating .the true hydraulic conductivity in natural
peat systems because it fails to take account of the
diplotelmic structure of the peat. (Ingram, pers. comm.).

Peat wastage

5.2.2‘1

5.2.2.2

5.2.2.3

Living Sphagnum, like 99% of all plant life, requires oxygen
to metabolise. However, below the living layer there is
only dead plant material which, if exposed to oxygen, is
readily decomposed to carbon dioxide and water.

Under normal circumstances, the undecomposed material
immediately beneath the living layer is repeatedly
saturated. This reduces the rate at which it can be
decomposed, and it is eventually absorbed into the
permanently-saturated catotelm before complete
breakdown occurs. In this zone decomposition virtually
ceases because, by definition, oxygen never penetrates the
catotelm.

Drainage allows oxygen to enter the catotelm through the
sides and bottom of the ditch. While slumping can slow
down the rate of water loss, the ditch faces continue to dry
out during dry phases. This is because, under such
conditions, water loss from evaporation exceeds the rate of
water supply from the peat matrix. Whenever this occurs,

Peat is lost through oxidation.
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5.2.2.4 The effect, of course, is not simply restricted to the ditch
sides. Throughout the zone of water table draw-down, the
same process takes place whenever the water table falls
into the catotelm, though particularly over areas which
lack a protective cover of Sphagnum.

5.2.2.5  Unlike slumping, the only apparent limit to wastage is the
point where the ditch reaches the mineral ground water
table. A little more peat vanishes every time the ditch
bottom dries out. The famous Holme Fen Post in
Cambridgeshire reveals that peat wastage in The Fens has
produced a fall in ground level of more than 4m in 100
years (Godwin, 1978).

5.2.2.6 In practice, what tends to happen is that the ditch sides
slowly bulge towards each other, water collects in
pockets, particularly when peat slabs fall into the ditch,
and Sphagnum begins to colonise these. Occasionally
Sphagnum will simply spread across bare peat surfaces.
With increased slumping together of the ditch sides, and
extensive colonisation by Sphagnum, the eventual result is
a choked ditch and the formation of an insulating layer - an
acrotelm - between the catotelm and the atmosphere.

5.2.2.7 Nonetheless, even if the ditch is recolonised, it will
continue to have two effects:

- any zone of slumping and wastage beyond the
original, now choked, ditch line will be a continued
threat to the water table;

- a completely recolonised ditch full of fresh Sphagnum
peat still represents a "sink" of highly conductive
material into which water can flow from the
surrounding bog.

Slumping and oxidation are therefore the main forces acting to
produce the profiles in Fig. 1. The result can clearly be extensive

. and dramatic, but it is important to recognise that their impact on

blanket mire will often be less pronounced. Braekke (1983) notes
subsidence of only 3-9cm in Norwegian blanket mire, pointing out
that the peat was already highly humified before it was drained. It
should be borne in mind, however, that the most important areas of
blanket mire for nature conservation tend to consist of deep peat
with a low level of humification, as discussed in Sect. 4.2.1.

Unfortunately, because the majority of sites selected for drainage
studies have been areas of highly-humified (in some cases severely
modified) bog with little evidence of a diplotelm structure, they can
give only a limited indication of drainage impacts on high quality bog.
Sites with low humification, a high water table and a rich Sphagnum
carpet could be expected to show the most dramatic response, but
few studies have included this type of site.
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5.2.5 Ground water mound

If total peat wastage is extensive, as at Wedholme, or if peat is to be
removed from the site, it is necessary to consider the effect of this
on the ground water mound.

5.2.5.1

5.2.5.2

5.2.5.3

5.2.5.4

5.2.5.5

5.2.5.6

5.2.5.7

5.2.5.8

As described in Section 3, the ground water mound
represents a type of water accumulation resulting from
impeded flow. The resulting mound is maintained in a
stable condition by recharge from precipitation. The
amount of precipitation determines the shape of the
ellipse, while the maximum height is proportional to the
size of the mire.

This implies that a mire which is reduced in size, perhaps
by peat cutting, will re-form a new ellipse with a maximum
height proportional to the reduced linear dimension. Such
a response is, in effect, demonstrated in Fig. 2, where it
can be seen that a relatively small encroachment into the
site may have a profound effect on the overall size and
height of the bog.

Evidence does exist from a site in Wales which confirms
that general surface lowering can form at least part of the
response to drainage. In 1916, Cors Fochno, near
Aberystwyth, was levelled in some detail (Yapp et. al.,
1916). The reference point used was a small knoll which
stood proud of the mire surface. .

In the early 1960s, deep drains were dug on the west side
of the bog. Not only have these resulted in extensive
slumping and wastage, but the little knoll is now 60cm
higher above the immediate mire surface than it was when
measured by Yapp.

Slater (1976) even suggests that the general surface of
Cors Fochno may have been lowered by as much as 4m.

Gorham (1953), quoting King (1685), points out what was
well known in King's time, that "Every red bog (raised bog)
has about it a deep marshy sloghy ground, which they call
the bounds of the bog, and which never fails to be worth
the draining.." King points out elsewhere that, by draining
the marginal area, the main part of the bog is also dried,
and its further growth hindered. In other words, a drainage
scheme on the margins was known to have an impact across
the whole bog.

Further evidence is presented in the Section devoted to the
acrotelm response (Sect. 4.3) of an overall response of Cors
Fochno to drainage.

The mechanism behind this phenomenon is not clear.
Equally, the extent to which such a process affects blanket
mire is not known, but it seems likely that blanket bog will
be subject to many of the same hydrophysical forces as
raised bog.
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5.3 Acrotelm responses to drainage

5.3.1

5.3.2

5.3.3

5.3.4

5.3.5

5.3.6

5.3.7

5‘3'8

5.3.9

So far, the effects described have been on the gross scale - the
response of the catotelm - and indeed this is where the majority of
work on drainage and mire hydrology has been concentrated.

But what of more subtle changes? The main interest to nature
conservation lies in the acrotelm. What happens in this zone, with its
vegetation and surface patterns, in response to drainage?

As described in Section 4, the acrotelm is a zone of high activity,
where the water table fluctuates rapidly. Recharge from
precipitation is rapid, and surface run-off can be nearly as rapid.
Draw-down also occurs through evapotranspiration. A typical
response is shown in Fig.6.

In a natural system, the surface gradient over much of the mire
expanse is relatively gentle. Although run-off may be quite rapid,
the gradient and frequency of recharge are sufficient to ensure a
fairly constant presence of the water table within a few centimetres
of the surface. A typical graph of residence time can be seen in
Fig. 7.

Rutter (1955) suggests that a ditch "probably drains the permeable
surface layers to a greater distance" (than the zone of draw-down in
the catotelm). Boelter's (1972) figures for water table draw-down,
quoted earlier, indicate that draw-down at more than 50m from a
ditch is 10cm.

Boelter (1972) states that ditching's major effect in a humified bog is
to increase the rate of water movement through the surface layers
during periods of high water, quickly lowering the water table to the
base of the acrotelm. Stewart and Lance (1983) state that drainage
merely hastens run-off from the surface layers.

This implies that the acrotelm may be rendered drier, for longer
period, over a wide area; i.e. the gradient of the steady fall in Fig. 6
is increased, thus lengthening the period for which the water table
lies in the lower zone of the acrotelm. The change in residence time
resulting from drainage can be seen in Fig. 8.

It is illuminating to—consider K. E. Ivanov's assertion that "The
maximum difference in mean long-term (water) levels which does not
lead to a change in the quantity or floristic composition of mire plant
communities is very small. For several varieties of moss cover it is
less than 4-5cm". (Ivanov 1981, p 199).

Ivanov recognises the subtle balance which controls the pattern of
vegetation on a mire, and demonstrates that the relationship between
"hollow" communities and "ridge" communities is directly related to
the hydraulic gradient. The gradient is balanced by the proportion of
ridge to hollow; an increasing hydraulic gradient induces an increase
in the ridge community at the expense of the hollows.
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Goode (1973) has demonstrated this phenomenon in terms of
pool/hollow width in relation to the mire gradient and Darcy's Law
(see Figure 9). A very shallow gradient produces wide pools, whereas
a steep gradient results in few, or no, pools.

Such variation in surface pattern plays a fundamental role in
determining the distribution of plants and animals on a site. Lindsay
et.al. (1983) and Lindsay et.al. (1985) have demonstrated the close
relationship which exists between species groups and the physical
patterns.

The physical nature of the surface undulations is so small (from high
hummock zone to pool zone is generally no more than 1m) and the
water table is such a stable phenomenon that conditions produce
fierce competition between plant species for living-space.

This competition results in the formation of several sharply-defined
and extremely narrow 'zones' (no more than 10cm in height) which lie
above or below the water table. Each zone has its own characteristic
range of vegetation associations which rely on the stability of the
system for their contunued survival (see Fig. 10).

The broad classification of niche type includes hummock, high ridge,
lawn, carpet, mud-bottom hollow and pool. The height range of each
niche, or zone, is only 10-20cm. An average lowering of the water
table by 10cm, therefore, can totally eliminate one of these zones.

Eigner and Schmatzler (1980) illustrate just such an effect in
response to drainage (see Figure 11). The lower, wetter zones of the
surface pattern are the first to go, and high ridge communities come
to dominate the vegetation. Thus species such as Sphagnum
pulchrum, S.cuspidatum and Drosera anglica are replaced by Calluna,
S.rubellum and Hypnum cupressiforme. Eventually, with continued
drainage even the high-ridge Sphagna became so desiccated, and
shaded by the dense dwarf-shrub, layer that the mire surface
becomes moribund.

Evidence from Cors Fochno, Dyfed, indicates that the type of
changes described above may have occurred there within living
memory. Lindsay Riggall and Burd (1985) have determined that one
of the quite distinctive niches found on wet, oceanic sites is the Zone
A2 'mud-bottom hollow'. In extremely oceanic mires, a typical
species of this zone is Rhynchospora fusca. The species is absolutely
restricted to this niche, or microtope. In recent years, certainly
since drainage, Rhynchospora fusca has vanished from the bog
surface of Cors Fochno, suggesting that this particular wet microtope
has been lost from the site. Interestingly, it has been re-discovered
on the site, but in the old flooded cuttings, which temporarily
produce a similar microtope. The somewhat anomalous distribution
of the damselfly Ceriagrion tenellum, which is now found on the site
only in ditches and flooded cuttings, may also be explained by this
process of surface change (Dr A.D. Fox pers.comm.).

The phenomenon of gradual transformation from hollow into ridge or
hummock was discussed in some detail during the early years of
peatland investigation. Godwin and Conway (1938), and subsequently
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Tansley (1939), took Osvald's 'regenerationcomplex’ (1932) to mean a
cyclic sequence of growth and decay, with hummocks breaking down
to form hollows, and hollows building up to form hummocks.

5.3.15 In their description of Tregaron Bog (Cors Caron), Cardinganshire,
Godwin and Conway were able to identify a great many examples of
infilling hollows, but noted the infrequent occurrence of the reverse
process. Barber (1981) tests these early theories of cyclic
regeneration using detailed evidence from Bolton Fell Moss, Cumbria.
He concludes such a cycle does not exist, but that instead bog growth
occurs in phases, linked to climatic phases. During wet phases, the
proportion of hollows increases, while during dry phases the hollows
recede and 'ridge' communities predominate. He attributes Godwin
and Conway's repeated observations of infilling pools to a phase-shift
in the climate, inducing growth of ridge species at the expense of
hollows.

5.3.16 The evidence presented by Barber is convincing, very much laying to
rest the long-held (though undemonstrated) belief in regeneration
cycles in bog patterns. It therefore seems a shame to muddy waters
which have so recently become clear, but the possibility needs to be
considered (if only to be disproved) that Godwin and Conway's
frequently-observed invasion of hollows by ridge vegetation might
also be a result of drainage.

5.3.17 The three bogs at Cors Caron have all suffered marginal
encroachment, the great West Bog having been cut at its northern
and southern extremities. Workers who assisted Conway during his
-studies recalled a great many wide bog pools on the West Bog (Davis,
pers.comm.). These pools seem to have entirely vanished since the
1930s. Perhaps the climate phase shift has been sufficient to cause
their loss, but the site is known to have suffered Peat cutting along
its northern boundary until after the Second World War, and Barber's
Phase Theory does not indicate changes of such rapidity.

5.3.18 One can do no more than speculate until the Ground Water Mound
Hypothesis and Barber's Phasic Shifts have been studied in more
detail, preferably together as a composite model. In the meantime,
it is worth bearing in mind that infilling hollows almost certainly do
not indicate part of a 'regeneration’' cycle, but are instead a response
to increasingly dry conditions either as a result of drainage, or
changes in climate.

5.4 Surface Erosion

5.4.1 An additional fear in the case of 'patterned’ mires, which have a discrete
series of pools and ridges, is that the increased hydraulic gradient caused by
drainage effects might be enough to disrupt the delicate balance between
pools.

5.4.2 If the ridges start to break down, the pools (which to occur at different
levels like terraced paddy fields) will tend to feed into each other,
eventually forming a complex dendritic drainage pattern and an extensive
erosion complex.
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Just such a phenomenon can be seen on the eastern side of Butterburn Flow,
Cumbria, where a small drain has cut a small way into the plateau. The
entire plateau pool system is now beginning to form an extensive erosion
complex. While Stewart and Lance (1983) state that pools have been found
apparently intact in close proximity to drains, the response of Butterburn
Flow clearly demonstrates that such resilience cannot be relied upon in all
cases.

Species responses to drainage

5.5.1

5.5.2

5.5.3

5.5.4

5.5.5

5.5.6

5.5.7

This aspect has already been discussed to some extent in the previous
section, but some authors have considered a variety of individual species
responses, particularly for blanket peat.

Stewart (1980) gives perhaps the most comprehensive review of vegetation
effects, but the species discussed are for the most part not typical of wet,
undisturbed blanket mire, or else are those found only in the higher levels
of the pattern - e.g. Vaccinium myrtillus, V.vitis-idea, Calluna vulgaris,
Empetrum nigrum. In other words, these species are all adapted to, and
typical of, dry peat rather than wet undrained peat.

They are species one would expect after drainage, but not before. Of far
more interest would be the responses of species such as Sphagnum
cuspidatum, S. magellanicum, S.papillosum, Andromeda polifolia,
Rhynchospora alba, Narthecium ossifragum and Drosera anglica.

The work of Lindsay, Riggall and Burd (1985) and Eigner & Schmatzler
(1980) suggests that the first response of the species to drainage is to
replace those adapted to the lower zones with species from higher zones in’
the microtopography (c.f. Sect. 5.3.12). Thus Sphagnum species might still
be present on the bog surface, but instead of Sphagnum pulchrum or
S.papillosum (typical of low T1 zone, near the water table), the Sphagnum
carpet is dominated by S.rubellum (typical of the higher T2 or T3 zone, some
10-20cm above the water table.

Unfortunately the vast majority of work on drainage effects has been
carried out on modified blanket mire where the peatland vegetation is
already in a moribund state. Examination of air photographs for Moor
House, or field survey, quickly reveals the extremely eroded and dry nature
of the ground. Only one small area of true Sphagnum-rich patterned mire
for Moor House is known, on a saddle at Bog End.

Stewart (1980) describes some of his study areas as being badly damaged,
quoting Conway's (1960) description of the ground at one site as "cheesy
peat”, and suggests that some of the areas under investigation did not
possess an acrotelm, i.e. the responses being studied were those of a
haplotelmic, moribund blanket mire.

This, in itself, is perfectly valid, as much Britain's blanket mire is now in a
moribund state. The purpose of Stewart's work was to evaluate the
agricultural benefits and environmental effects of moor-gripping. As the
areas mostly threatened by such activities tend to be drier, moribund peat,
and the changes required for agricultural improvement are of a gross nature,
the detailed, subtle changes to wet blanket mire were not a major
consideration. The danger lies in assuming that Stewart's conclusions also
apply in every case to undamaged, actively-growing blanket mire.
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Conclusions

6.1

6.2

6.3

6.4

6.5

Much of what has been presented here is merely a synthesis of recent
evidence linked to a tentative model of bog hydrology, rather than the
presentation of new facts. The pieces of evidence do suggest that, at least
on some occasions, bog drainage has had a significant impact on the nature
conservation interest of a site. The model provides a theoretical mechanism
by which such changes may come about.

On the other hand, there are some areas which appear to have undergone
relatively little change following drainage. Perhaps the 'injury response' of
certain mire systems is sufficiently effective to limit the  impact of
drainage to the immediate surroundings of the ditch.

Unfortunately the mechanisms of such resilience (if indeed it exists) are not
clearly understood. What factors determine how effective the 'injury
response’ will be in containing the impact of drainage? These have still to
be investigated.

Because evidence exists that drainage has sometimes had a serious impact
on bog systems, particularly on areas of high conservation value, the
conservationist must err on the side of caution. The Ground Water Mound
Hypothesis must be tested for its wider applicability, and the responses of
mire vegetation and surface pattern must be examined in detail, before it
will be possible to determine under- what circumstances, if any, drainage
could be considered a 'safe' activity within a bog system,

Until the mechanisms are better understood, there is enough existing
evidence to suggest that conservationists should, to be safe, look on
drainage of a high quality bog system as a doctor would a knife wound - a
hole which needs to be plugged as quickly as possible if the victim is to
survive.

Sum mary

7.1

To understand the implications for nature conservation of drainage on bog
systems, it is essential to recognise:

a) the mechanisms of the 'diplotelmic' (two layer: Ingram & Bragg, 1984)
system;

b) the difference in response to drainage of an unhumified, quaking
catotelm typical of a site having a high nature conservation value,
compared with the response shown by a site possessing a highly-
humified catotelm, or even a haplotelmic site (although it is these
latter types which have been used almost exclusively in drainage
impact studies);

c) that subtle changes are involved in the acrotelm response which may

be of no interest to a developer, but which are of profound
significance to the nature conservation interest.



r

62

REFERENCES

Barber, K.E. (1981). Peat Stratigraphy and Climate change. A.A. Balkema, Rotterdam.

Boelter, D.H. (1972). Water table drawdown around an open ditch in organic soils.
Journal of Hydrology, 15, 329-340.

Boggie, W. (1972). Effect of water-table height on root development of Pinus contorta

on deep peat in Scotland. Oikos, 23, 304-312.

Braekke, F.H. (1983). Water-table levels at different drainage intensities on deep peat
in northern Norway. Forest Ecology and Management, 5, 169-192.

Burke, W. (1961). Drainage investigation on bogland. The effect of drain spacing on
ground water-levels. Irish Journal of Agricultural Research, Dublin. 1, 31-34,

Clymo, R.S. (1984). The limits to peat bog growth. Phil. Trans. R. Soc. Lond. B, 303,

Conway, V.M. & Millar, A. (1960). The hydrology of small peat-covered catchments in
the northern Pennines. Journal of Institute of Water Engineers, 14, 415-424,

Dickinson, C.H. (1983). Micro-organisms in peatlands. In: A.J.P. Gore (Editor), Mires:
Swamp, Bog, Fen and Moor. (Ecosystems of the World 4A: 225-245). Elsevier,
Amsterdam.

Egglesmann, R. (1972). Physical effects of drainage in peat soils of the temperate zone
and their forecasting. International Symposium on the hydrology of marsh-ridden
areas. ’

Eigner, J. & Schmatzler, E. (1980). Bedeutung, Schutz und Regeneration von
Hochmooren. Greven.

Fox, A.D. (1984). Aspects of the hydrology of Cors Fochno NNR Ph.D. thesis. UCW
Aberystwyth.

Galvin, L.F. (1976). Reclamation and drainage of peatland. Farm and Food Research,

Godwin, H. (1978). Fenland: Tts Ancient Past and Uncertain Future. Cambridge
University Press.

Godwin, H. & Conway, V.M. (1939). The ecology of a raised bog near Tregaron,
Cardinganshire. J.Ecol. (27), 315-359,

Goode, D.A. (1973). The significance of physical hydrology in the morphological
classification of mires. Proc. Internat. Peat Society, Glasgow. "Classification of
peat and peatlands" September, 1973.

Gorham, E. (1953). Some early ideas concerning the nature, origin and development of
peatlands. Journal of Ecology, 41, 257-274.

Granlund, E. (1932). De svenska Logmossarnas geologi. Sver. Geol. Unders. Arsb., 26,
1-193.



63

Hudson, J.A. & Roberts, G. (1982). The effects of a tile drain on the soil moisture
content of peat. Journal of Agricultural Engineering Research, 27, 495-500.

Huikari, O. (1968). Effect of distance between drains on the water economy and
surface runoff of Sphagnun bogs. Proc. 2nd Internat. Peat Congr., Leningrad,
1963, 739-742.

Ingram, H.A.P. (1982). Size and shape in raised mire ecosystems: a geophysical model.
Nature, 297 (5864), 300-303.

Ingram, H.A.P. (1983). Hydrology. In: A.J.P. Gore (Editor), Mires: Swamp, Bog, Fen
and Moor. (Ecosystems of the World 4A 67-158). Elsevier, Amsterdam.

Ingram, H.A.P. & Bragg, O.M. (1984). The diplotelmic mire: some hydrological
consequences reviewed. Proc. 7th Internat. Peat Congr., Dublin. I, 220-234.

Ivanov, K.E. (1981). Water movement in Mirelands. Academic Press, London.

Jackson, R.H., & Wright, C.A. (1979). A Study on the effect of drainage on moorland
vegetation. 20th Moor House Annual Report. p.9.

King, W. (1685). On the bogs and loughs in Ireland. Phil. Trans. 15, 948.

Knight, A.H., Boggie, R., & Shepherd, H. (1972). The effect of ground water level on
water movement in peat: a study using tritiated water. Journal of Applied
Ecology, 9, 633-641.

Leland, J. (1535-43). See Leland's Itinerary in England and Wales, ed. L.T. Smith, 1906~
10. London. .

Lindsay, R.A., Riggall, J. & Bignal, E.M. (1983). Ombrogenous mires in Islay and Mull.
Proc. Royal Soc. Edinb., (83b), 341-371.

Lindsay, R.A. Riggall, J. & Burd, F.M. (1985). The use of small-scale surface patterns
in the classification of British peatlands. Aquilo Ser. Bot. 21, 69-79.

Moore, P.D. (1977). Stratigraphy and pollen. analysis of Claish moss, N.W. Scotland:
significance for the origin of surface pools and forest history. Journal of Ecology,
65, 375-397.

Osvald, H. (1923). Die Vegetation des Hochmoores Komosse. Svensk. Vaxtsoc. Sallsk.
Handl. 1.

Prytz, K. (1932). Der Kreislaug des Wassers. Danmark Naturvidenskabelige, Samfund,
Copenhagen.

Prus-Chacinski, T.M. (1962). Shrinkage of peatlands due to drainage operations.
Journal of Institute of Water Engineers. 16, 436-448.

Pyatt, D.G. (1983). Report on visits to Butterburn Flow, Spadendam Forest. (Forestry
Commission internal report).

Romanov, V.V, (1961). Hydrophysicé of Bogs (N. Kaner, Trans.; Heimann; ed.). (1968).
Israel Program for Scientific Transactions, Jerusalem.

Rutter, A.J. (1955). The Composition of wet-heath vegetation in relation to the water-
table. Journal of Ecology, 43, 507-543.



|

=y

64

Slater, F.M. (1976). Contributions to the ecology of Borth Bog, Wales. II. Human
Influence. Proc. 5th Internat. Peat Congr., Poland. I, 174-182,

Stewart, A.J.A. (1980). The environmental impacts of moor gripping. CST Report 296,
NCC. .

Stewart, A.J.A. & Lance, A.N. (1983). Moor draining: a review of impacts of land use.
Journal of Environmental Management, 17, 81-99.

Tansley, A.G. (1939). The British Islands and their Vegegation. Cambridge University
Press. ,

Van Beers, W.F.J. (1979). The auger hole method. Int. Inst. Land Reclamation,
Netherlands. 22pp.

Verry, E.S. (1984). Microtopography and water table fluctuation in a Sphagnum mire.
Proc. 7th Internat. Peat Congr., Dublin. o, 11-31,

Walker, J. (1772). Account of the irruption of Solway Moss, on Dec. 16, 1772. Phil.
Trans. 62, 123. |

Wickman, F.E. (1951). The maximum height of raised bogs and a note on the motion of
water in soligenous mires. Geol. Foren. Stockh. Forh., 73: 413-422.

Yapp, R.H., Johns, D. & Jones, O.T. (1916). The Salt Marshes of the Dovey Estuary.
Part 1. Introductory. Journal of Ecology. 4 27-42.



