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ABSTRACT
Runoff production in blanket peat covered catchments
Joseph Holden
PhD Thesis, University of Durham, 2000.

Although blanket peat covers many major headwater areas in Britain, runoff production
within these upland catchments is poorly understood. This thesis examines runoff
production mechanisms within the blanket peat catchments of the Moor House National
Nature Reserve, North Pennines, UK. Catchments ranging from 11.4 km” down to the
hillslope and plot-scale are examined. Runoff from the monitored catchments was
flashy. Lag times are short and rainwater is efficiently transported via quickflow-
generating mechanisms such that flood peaks are high and low flows poorly maintained.
Hillslope and plot-scale runoff measurements show that the flashy catchment response
is the result of the dominance of overland tflow. Typically 80 % of runoft is produced as
overland flow. This occurs both on bare and vegetated surfaces. Most of the remaining
runoff is generated from the upper 10 cm of the peat, except where well-connected
macropore and pipe networks transfer flow through the lower layers. Below 10 cm
depth the blanket peat matrix fails to contribute any significant runoff. Thus most
groundwater-based models of peat hydrological process are not readily applicable to
these catchments.

Suggestions that infiltration-excess overland flow may be largely responsible for the
flashy regime of these upland catchments are not substantiated by the blanket peat
infiltration data presented in this thesis. Monitoring of hillslope runoff mechanisms
combined with rainfall simulation (at realistic intensities of 3-12 mm hr™") and tension-
infiltrometer experiments shows that saturation-excess mechanisms dominate the
response. Infiltration is relatively rapid in the upper peat layers until they become
saturated and overland flow begins. High water tables result in rapid saturation of the
peat mass such that even at low rainfall intensity runoff production is just as efficient as
during high intensity events.

While macropores have largely been ignored in blanket peat, results presented suggest
that up to 30 % of runoff may be generated through them. Occasionally these macropore
networks develop through the deeper peat such that runoff bypasses the matrix and runs
off at depth from small outlets and larger pipe networks. Seasonal variations in runoft-
generating processes can be exacerbated by drought which causes structural changes to
the near-surface of the peat. This was found to result in enhanced infiltration and
macropore flow which may encourage pipe network development.

Flow has been monitored simultancously from several natural pipes in a 0.4 km’
headwater catchment of the Tees. This catchment provides one of the few examples of
pipeflow monitoring outside the shallow peaty-podzols of mid-Wales. Natural pipes are
found throughout the soil profile and can be at depths of up to three metres. Ground
penetrating radar was useful in identifying deep subsurface piping and suggestions are
made for improvements to the application. The pipe networks were found to be complex
and results demonstrate that outlet location and size may bear little relation to the form
and depth of the pipe a short distance upslope. Pipes generally contribute less than 10 %
to catchment runoff but on the rising and falling hydrograph limbs can contribute over
30 % to streamflow. Pipeflow lag times are short suggesting that both the shallow and
deep pipes may be well connected to the surface. Thus while matrix runoff
contributions at depth within the peat may be low, macropore flow mechanisms can be
significant.
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CHAPTER 1
PUTTING BLANKET PEAT HYDROLOGY IN CONTEXT

1.1 Overview

For many centuries peatlands have been a source of fascination to naturalists and
scientists. However, most research has concentrated on the ecological and energy
resources of these regions. Peatlands are common in cold, wet climates, forming 34 %
of the land surface area of Finland and 18 % of Canada (Hobbs, 1986). The humid
climate and retentive soils of the British Isles make it suitable for wetland development
(Hughes and Heathwaite, 1995). There are now few areas of lowland Britain covered by
extensive peat deposits, with the exception of the Somerset Levels and the
Cambridgeshire Fens; drainage for agriculture and peat—cutting for fuel and horticulture
have reduced their extent. These lowland peats primarily provide sites of inundation for
floodwater rather than the source of runoff (Burt, 1995). However, in Britain most of
the peat deposits are in the uplands. Here it lies over many of the major watersheds,
modifying stream flow and erosion in the rivers originating there. Hence this peat is a
major hydrological and geomorphological influence. Nevertheless, there has been a
distinct lack of interest in hydrological processes on the blanket peats of the uplands and
the details surrounding the spatial and temporal production of runoff within upland peat

catchments remain relatively unknown.

Some 7.5 % of the total land surface of the British Isles (Britain and Ireland — 22 500
km?) is covered by blanket peat (Tallis et al., 1998). This represents the largest single
contribution of blanket peat (10 — 15 %) to a globally scarce resource — less than 3 % of
the world’s peatlands are blanket mires. Blanket peats occur on the gentle slopes of
upland plateaux, ridges and benches, and are primarily ombrogenous. That is, they are
hydrologically disconnected from the underlying mineral layer such that they receive all
of their water and nutrients in the form of precipitation. One of the largest areas of
peatland in Britain is represented by the blanket peat deposits of the Pennines where the
humidity is high enough to allow the spread of the mire over sloping terrain. The
blanket peat moorlands of the Pennines are used for many purposes. Reservoirs have
been built directly downstream of the moorlands and these upland areas are a major
source of water for public supply in the north of England. The moorlands also form an
important land resource for agriculture and recreation with tourists, bird-watchers and

hill-walkers amongst the list of people to cater for. Peat erosion is common in the



Pennines (Bower, 1961), prominent particularly in the southern Pennines (Conway,
1954; Anderson and Tallis, 1981). Some research seems to suggest that severe erosion
onset may have been within the last two hundred and fifty years (Tallis, 1964, 1985;
Labadz, 1988). Industrialisation and air pollution resulting in the demise of Sphagnum
moss carpets is one possible explanation (Tallis, 1965, 1985). Tallis (1997) also
suggests initiation of erosion may have occurred in the Medieval warm period (c. 1200
A.D.) due to desiccation. Blanket peat erosion can be very problematic for reservoir
management; infilling can be rapid due to high volumetric loads (Labadz, 1988; Labadz

etal., 1991).

Excess moisture is critical to the initiation, development, and maintenance of peatlands,
and they are very sensitive to changes in the supply of water (Heathwaite, 1995).
Change that occurs at the local scale can, in accumulation, have a global impact.
Drainage of peat for example can alter carbon sink-source relationships which can
increase atmospheric CO; (Roulet, 1990). Also the period of time following droughts
appears to be strongly correlated with the discolouration of water supplies from
peatlands (Mitchell and McDonald, 1992; Butcher et al., 1992); this is thought to be a
result of the release of humic and fulvic acids after desiccation, although the actual
mechanisms are still not fully understood (Pattinson et al., 1994). With future climate
change it may be that increasing problems not just of water quantity but of quality will

be presented to water managers in these areas.

In order to predict the consequences and extent of environmental change on blanket peat
ecosystems, whether the change is direct, such as drainage or restoration strategies, or
inadvertent, such as climate change or chemical deposition, an understanding of the
temporal and spatial variability of physical, chemical and biological processes is
required. The management of blanket peat catchments clearly requires an understanding
of the processes at work so that a holistic integrated management scheme can be
adopted which takes into account the variety of uses and changes likely to take place.
Clearly an understanding of the hydrology of blanket peat is an essential part of the
understanding of the evolution of British upland landscapes, peatland ecology, erosion

and water chemistries.



1.2 Scope and organisation of the thesis

This thesis is an attempt to shed light on the exact processes responsible for runoff
generation in blanket peat catchments. By doing so, it will also allow improved
understanding of some of the interlinked biological and geomorphological processes at
work within these important environmental systems. This thesis presents the results of a
field investigation conducted in the blanket peat headwaters of the River Tees in the
North Pennines. Essentially, there are three interlinked components of runoff generation
which merit investigation: flow over the peat surface, flow within the soil matrix and
flow within larger macropore networks. The understanding of the roles of these
components and the spatial and temporal linkages between them is central to developing
an improved understanding of runoff generation in much of the British uplands. This
thesis deals with these three elements through use of a mixture of field and laboratory
monitoring and experimentation in order to improve our understanding of runoff

generation in blanket peat.

The remainder of Chapter 1 will review processes involved in the production of runoff
and state the specific aims of the current research whilst the second chapter summarises
previous work on peat. Chapter 3 will discuss the study area and methodology for
research. In the fourth chapter, results from automated catchment, hillslope and plot
scale monitoring are combined with storm based mapping of runoff processes and
pathways in blanket peat. These data are used as a context for a series of rainfall
simulator experiments discussed in Chapter 5. These experiments allow infiltration and
near-surface flow processes to be examined in greater detail. The simulator experiments
were performed on field and laboratory peats and include examination of the effects of
drought on runoff production in blanket peat. Results from further field experiments
using infiltration measurement devices in Chapter 6 allow examination the relative roles
of pore size in governing runoff contribution in the infiltration process. These tests also
allow the roles of infiltration-excess and saturation-excess runoff generation
mechanisms to be assessed (see section 1.3 below). Larger connected pore networks
within blanket peat appear to be important runoff production pathways. Chapter 7
assesses the role of piping processes in a small subcatchment of the Tees whilst Chapter
8 explores a new application of ground penetrating radar in order to identify subsurface
natural pipe networks in blanket peat. Throughout the thesis the interlinkages between
surface and subsurface matrix and macropore processes are examined at different

temporal and spatial scales. Chapter 9 brings together many of findings of the thesis and



highlights the importance of improved understanding of peat hydrology for
management and geomorphology. It is hoped that by adopting a spatially and
temporally distributed approach to the basin hydrological system that some of the
unknown runoff production mechanisms in blanket peat catchments will begin to be
unravelled. Improved modelling and prediction of the effects of climate change on these

environments can then follow.

1.3 Runoff production processes

1.3.1 The spectrum of runoff processes

Various runoff pathways attenuate and delay flow to different extents and hence a
knowledge of the relevant mechanisms is important (Kirkby, 1985). It is now known
that hydrological processes on hillslopes range from infiltration-excess overland flow
and the more spatially-localised saturation-excess overland flow, through subsurface
flow involving macropores and pipes, to piston or displacement flow and groundwater
discharge. The dominance of these processes varies with climate, topography, soil
character, vegetation cover and land use, but may vary at one location (e.g. seasonally)
with soil antecedent moisture and with storm intensity and duration. The spectrum of
runoff processes is related to both the type and the intensity of denudation process and
to the resulting mode of hillslope and landform evolution. Therefore it is a necessary
pre-requisite to understand hillslope flow pathways before looking into other aspects of
hillslope denudation and water quality. On the other hand, water quality and sediment
characteristics are often used to identify spatial and temporal sequencing of runoff but
as yet the precise manner in which ‘old’ and ‘new’ water can be identified from flow

mechanisms has still not been clearly identified (Burt, 1989).

1.3.2 The historical lack of a process-based approach
Many drainage basin and wetland studies have adopted a water balance approach

(Equation 1.1):

P=Q+E +A(LRM,G,S) [1.1]

where P is precipitation, Q runoff, E evapotranspiration, [ interception, R surface
storage, M soil water storage, G groundwater storage and S is channel storage (Ward,
1975). Traditionally the functional school with its use of black-box techniques has

required little or no detailed knowledge regarding the relationships between the



components and interest is centred on the relationship between the inputs and outputs.
The problem with these approaches is that they hide the true complexities within the
system. The various processes of runoff act on different spatial and temporal scales such
that a ratio of inputs to outputs tells us little about why something happens in a drainage
basin. Yatsu (1966) noted that “geomorphologists have been trying to answer the what,
where and when of things, but they have seldom tried to ask how. And they have never
asked why. It is a great mystery why they have never asked why”. He repeated these
feelings 26 years later when he proposed that a dynamism still needed to be injected
into a geomorphology which had become more quantitative but with the wrong sort of
quantification - statistical relationships rather than physical ones (Yatsu, 1992). So it is
within this wider geomorphological context that the history and deficiencies of

hydrological research must be placed.

Until the 1970s, hydrologists took the view that the headwaters of a drainage basin were
nothing more than source areas for runoff (Burt, 1996). Concern was more with
engineering forecasts of floods or water resources and so hydrologists ignored the
physical characteristics of the headwaters and the exact processes responsible for
generating runoff. Although the focus on water-balance studies and functional black-
box methods has allowed an increase in quantitative knowledge of hydrology and
geomorphology many of the quantitative relationships that have been derived are
statistical and not physically-based. It 1s for this very reason that Yatsu (1992) accuses
Strahler (1952) of ‘crying wine and selling vinegar’. Hence, because of a lack of a
proper process-based approach, there still remains a fundamental inability to incorporate

many of the details of hydrological processes into models of runoff generation.

1.3.3 Dominant storm flow paths: Overland flow and subsurface flow

Horton’s (1933, 1945) theory of hillslope hydrology in which he assumed that the sole
source of flood runoff was excess water that was unable to infiltrate the soil dominated
hillslope hydrology for twenty years (Kirkby, 1985). In this theory infiitration divides
rainfall into two parts. One part goes via overland flow (OLF) to the stream channel as
surface runoff; the other goes initially into the soil and then through the groundwater
flow again to the stream or is lost by evaporation: The dominance of this theory meant
that research into subsurface flow mechanisms was neglected. However, despite
modifications such as the partial area concept by Betson (1964), who used the idea that

infiltration-excess OLF may only be generated from part of the basin, it became



apparent that Horton’s model was inappropriate in many locations (Burt, 1996). Where
permeable soils overlie impermeable bedrock, subsurface stormflow can account for
most of the flood runoff. When the soil profile becomes completely saturated,
saturation-excess OLF may also occur (Dunne, 1978). Both subsurface stormflow and
saturation-excess OLF can occur at much lower rainfall intensities than required to
generate infiltration-excess OLF. Furthermore the source areas for subsurface stormflow
and saturation-excess OLF will be limited in size and different in location from
infiltration-excess OLF. The source areas will also be variable in extent during a storm
event and over longer time periods (Hewlett, 1961). The variable source area model has
become the dominant concept in hillslope hydrology. Subsurface flow is now regarded
as the most important mechanism for generating storm runoff both because of its
influence on the generation of ‘return flow’, which is a component of saturation-excess
OLF (Dunne and Black, 1970a), and as an important process in its own right (Anderson
and Burt, 1977a, 1978b, 1990a, 1990b; Burt, 1986;). Although work on subsurface flow
is now dominant, Burt (1996) suggests that infiltration-excess OLF may not be as rare
as proponents of subsurface stormflow have suggested in the past (e.g. see, for example,
evidence in Burt et al., 1990). Where infiltration-excess OLF is the dominant producer

of storm runoff, overland flow may be generated across large areas of hillside.

1.3.3.1 Macropore flow

Subsurface storm flow may be generated either by Darcian flow through the soil matrix
or by non-Darcian flow through macropores or pipes. Most emphasis until recently has
been placed on micropore flow, but Beven and Germann (1982) note that macropores
have been the object of study for over 130 years and even Horton (1942) stated that
runoff may take place “through a thick matting of grass or mulch cover, through a layer
of plant roots close to the soil surface and under forest litter; or even, in some cases,

through a network of sun cracks in the soil surface”.

The choice of an effective size to delimit macropores is necessarily arbitrary and is
often related more to details of experimental technique than to considerations of flow
processes. Previous definitions have ranged from a capillary potential of > -10.0 kPa
(equivalent diameter >30 pm) (Marshall, 1959) to Brewer’s (1964) coarse macropores
with a diameter of 5000 um. Luxmoore et al. (1990) define macropores as having
minimum equivalent cylindrical diameter of 0.075 to 1 mm. Edwards et al (1988)

found that aerial coverage of directly observed macropores > 0.4 mm diameter averaged



1.4 % varying with tillage and Singh et al. (1991) found coverage of macropores > 1.6
mm diameter, as traced on transparent sheets, ranging from 3.5 % at 0.05 m depth to 0.5
% at 0.60 m depth, with no apparent difference due to tillage. However, knowing the
number, size and areal porosity of macropores may offer little insight into their role in
preferential water flow (McCoy et al., 1994). As Beven and Germann (1982) stress, size
alone is not a sufficient criterion for the definition of a macropore. They can promote
rapid, preferential transport of water and chemicals through the soil, not only due to
their size but also because they are connected and continuous over sufficient distances

to transcend agriculturally and environmentally important soil layers.

The presence of macropores close to the surface of the soil may be particularly
important in the process of infiltration of rainfall and solutes into the soil. Mosley
(1979), Beven and Germann (1982) and Kneale (1986) described the hydrological
effects of rapid infiltration down macropores. Kneale and White (1984) described
infiltration into a dry cracked clay-loam. Bypassing flow occurred down the cracks once
rainfall intensity exceeded the infiltration capacity of the soil. Coles and Trudgill (1985)
and Germann (1986) have identified important thresholds governing macropore flow.
Antecedent moisture appears to be important. One surprising element is the observation
of vertical movement of free water along continuous macropores through an unsaturated
soil matrix (e.g. Bouma et al., 1977; Smettem and Trudgill, 1983). This short-circuit
bypassing flow invalidates one of the basic tenants of soil water theory which suggests
that smaller pores fill before larger pores in any volume of soil. This tenant is
operationally defined by the soil water retention curve. Clearly, processes and

conditions for macropore flow are complicated.

The question of macropore connectivity in the downslope direction remains unresolved
(Burt, 1989, 1996). Studies such as Whipkey (1965), Pilgrim ef al. (1979) and Imeson et
al. (1984) demonstrate that macropores can generate rapid downslope runoff as well as
aiding infiltration. In other cases their downslope connectivity is not proven (e.g.

compare Pearce et al., 1986 with Mosley, 1979).

1.3.3.2 Soil piping

Soil piping is a much neglected process. Selby (1983), Bryan and Jones (1997) and
Jones (1997) have indicated the general lack of long-term pipeflow measurements from

a variety of catchments and climatic environments. Whilst pipes are not found



everywhere they are important in certain localities. Jones (1994) estimates that in
Britain three quarters of soil piping occurs in just two major soil groups, podzolic and
raw peat. Soil pipes clearly increase the transmissibility of a soil mass (Jones, 1971)
with high pipeflow velocities occurring relative to the surrounding matrix (e.g. McCaig,
1979). Average pipeflow velocities recorded in the field exceed overland flow by
almost an order of magnitude (Jones, 1987); Wilson (1977) reports velocities of up to 1
m s™'. Piping is commonly associated with soils containing marked reductions in vertical
permeability at some point in the soil profile and with horizons above that point which
have sufficient lateral permeability and hydraulic gradient to permit significant amounts
of throughflow (Jones, 1990; Jones, 1997). Soils likely to crack also encourage pipe
networks (Gilman and Newson, 1980; Jones, 1990).

Laboratory and mathematical studies suggest that soil pipes can contribute a significant
amount, and in some instances, the majority of subsurface stormflow (e.g. Nieber and
Warner, 1991; Sidle ef al., 1995). Most field information comes from the British Isles.
Those that have involved continuous monitoring of hydrographs have been
predominantly in shallow upland peaty soils and podzols and confirm that pipeflow is at
least as important a process as early unquantified speculations suggested (Jones, 1971,
1979). At Measnant, mid-Wales, pipes contributed 49 % to stream stormflow and 46 %
to baseflow (Jones and Crane, 1984). Most discharge reaches the stream through
perennially flowing pipe sections. Average pipeflow contributions give only a partial
impression of the role of pipeflow drainage. There are marked variations in pipeflow
from storm to storm, depending largely on the antecedent wetness of the basin and the
size of the storm. There are also marked spatial and temporal variations across the
hillslope both between and within the ephemeral and perennial pipe sections (Jones and
Crane, 1984; Jones, 1990). Evidence from the few other British catchments where
pipeflow has been examined generally supports the broad responses found at Maesnant,
particularly in terms of the sensitivity of pipeflow to soil moisture status and the non-
linearity of response (Wilson and Smart, 1984; McCaig, 1983). Uchida et al. (1999)
also note non-linearity of pipeflow response from an upland Japanese cambisol where
sediment movement within pipes caused variations in runoff due to frequent blockages

preventing flow.

Both between- and within-storm variations are found to occur in the dynamic

contributing area feeding soil pipes (Jones, 1979). At maximum discharges the pipe



network can extend the streamflow contributing area to more than 70 % of the Maesnant
catchment, linking sources on crests up to 750 m distant from the point of issue near the
stream bank (Jones, 1979). This substantially alters the general view of the nature of
dynamic contributing areas adjacent to the stream, expanding and contracting in
contiguous bands, and recognisable by wetland vegetation and/or concavity in hillslope
profiles in plant form (Jones, 1979; 1990). Jones (1994) suggests that pipeflow
responses are often similar to the response from other hillslope drainage processes.
Bonell ef al. (1984) showed, for a forested clay soil in Luxembourg, that pipeflow in the
saturated upper soil horizon was so rapid it could not be distinguished from saturation-

excess OLF.

1.3.4 Linking surface and subsurface flow

Lateral subsurface flow through the soil matrix will occur in any soil in which the
hydraulic conductivity declines with depth (Zaslavsky and Sinai, 1981). If both soil and
bedrock remain permeable at depth, however, then percolation remains vertical and
little lateral flow can occur; infiltrating water will serve only to recharge groundwater
storage and to provide baseflow. Subsurface flow can produce storm runoff in several
wayé; firstly by a large well-connected pipe network as in the Maesnant basin discussed
above (Jones and Crane, 1984); secondly if the hydraulic conductivity of the soil is
high, infiltration can lead to rapid recharge of the saturated zone at the base of the soil
profile; thirdly macropore flow can have the same effect. Soils close to saturation may
only require a small amount of infiltration to produce a large rise in the water table. If
the hydraulic conductivity is high then large amounts of subsurface runoff will be
produced as a result of a rapid rise in the water table. In addition, subsurface storm flow
may occur in the form of a delayed hydrograph peaking several days after the rainfall

input (Anderson and Burt, 1977a; Burt, 1996).

The variable source area model (Hewlett, 1961) is based on the assumption that water
moves downslope through the soil. Hence, the source areas for subsurface stormflow
and saturation-excess overland flow are the same (Burt and Arkell, 1986). Indeed it is
often difficult to separate the generation of subsurface stormflow from the production of
saturation-excess OLF. However, saturation-excess OLF will be a mixture of return
flow (‘old’ soil water) and direct runoff (water unable to infiltrate into saturated soil).
Hence solute and sediment loads may be very different from that generated by

infiltration-excess OLF alone. As will be discussed in Chapter 2, the relative roles of



infiltration-excess OLF and saturation-excess OLF are not well known for blanket peat;
hence important information on solutional and particulate denudation is lacking.
Maximum soil moisture levels will be reached at the foot of any slope (particularly
those concave in profile), in arcas of thin soil, and in hillslope hollows where
convergence of flow lines favours the accumulation of soil water (Kirkby and Chorley,
1967; Burt, 1986). The extent of the saturated area depends on soil wetness and hence
varies seasonally and during a storm. Where surface saturation occurs to any great
extent such as on wide valley bottoms, saturation-excess OLF will dominate the flow
response with higher peak discharges and lower lag times than are characteristic for
subsurface stormflow (Dunne, 1978). Where soils are fairly impermeable through much
of their profile, surface saturation may be extensive, with much more rainfall translated
into runoff. As can be seen in Chapter 2, this may be the case for blanket peat (Burt and

Gardiner, 1984).

1.4 Objective and aims of this research
The overall objective of this thesis is to provide greater understanding of the way the
variety of hillslope runoff processes, discussed above, operate within blanket peat

catchments. In particular the research aims:

1) To gain an improved knowledge of the spatial and temporal pattern of surface and
near-surface flow in blanket peat catchments, including determination of the extent
and pattern of OLF generation.

2) To make sufficient measurements of infiltration capacity in blanket peat so that the
extent to which infiltration-excess and saturation-excess OLF mechanisms operate
can be estimated.

3) To quantify the relative roles of the peat surface, the acrotelm and the catotelm (see
Chapter 2) in controlling runoff generation from blanket peat.

4) To gain an understanding of the importance of macropores in infiltration and runoff
generation in blanket peat.

5) To investigate the effect of drought on infiltration and runoff processes in blanket
peat.

6) To monitor pipeflow processes, their importance, and their interlinkages with other
flow processes and to investigate an alternative, non-destructive method of locating

subsurface soil pipes in peat.



The following chapter will outline previous work done on peatland hydrology, and
highlights why there is a need to know more about the runoff-generating mechanisms

within blanket peat catchments.



CHAPTER 2
PEAT HYDROLOGY: A REVIEW OF RESEARCH

2.1 Catchment-scale runoff production

Peatlands cover the headwaters of important river systems in many parts of the world,
but despite a history of scientific investigation stretching back fifty years, few studies
have reported on the spatial or temporal runoff characteristics of these areas. Their low
gradient and near-saturated state make it likely that saturation-excess overland flow
(OLF) will be produced. However, Burt et al. (1990) noted that where pool-hummock
complexes occur, surface runoff may be confined to pools alone, since the hummocks
may be well drained. In addition Burt et al. (1990) also noted that the infiltration
capacity of some peat surfaces may be low enough that infiltration-excess runoff will be
produced during high-intensity rainstorms. Thus both infiltration- and saturation-excess

models of storm runoff production need to be investigated.

The presence of peat greatly influences the hydrology of a catchment. Until recently,
peatlands were considered hydrologically important because they were believed to
attenuate floods and sustain baseflow in streams and rivers during periods of low
precipitation. Peatlands were seen as ‘sponges’ because of the high porosity of peat, an
idea originally attributed to Humboldt (Ingram, 1983). Most field research has been
conducted in small catchments. Of the early studies in blanket peat that of Conway and
Millar (1960) is the most notable. They reported results from four small moorland
catchments; two had natural drainage channels, and two had artificial networks of
moorland grips. The grips are ditches typically 40 cm deep, 45 cm wide and spaced at
15 m contoured intervals. They concluded that artificial drainage of peat moorlands
gave an increased sensitivity of runoff response to storm rainfall with peak flows both
higher and earlier. Indeed lag times were often within 20 to 30 minutes. They
demonstrated that runoff production in peat is extremely rapid especially where
hillslobes had a dense gully network, had been burned or were gripped. In contrast
relatively uneroded subcatchments exhibited a smoother storm hydrograph with greater
lag times and the water balance calculations suggested that uneroded hillslopes could
retain significantly more water than drained, eroded or burnt basins. Paradoxically this
may have revived the traditional ‘aquifer’ view of blanket peat catchments. Indeed in an
earlier draft of their 1960 paper found in the Moor House Reports, Conway and Millar

note:
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“During dry summers the peat surfaces exposed in the erosion channels appear dusty
and loose, and there may be extremely little or no flow of water in the channels. On the
other hand where the peat blanket is intact water flow from its margins continues

steadily if not copiously throughout prolonged dry spells”

The results of Conway and Millar (1960) from Moor House National Nature Reserve
(NNR) seemed at first ‘indisputable’ according to Robinson (1985) but soon afterwards
a number of overseas studies found that drainage of peat soils reduced the peak flow
response (e.g. Baden and Egglesmann, 1970; Burke, 1975a, 1975b, Egglesmann, 1975).
The more flashy response shown by Conway and Millar (1960) and Robinson (1985)
may be related to the much greater density of channels provided by the open ditches.
This yields a large quantity of channel precipitation which is rapidly evacuated from the
system (Burt et al., 1990). Huikari (1963) suggested that 30 m was a critical spacing
dimension for gripping. During high rainfall, ditches closer than 30 m could receive 4
times as much runoff at one time than ditches spaced at 100 m. Storage changes as a
result of drainage present conflicting evidence. Burke (1975a, 1975b), for example,
examined a drained and an undrained catchment at Glenamoy, Ireland. Here runoff data
for February to December 1968 inclusive were presented. Based on Burke’s figures
runoff:rainfall ratios from the undrained catchment were only 23.4 % compared to 79.2
% from the drained catchment. This is a remarkable difference and demonstrates the
importance of enhanced understanding of the effect of land management practices on
the hydrology of peatlands. Moklyak et al. (1975) present evidence contrary to that of
Burke (1975a, 1975b) to show that drainage can reduce total runoff from peatlands. Out
of five catchments investigated, three had reduced annual runoff following drainage,
one had an increase and one had no change. There was inconclusive evidence for any
explanations for these phenomena. Baden and Egglesman (1974) also present data to
show that, at least in the short to medium term, drainage for forestry and agriculture
increases temporary water storage capacity in mires and thus enhances their power to
regulate stream flow. Recent work on Cuilcagh Mountain, Ireland, has shown that
runoff increased by around 11 % following peat extraction upslope (Gunn and Walker,
2000). The extra discharge came from winter low flows and was linked to vegetation
destruction. With more OLF on bare peat and a dense drain network storm hydrographs

were peakier and higher from the cutover catchment. Ditch blocking reduced the flashy
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nature of the flow from open ditches and produced a response similar to that of

undisturbed bog.

Institute of Hydrology (1972) assess the work of Conway and Millar (1960), Hill
Farming Research Organisation (1964) and work by the Agricultural Institute on
blanket peat in Ireland where drained and undrained plots were being observed (Anon,

1965). In a remarkable ecologically-unfriendly statement they conclude against Conway

and Millar that:

“...in the short term, a drained upland or lowland peat may be a better ‘sponge’ than
an intact mire surface. All long-term planning of peat covered catchments must take

into account whether it is better to have bare bedrock or an undrained mire.”

One of the four small catchments on which Conway and Millar (1960) based many of
their conclusions was partly gripped and partly eroded. The area had also suffered
severe burning in 1950 and was subsequently named ‘Burnt Hill’. Thus Burmnt Hill had
three facets of response which were amalgamated into one by the use of a single V-
notch weir. The two separate dissected sections of this hillslope have never been gauged
and recovery since severe burning never tested. Conway and Millar (1960) state that
storage on Burnt Hill had been reduced to very low levels such that flows cease during
short summer dry spells whereas intact Sphagnum covered basins may store up to 15 cm
of rainfall, and flows do not cease from intact catchments. Robinson (1985) in his
reassessment of the Conway and Millar (1960) dataset suggests that burning reduced

low flows but ditching alone did not.

Although the Conway and Millar (1960) paper may have (accidentally) helped to
reinforce the traditional views of intact peatlands as aquifers, other studies have shown
that this traditional view is incorrect. Bay (1969; 1970) was one of the first to
demonstrate that streamflow from peatlands was very irregular. Runoff was measured
on four forested bog watersheds ranging from 24 to 130 acres in size in northern
Minnesota for 5 years. Spring runoff from the snow melt period of March to June
accounted for 66 % of total annual water yield and streamflow ceased on most of the
bogs during each summer. Storm analysis showed that 77 % of lag times were between
1 to 3.5 hours (Bay, 1969). The runoff was directly related to water level in the peat

deposits. Indeed Bay (1970) shows that runoff ceased at approximately the same water
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table elevation each year such that water above this height was available for runoff and
below this water was retained in the peat deposit. Like Bay (1969), Chapman (1965)
also demonstrated a close relationship between runoff and water table. Once water table
fell below 8 cm at Coom Rigg Moss, Northumberland, runoff rates were low. This
suggests that the bulk of the water movement in the peat system is fairly rapid flow

through the surface layer and that movement in the lower layers is at most very slow.

Studies in Germany have shown sharp runoff peaks and long periods without flow from
small, undeveloped raised bogs (Baden and Egglesmann, 1964; Vidal, 1960). Labadz
(1988) calculated the water balance for a small stream in the headwaters of Shiny
Brook, south Pennines. For the second half of 1984, baseflow accounted for 17.7 % of
incident precipitation and quickflow 39.6 %, giving a total of 57.3 % of rainfall input
being accounted for by stream runoff. Such storm efficiencies were also seen in 1985
and these compare with usual figures for rural catchments of under 5 % of the
precipitation returned as quickflow (Burt et al., 1990). The Shiny Brook flow record
(Labadz, 1988) is characterised by long periods with little or no stream flow, punctuated
by short events with very high runoff. There is little evidence of any delayed flow,
indicating that subsurface flow of water through the peat matrix is unlikely to be a
major source of runoff. Crisp (1966) calculated that about 80 % of input rainfall on the
0.83 km’ Rough Sike catchment on the Moor House NNR emerged as stream runoff,
This work also demonstrated the importance of fluvial erosion in the degradation of
blanket peats at Moor House. Consideration of the erosional system is therefore strongly

linked with the hydrology of the blanket peat (Burt et al., 2000).

Few of the early studies of blanket peat hydrology have given much consideration to the
hydrological processes generating storm runoff. Given the lack of sophisticated
monitoring equipment, the drainage basin has been viewed as a simple input-output
system with little understanding of internal process mechanisms being sought (Burt et
al., 1997). Burt and Gardiner (1984) measured flow processes in the Shiny Brook
catchment, south Pennines and showed that surface runoff processes dominate.
Observations of OLF, infiltration rates and soil moisture status all suggested that surface
runoff would be produced even during small storms. Hydrograph analysis suggested
that storm rainfall rather than antecedent conditions controlied storm runoff perhaps
indicating infiltration-excess OLF development. Furthermore clear spatial differences

could be found between eroded and uneroded blanket peat moorland areas with a
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relatively constant contributing area at the eroded subcatchment comprising peat flush
channels and bare peat zones. In the uneroded subcatchment, the source areas for
surface runoff appeared to be variable depending on how close the water table was to
the soil surface prior to the storm event. Evans et al. (1999) studied water table and
runoff data from the Trout Beck catchment, a tributary of the Tees at Moor House in the
North Pennines. It was found that catchment response was flashy, clearly related to
quickflow generating mechanisms dominating within the catchment. Water table
analysis suggested that saturation-excess rather than infiltration-excess OLF and near-
surface flow was dominant; rates of water table rise were rapid indicative of high
infiltration rates. Tomlinson (1980) at Brishie Bog, Scotland also finds that water table
rises almost immediately in response to rainfall indicating that infiltration rates are
relatively high such that OLF generation may be more likely to be saturation-excess
than infiltration-excess dominated. Evans et al. (1999) note that further detailed plot-
scale measurement of processes are required to elucidate more of the runoff generating
mechanisms in blanket peat catchments. Some of the results reported by Evans et al.
(1999) were collected as part of the research reported here. A more detailed set of

results is presented in Chapter 4 of this thesis.

2.2 Peat structure and hydraulic properties

Peat structure is dominated by the state of humification of the decaying vegetation
matter, controlling water content and movement. Humification is the decay which
occurs by biochemical oxidation of the plant matter. It takes place most rapidly in the
upper layers of peat where oxygen availability and relatively high temperatures allow
breakdown of cellulose in leaves and stems, but will occur slowly throughout the depth
of the peat. The most commonly used assessment of humification in peat is that of von
Post (1922) (see also Hobbs, 1986) where a small amount of peat is inspected and
manually squeezed to allow grading from H1 (no humification, clear water emerges) to
H10 (completely humified, peat and water inseparable). Important for peat hydrology is
the clear distinction between the upper, periodically aerated and partly living soil layer,
the acrotelm with low humification levels, and the lower, anaerobic, more humified,
permanently waterlogged lower layer, the catotelm (Romanov, 1968). Ingram’s (1978;
1983) definition of the acrotelm confines the water table to this soil layer. The acrotelm
contains the oscillating water table; possesses high hydraulic conductivity; shows a
variable water content; is subject to periodic air entry on de-watering following the

lowering of the water table; is rich in peat-forming aerobic bacteria and other micro-
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organisms; and has a live matrix of growing plant material. Ivanov (1981) noted that all
the relatively rapid processes of water and heat exchange are connected with the
acrotelm. In contrast, the main thickness of the peat deposit, containing peats at
different stage of decay (the catotelm) is inactive. The catotelm has a water content
invariable with time; possesses a negligibly small hydraulic conductivity; is not subject
to air entry; is devoid of peat-forming aerobic micro-organisms and is poor in microbes

in general (Ingram, 1983).

Hobbs (1986) noted that the acrotelm layer would appear to be of hydrological
significance as a result of its considerably greater hydraulic conductivity. Living
Sphagnum and other such unconsolidated material have higher rates of flow than areas
of decomposed or herbaceous peat (Boelter, 1964, 1965). Dasberg and Neuman (1977)
measured properties of peat in the Hula Basin, Israel. They note in line with Ingram
(1978) that the properties changed dramatically when peat becomes partially desaturated
and therefore one can distinguish between a permanently saturated layer below the zone
of water table fluctuations having relatively uniform characteristics and an overlying
partially desaturated layer, the properties of which vary with depth. In general their
results for hydraulic conductivites are comparable to those of herbaceous peats found by
Boelter (1965). Boelter and Verry (1977) related the runoff in the acrotelm to the
position of the water table. As it rises, it enters layers of progressively greater
permeability enabling water to runoff sideways at greater and greater rates. For most
peat soils the pattern is similar; the greatest contrast in permeability occurs between the
upper unhumified acrotelm regions and the catotelm. Whilst in highly porous media
hydraulic conductivity tends to be high, peats have low conductivity values despite their
porosities being high, typically between 60 and 90 % (Dasberg and Neuman, 1977). In
Rycroft’s (1971) seepage tube tests in the acrotelm of Dun Moss (Ingram et al., 1974;
Rycroft er al., 1975b; Bragg, 1982) the result of 3.1 x 10> cm s obtained for the
overgrown ditch was fairly typical of hydraulic conductivites in marginal situations
(Ingram, 1983). Romanov (1968), however, reported very much higher values in the
acrotelms of bogs in Russia. He quoted hydraulic conductivities in the range 10' to 10
cm s, decreasing with depth. Rycroft er al. (1975) extensively reviewed reported
hydraulic conductivity values from catotelmic peats. Values from blanket peats range
from 6 x 10* cm s at 1 m (Ingram, 1967) to 1.1 x 10™ cm s at 30 cm depth (Galvin
and Hanrahan, 1967). Values in other peats tend to be slightly higher (e.g. Dai and
Sparling, 1973; Neuman and Dasberg, 1977). In poorly decomposed fenland peats
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values as high as 5 x 10~ cm s™ have been reported (Romanov, 1968). There are several
factors that appear to affect the hydraulic conductivity including: the botanical
composition (Boelter, 1965; Bragg, 1982), degree of humification (Baden and
Egglesmann, 1963), bulk density (Boelter, 1969; Paivanen, 1963; 1969), the fibre
content (Farnham and Finney, 1965; Boelter, 1970), the porosity (Baden and
Egglesmann, 1963), and the surface loading (Wechmann, 1943; Hanrahan, 1954).
Further details on the compositional and structural properties of peats are discussed in

Clymo (1983), Hobbs (1986), Fuchsman (1986) and Egglesmann et al. (1993).

Hydraulic conductivity values often seem to depend on the technique used; laboratory
results often provide different results from field tests (e.g. Boelter, 1965; Rycroft,
1971). The difficulties of measuring in situ hydraulic conductivities on peat have not yet
been resolved. Nevertheless, it is clear that within the main peat mass the hydraulic
conductivity is generally very low, yet within the upper (acrotelmic) peat layers it may
be very high. Generally the acrotelm is thin as it is rare for the water table to fall as
much as 50 cm below the surface in peat-covered catchments (Burt et al., 1990). Hence
the thin acrotelm may determine that peat-covered catchments are poor suppliers of
baseflow during summer recession. Having only a limited capacity to store precipitation
inputs once the water table drops below the most permeable layers, throughflow
discharge could fall to a very low level as the hydraulic conductivity of the catotelm is
low (Burt, 1995). However, Baird et al. (1997) stated that it is dangerous to assume that
the catotelm cannot be an important a conveyor of subsurface water; because the
catotelm is much thicker, even with low hydraulic conductivities it may provide more
water over the longer term. Indeed most models of peatland hydrology are groundwater
based. Results presented in Chapters 4, 5 and 6 will show that these models are not

particularly well-suited to applications in blanket peat hydrology (see Chapter 9).

The movement of water is a controlling ecological factor (Ingram, 1991). Little work
has been done on the spatial nature of subsurface flow in wetland soils, or on the spatial
structuring of hydraulic properties; work in this area would prove useful for
groundwater flow model development for wetlands (Baird, 1995). Burt and Gardiner
(1984) provided flow nets for plots in the Shiny Brook catchment, south Pennines.
Generally hydraulic gradients are low except near the channel where the water table is
drawn down. Heathwaite (1987) mapped hydraulic potentials around drainage ditches

on the Somerset Levels using a network of piezometers. Again the hydraulic gradient
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was low except near the ditch. Having knowledge of the hydraulic gradient and
measured saturated hydraulic conductivity, she was able to estimate discharge of water

from the peat into the ditch.

The determination of hydraulic soil properties is well reviewed by Hendrickx (1990).
Classically, the empirical relation known as Darcy’s Law is used to model the
relationship between the specific discharge of water and the hydraulic conductivity:

. dd
Q=K.1.A01‘Q:K.gx—.A [2.1]

Where Q represents discharge, K, hydraulic conductivity, A, cross-sectional area, I,
piczometric head divided by unit length, x, and ® represents piezometric head. Head
recovery tests are often performed to obtain values of hydraulic conductivity where
either water is added to (slug injection) or removed from (slug withdrawal) piezometers
and the recovery to the original water level in the instrument is recorded. In less
humified bog peats these tests give results consistent with the behaviour expected from
incompressible or rigid soils (Rycroft et al,, 1975a). In humified bogs however,
numerous workers have reported apparently anomalous test results which seem to show
that hydraulic conductivity is dependent on the size of the head difference between the
piezometer and the surrounding peat soil. Some workers have attributed these properties
to non-Darcian flow processes within the peat (Rycroft et al., 1975a; Waine et al., 1985)
while Brown and Ingram (1988), Hemond et al. (1984) and Hemond and Goldman
(1985) have suggested that apparent non-Darcian water flow in certain peats can be
explained by the effects of matrix compression and swelling which cause variable water
storage within the peat. Baird and Gaftney (1994) applied the response time theory of
Brand and Premchitt (1982) for compressible soils and the rigid soil theory of Hvorslev
(1951) to a fenland peat. They showed that compression and swelling of the peat matrix
affect the course of head recovery in the piezometers used in the study. Brand and
Premcitt’s (1982) theory has been applied to blanket peats for the first time as part of

the present study and results are presented in Chapter 4.

2.3 Peat saturation and water table

The fact that peat behaves somewhat elastically may result in observed seasonal
movements of the ground surface (‘Mooratmung’ — e.g. Ingram, 1983; 1991). Price and
Schlotzhauer (1999) found that water table lowering in a mined peatland caused surface

subsidence which was shown to be partly due to shrinkage above the water table and
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partly due to compression of saturated peat. Hence storage changes can occur in
association with peat volume changes. Peat volume changes may increase water

limitations to plants when the water table drops below the surface.

Peat is typically 90 % water by mass. In view of this exceptionally high water content
peat is an extraordinary material (Hobbs, 1986). The water table is the level at which the
water pressure is equal to the atmospheric pressure and hence is the level at which water
will stand in a well that i1s hydraulically connected with the groundwater body (Gilman,
1994). Changes in mire water storage are reflected in changes in the position of the peat
water table throughout the year. Ingram (1983; 1991) and Hammond et al. (1990)
showed that the water table is a crucial control on the vegetational distribution of the
mire; both the height and fluctuations are important. In undrained peat the water table is
close to the surface most of the time. Tomlinson (1980) provided a description of
continuous water table records from Brishie Bog: Scotland. Here water table was within
10 cm of the surface most of the year, although individual transects showed variation
depending on their spatial position. Godwin (1931), Heikurainen (1963), Tomlinson
(1980) and Gilman (1994) all found that once the water table in a peatland falls below a
certain level, then further fall may be dominated by evapotranspiration. Ingram (1983)
provided an extensive review of peatland evaporation and stressed the significance of
interception losses in winter and a possible stomatal control during periods of declining
water table. The dominance of the diurnal pulsing of water table decline sequences once
below a critical depth (owing to the effect of evapotranspiration) provides evidence that
runoff production is dominant in the upper peat layers as the peat cannot drain freely at
depth. The flux of water is greatest during periods of high water table because the upper
layers have the greatest hydraulic conductivities (Waddington and Roulet, 1997).

2.4 Infiltration

The process of infiltration involves the passage of water through the surface of the soil
into the soil mass. Ingram (1983) in his extensive review of mire hydrology makes
almost no reference to the process of infiltration into the peat and little information
exists elsewhere. Gardiner (1983) and Labadz (1988) both attempted to measure
infiltration in blanket peat but comparison is difficult as they used different methods.
Gardiner used a ring infiltrometer on cotton grass and crowberry hummocks whilst
Labadz used a simple drip type rainfall simulator on bare peat and cotton grass. Table

2.1 indicates the findings from the two techniques. Gardiner suggests that infiltration-
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excess overland flow is likely to occur on cotton grass moorland since 13 % of hourly
rainfall totals exceed 2 mm hr', whereas the infiltration capacities are likely to be
exceeded rarely on crowberry areas. Burt and Gardiner (1984) found that crest-stage
tubes indicated that OLF is a frequent occurrence on the vegetated hillsiopes of an
uneroded catchment but that in an eroded and gullied catchment it is only frequent on
the peat flush channel and bare peat zones. In addition the lower water table and
interception by crowberry vegetation and litter layer in the eroded subcatchment will
help to restrict infiltration-excess runoff on the ridges. The implications of the
infiltration experiments are therefore confirmed by crest-stage tube data; there is a

dominance of surface runoff processes.

Peat infiltration rates are reported to be low and although surface detention storage may
be high with some surface pools present for most of the year, these are often highly
integrated so that surface runoff is quickly generated. Hence Burt ef al. (1990) claim
that the low infiltration-capacity of saturated peats means that peat catchments are
probably one of the few natural types that produce the traditional Hortonian infiltration-
excess OLF to any large extent. As blanket peat catchments are generally located in
headwater basins their importance may far outweigh their areal extent. Hence it may be
that Hortonian OLF is more important in contributing to runoff generation from British
upland catchments than hydrological research over the past 30 years may have

suggested.

Table 2.1 Mean infiltration capacity of blanket peat; data of Gardiner (1983) and
Labadz (1988)

Gardiner (1983) — single-ring constant-head infiltrometer — 20 measurements

10 Cotton Grass 10 Crowberry hummock

2.1 mm hr’ 28.7 mm hr’!

Labadz (1988) - rainfall simulation- intensities from 39 to 96 mm hr''on a total of 5
0.25 m” plots, short duration; 2 runs on each plot.

1 Cotton grass 4 Bare peat
No OLF produced 17.7 mm hr'
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For Labadz (1988) however, higher infiltration capacities were obtained on the one
vegetated plots studied, largely as a result of lateral flow through the upper few
centimetres of decomposing vegetation. It was clear that very shallow subsurface runoff
was occurring profusely. It is therefore difficult to say whether surface flow is more
often infiltration or saturation-excess dominated. Indeed the problem may lie with
differing interpretation of the peat ‘surface’. Both Gardiner (1983) and Labadz (1988)
used less than 10 measurements at each site. Tricker (1974) performed around 30 ring
infiltrometer measurements on a peaty Derbyshire moorland and found infiltration rates
ranging from 0 — 265 mm hr'. There is thus evidence for wide variability although not
all of Tricker’s (1974) measurements were made on raw blanket peat. There is clearly a
need for a much more detailed assessment of infiltration and surface runoff mechanisms

on blanket peat.

2.5 Macropore flow

There has been little work done on macropore flow in peatlands. Most of the research
carried out has been done on mined peat stockpiles for power stations in order to
determine the most productive water retention and rewetting characteristics. Holden and
Ward (1996) found that in some rewetted milled peat stores the water content at depth
in the profile was greater than near the surface suggesting a short-circuiting of water
flow through them. Some evidence came from ‘wet fingers’ that were observed in the
field (Holden and Ward, 1997). Further evidence came from Holden (1998) who
examined milled peat from the surface of a drained and air-dried bog. From core
samples outflow was similar to the spray rate and little water accumulated in the peat.

Bypassing flow paths appeared to form readily.

Discounting soil pipes, the only work done to the author’s knowledge on intact peat to
quantify macropore flow was that of Baird (1997) who used a tension infiltrometer to
assess the relative roles of matrix and macropore flow at the surface of a fenland peat.
Macropore flow appeared to dominate the flux and could play an important role in the
infiltration process. Baird (1997) only ran 17 tests on surface peats. No work has been
done on macropore flow in blanket peat and no work has been done to quantify

subsurface macropore flow in peats (except on pipes).

Macropore flow may be greater following dry weather due to cracking of the peat.

Desiccation and associated shrinkage can lead to cracking of the peat and associated
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changes in the hydraulic properties of the soils. There is a vast literature on the effects
of cracking on infiltration and the redistribution of water in non-wetland soils (see
Germann, 1990). Little information is available for wetland soils. Cracking has been
implicated in soil piping in blanket peats but few attempts have been made to measure

and analyse crack flow in peats (Jones, 1981).

2.6 Pipeflow

The importance of surface erosion has long been known, but during the 1960s and
1970s with more observations on the complexity of flow generation in drainage basins
and of the impact of subsurface flow on storm hydrographs (eg Whipkey, 1965; Hewlett
and Hibbert, 1967; Kirkby and Chorley, 1967; Ragan, 1968; Dunne and Black, 1970a),
increasing evidence for subsurface erosion features began to emerge (e.g. Berry, 1964;
Ward, 1966; Jones, 1971; Heede, 1971; Temple and Rapp, 1972; Baillie, 1975).
Increasing interest, particularly in subsurface flow and erosion processes and their
relationship to peat hydrology (eg Bower, 1961; Radley, 1962) and badland
geomorphology, resulted in the first extensive reviews of research on piping (Gilman

and Newson, 1980; Jones, 1981; Bryan and Yair, 1982).

Jones (1981) and Anderson and Burt (1982) noted the need for increased investigation
into soil piping. Since then a limited amount of field research has been pursued yielding
enhanced information on the role of piping in hillslope drainage, flood generation and
channel development. Nevertheless, as recently as 1997 Jones noted two major
problems bedevilling assessment of the role of piping. The first was the lack of
measurements; the second, the difficulty of finding and defining the networks. Unlike
macropores and small cracks, pipes are not present on all slopes or in all catchments. In
peats a change in surface vegetation may often indicate the presence of a pipe (Jones,
1991). Jones and Crane (1984) extensively mapped 4.4 km of pipes in a drainage area of
only 0.23 km® by dye tracing and ground survey. The peats studied were thin (of the
order of only 30-50 cm deep) and no work has been done to monitor pipeflow in deeper
blanket peat. Pipe locations were identified mainly by observation of collapse features,
of water jets emerging from pipes and the sound of flowing water (Jones, 1982). Often
destructive techniques must be used to investigate the pipes (Jones, 1981) and there

have been few other attempts to accurately locate and map subsurface piping.
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Apart from the Maesnant and Upper Wye studies, other work in Britain has been based
on point discharge samples rather than continuous records of storm hydrographs. Work
has also been based mainly in shallow peaty soils. Pipeflow may in some locations add
significantly to the subsurface contributions to storm flow (Jones and Crane, 1984).
Pipes can transfer water rapidly. Little is known about the interlinkages of pipeflow
with other flow processes, nor of the form and spatial density of many pipe networks. In
peat catchments pipes have been found at the interface between the peat and the
underlying mineral layer, and also solely within the peat itself usually where there is

rapid change in peat properties such as bulk density (Gilman and Newson, 1980).

The initiation of piping is discussed in detail by Jones (1981; 1990) although process
measurement has never been performed. Flow through desiccation, biotic and mass
movement cracks may enhance the macropores into pipe networks. Jones (1994)
demonstrates that the vast majority of catchments examined with piping in Britain are
south-facing suggesting that desiccation cracking may be very important in the
formation of piping. Gilman and Newson (1980) and McCaig (1983) find ‘thresholds’
of rainfall that occur before pipeflow occurs in peatland catchments. It is suggested that
this threshold corresponds to a real critical level above which saturated conditions in the
soil must rise before lateral drainage occurs in macropores and pipes. Gilman and
Newson (1980) suggest that in peat soils this level is related to the depth to which large
scale desiccation cracking occurs during dry summer months. Gilman and Newson
(1980) observed that vertical cracks in both the roof and floor of peat pipes were a
common feature in mid-Wales during the dry summer of 1976, and suggested that this
allowed more water to reach deeper levels and created permanent extensions of the pipe
networks when re-wetting took place. Bower (1959) observed ‘massive cracks’ during
dry periods in the Pennines which could gape as much as 6 cm at the surface and run
perpendicular to the peat face; ‘some cracks probably penetrate to a depth of as much as
5 ft’ (about 1.5 m). Furthermore the process of ‘boiling’ (Terzhagi and Peck, 1966) may
result from water emerging from a soil surface under pressure causing particles and
aggregates to become weightless and ‘boil away’. Pop-out failures on the sides of

previously developed pipes and macropores may also occur due to this process.

As noted in Chapter 1, most pipe discharge records come from British blanket peat.
Anderson and Burt (1982) present data from two types of pipe in the blanket peat of

Shiny Brook catchment. One represented a quickflow response closely mirroring the
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overland flow discharge peak, and the second with a response lagging two hours behind
the stream discharge. The first was a near-surface pipe and the second was at depth
within the peat mass. Gardiner’s (1983) study suggested that pipeflow provided an
insignificant amount of storm runoff at Shiny Brook except where very short near-
surface pipes (less than 1m depth) linked pools to the main stream channel. Burt et al.
(1990) noted that it may be that pipeflow is more important in shallow peats whereas in
deep blanket peats, pipeflow from the impermeable catotelm will necessarily be
restricted. However, this conclusion should be treated with caution as Gardiner (1983)
did not monitor the larger pipes in the catchment. This is not to deny that wide variation

may exist.

Pipes at Measnant range from 90 mm in diameter on the upper slopes to 240 mm at the
stream bank. Three broad categories of pipe flow can be identified in the pipes:
perennial, ephemeral and seasonal. Jones (1987) noted that there was a great variety of
hydrological response between one pipe and another even within a small area, hence
extrapolation is difficult. Piping complicates the descriptions of the nature and pattern
of dynamic source areas such that both topology and pedology are critical factors in
determining the distribution of quickflow in headwater catchments (McCaig, 1983).
Jones (1987) reports that piping doubles the dynamic contributing area in the upper
Maesnant, mainly through linking points well beyond the riparian zones of seepage to
the stream. Both discharge and sediment transport rates in the major pipes are closely
related to the size of shallow surface microtopographic hollows in which they lie, and
which themselves are largely created by piping erosion. Thus piping can play a large
role in landscape development (Jones, 1990). At Maesnant, pipe discharges are
frequently generated by contributing areas larger than the surface depressions and some

pipes run counter to the surface topography.

It is likely that there are several sources of pipeflow water. Overland flow can enter
collapse features where the pipe is open to the surface and water can also run down
cracks and root channels to enter the pipe network. This is seen at some pipe inlets at
Maesnant (Jones, 1982). Jones (1982) also claims that main ephemeral pipes also collect
both surface and subsurface drainage in shallow bowl-shaped collecting areas of around
5 ¢m at their heads. For perennial and seasonal pipes clearly the perennially saturated
source areas provide a key source. However, there is still much to be done in order to

understand the full range of processes operating around piped zones. Pipes receive
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water more quickly than would be expected from diffuse seepage through the upper
layers of peat (Jones, 1978; Gilman and Newson, 1980; Jones and Crane, 1984; Roberge
and Plamondon, 1987; Jones et al., 1991). It certainly does not seem that pipeflow is
restricted by, as Whipkey and Kirkby (1978) suggested, the long time it takes for
rainwater to infiltrate down as far as the level of pipes. Nevertheless Sklash et al. (1996)
using isotope analysis show that pipes may transmit predominantly ‘old’ water (water
from previous storms) and richer in deuterium during storm flow. This does not prove
slow delivery, however. It could be displaced water by the translatory or piston flow
mechanisms (Hewlett and Hibbert, 1967). Even so, in an adjacent catchment, Hyett
(1990) found strong chemical evidence that stormflow in the pipes is dominated by
fresh storm rainfall. Pipeflow can also lower the pH in surface waters by diverting

seepage away from mineral layers and reducing residence times (Jones, 1990).

Jones (1990) shows that piping can play an important role in landscape development in
some regions. Piping i1s involved with channel extension through roof collapse often
forming gullies (Higgins, 1990). The role of piping in land slips and bank failures in
peat is still poorly understood, even by the standards of piping research as a whole
(Jones, 1997). Although Jones (1975) describes observations from Northern Ireland
which suggest piped bogs are more stable and that piping may stabilise the peat by
preventing excessive build up of hydrostatic pressure, he does admit that pipe capacity
can be exceeded to create a build up in pressure (Jones, 1981). What is certain is that
pipes are not straight, linear passages, which allow water to flow freely. Rather they
tend to be tortuous, constantly changing in cross-section (e.g. Gilman and Newson
1980). In many circumstances, water flow is too great to be freely transmitted along
these subsurface tunnels and a pressure head builds back up the pipe. In this way
subsurface pipes provide routes to the peat base for water which can cause a build up in
hydraulic pressure. If a heavy rainstorm occurs, it is possible that restrictions in the
dimensions of the pipes acting as bottle-necks will impede flow. Hence water builds
back up the pipe and large pressures may build up within the peat mass down toward the
substrate. Frequently seen in blanket peat during and after heavy rainfall are numerous
springs and even jets of water on the peat surface escaping from the pipe networks as
visible evidence of these large hydraulic pressures (e.g. Gilman and Newson,1980;
Jones, 1982). Newson (1975) describes ‘slide pipes’, which are revealed after rapid
mass movements of peat during heavy rain. However, it is not known whether these

exist prior to the slope failure. Gilman and Newson (1980) link the small crescentic
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slips which are common in the Pennines and the Plynlimon areas (which Bower (1960)
calls ‘arcuate tears’) to the seepage of water and with pipes. Here the slip is a near a
convex break in slope where some concentration of subsurface or surface flow occurs.
Investigation of pipes at these locations suggest that it is possible both the pipe and the

slip can derive from the same tension crack across the peat hillslope.

2.7 Peat erosion

Erosion of blanket peatlands is widespread in upland Britain (Tallis, 1997). Just as there
has been limited detailed research into the runoff characteristics of blanket peat
moorlands there has also been little research into peat erosion. Conway (1954)
demonstrated the frequency of erosion in the blanket peats of the Pennines. She notes
that “few people can see severe peat erosion for the first time without a sense of
astonishment”. In the decade following Conway’s classic paper, a series of
investigations were carried out on the morphological features exhibited by eroding peats
(e.g. Bower, 1960) and on the possible causes of their erosion (e.g. Bower, 1962;
Johnson and Dunham, 1963; Tallis, 1964). These studies emphasised the need for

further intensive work on peat build-up and degradation dynamics.

Bower (1960, 1961) divided peat erosional agents into two types: water erosion
(through dissection, sheet erosion and marginal face recession) and mass movement
(peat slides or bog bursts). It is likely that mass movements in peat are strongly
controlled by hydrological processes. There is also evidence to suggest that wind
erosion, perhaps in combination with rainsplash, could be an important agent of peat
transport (Radley, 1962; Figure 2.1a). Francis (1990) has demonstrated that deflation of
dry peat surfaces plays an important role in the lowering of peat surfaces during times
of drought. The blanket peat of the Pennines is often heavily dissected. Bower (1960,
1961) divided the dissection systems into two: Type I occurs on flat areas (< 5°) of deep
peat (> 1.5 m) where a close network of freely and intricately branching gullies exist.
Type 2, are much more open gully systems with less branching and are more common
on sloping ground where gullies form sub-parallel trenches running downslope (Figure
2.1b). Mosley (1972) attempted to quantify Bower’s argument. He concluded that it was
difficult to identify two distinct types of system and they are probably end-members in a
continuum, although plentiful examples of Bower’s two types can be found. Bower’s

dissection types are still widely used today (Burt et al., 2000).
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b)

Figure 2.1. Theoretical erosion systems in blanket peat. a) Radley’s two types of
summit erosion: dissection by water (left) and wind erosion (right) (from Radley,
1962). b) The relationship between Bower’s Type 1 and Type 2 dissection systems
(from Bower, 1960).
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In order for the gully dissection systems to develop, Bower (1961) suggested three
mechanisms; headward erosion from the margins, as runnels on the surface, and along
lines of weakness within the peat. She also argued for three stages in gully
development: early shallow stage; advanced, incised and narrow v-shaped stage, and
thirdly a late stage where gullies are wide and separated by small and widely scattered
peat islands. It is not clear whether all gullies must necessarily evolve from the early to
the advanced stage; evidence presented by Tallis (1994) suggests that a hummock and
pool topography can develop within an intact blanket bog, providing drainage without
disruption of peat. However, Tallis (1973) suggested that erosion would be inevitable
along topographically defined flow-lines once bare peat was exposed. This may occur
due to drying of the peat surface during drier climatic periods, by burning, overgrazing,
or by air pollution killing sensitive moss species (Tallis, 1965, 1985; Lee et al., 1987,
Skeffington et al., 1997). This line of argument goes against Bower’s conclusion that
peat erosion was the natural and inevitable culmination of peat accumulation and that

burning and draining merely encouraged erosion but did not cause it.

Severe peat erosion is problematic for reservoir managers (e.g. White et al., 1996). The
low density of peat means there is relatively little in-channel storage until flow
velocities are dramatically reduced upon entering a lentic system (Labadz et al., 1991).
Thus reservoirs provide good sites for investigation of sediment yields in peat
catchments. Calculations of the timing of the onset of erosion based on current sediment
yields are complicated by the fact that erosion levels may not have been constant.
Furthermore, if erosion onset was earlier than 150 to 200 years ago, information is
unlikely to be apparent in reservoir sediments. Radionuclides (e.g. Pb-210) may in
future provide evidence of changes in sediment yield. Nevertheless, the 200-year
erosion rate from reservoir surveys combined with assessment of contemporary rates
presented by Labadz et al. (1991) compares favourably with palynological evidence
presented by Tallis (1964, 1985, 1994, 1995). Some pools and gully floors show some
signs of recent recolonisation, particularly in the North Pennines which shows that peat
accumulation is still possible, such that Burt et al. (2000) suggest widespread peat

erosion today is more likely to be a result of human impact than natural mire decay.

At Moor House NNR investigation has shown that the sources of sediment are not only
from OLF on bare peat sections but also from bank and gully collapse (Evans and Burt,

1998) with large blocks of peat moving through the catchment, slowly disintegrating in
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streams or with rain splash (Warburton and Evans, 1998). Often gully systems are
connected to the main channel via small alluvial peat fans such that sediment erosion,
transport, and deposition are complex events within the storage—yield system. Crisp
(1966) and Crisp and Robson (1979) have shown that individual runoff events account
for the bulk of peat transported, but their use of bulk samples collected over a period of
hours has allowed comparison only between mean discharge and mean peat transport
rates. Re-instrumentation of Crisp’s (1966) weir on Rough Sike at Moor House NNR
has provided evidence for high sediment concentrations on the rising limb of the
hydrograph (Evans and Burt, 1998; Burt et al., 2000, see also Chapter 5). This
relationship is indicative of sediment exhaustion whereby the supply of readily
mobilised material is quickly depleted (Webb and Walling, 1984). Burt and Gardiner
(1984) found that peak suspended sediment concentrations occurred at Shiny Brook in
the late summer and early autumn which implies that desiccation of the surface peat in
summer combined with intense rainbeat is the main agent of erosion. Because of this,
sediment loading may vary with aspect (Bower, 1959; Francis, 1990) and with season
(Francis, 1990; Tallis, 1975). Tallis (1975) used peat traps to estimate volumes of peat
erosion in the southern Pennines. Large flows caused greater error in the sampling but
clear patterns are still discernible. Substantial peat erosion is shown to occur during
snowmelt and during heavy rain, when stream flow rates exceed 40-50 | min”. Needle
ice can often be seen on bare peat, loosening and preparing the peat for removal
(Bower, 1959; Burt et a/., 2000). Francis (1990) found, however, that peat supply to
streams was much greater in the autumn and early winter; the suggestion was that
summer desiccation had prepared the peat for removal, but as the winter progressed
sediment exhaustion occurred and frost action was of minimal importance. The two
opposing results may be related to sediment storage and release mechanisms, and to the
nature of the coupling between bare peat areas and streams in the area of study.
Furthermore the fieldwork of Francis (1990) during 1983 and 1984 occurred during two
atypical dry years (Burt, 1985).

2.8 Water Colour

The discolouration of water supplies from peatland areas is a widespread natural process
(Butcher et al., 1995). Discolouration produces problems for management and several
measures including transfer network management, allowing highly coloured waters to
be diverted from the water supply system, and land use management controls, have been

suggested (Pattinson et al., 1994). In the case of Yorkshire Water, some 45 % of the
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water sent into public supply is obtained from direct supply reservoirs usually draining
peat areas (Butcher et al., 1995). Colour in natural waters has very similar properties to
known organic fractions such as humic and fulvic acids (Shapiro, 1957) and there is
also strong evidence that colour intensity is strongly related to the amount of iron in the
water (Hem, 1960). Naden and McDonald (1989) demonstrate the marked seasonality in
water colour with peaks in the autumn following warm summer weather. A number of
workers have described the rise in levels of water discolouration in supply catchments
in the UK since 1976 (McDonald et al., 1988). Colour more than doubled in the 1980s
in some Pennine catchments (Naden and McDonald, 1989). This rise has generally been
attributed to an increase in the number of drought years and to a lesser extent to changes
in the management of upland catchments. Drying out of the peatlands has possibly been
a product of both these causes (Butcher et al., 1995). Colour has been shown to rise in
the years after a significant drought such as those of 1976 and 1984. Experimentally
Mitchell and McDonald (1992) found that particularly high water colours were found
not in the autumn immediately following a drought, but in the following autumn flush.
[t 1s suggested that this lag time is related to the time taken for the peat to wet back up
again. Colour appears to be associated with water table lowering and the aerobic
decomposition of the upper organic layers. Thus climate change and peat hydrology are

intimately linked to water quality problems in the uplands.

Burt (1979) shows that there can be an important relationship between runoff generation
and the solute concentration of soil and stream water such that results can be used in
order to explain landscape evolution. Nitrate analysis on stream and soil water samples
at Moor House NNR has demonstrated that concentrations found in deeper peats are not
reflected in stream water samples whereas there is a clear link between water in near-
surface peat (within the upper 10 cm) and the stream water (Adamson ef al., 1997). This
is in line with the suggestion that catotelmic drainage may be slow, with much flow

taking place through the upper soil layers.

2.9 Climate change and peat hydrology

Verry’s (1984) 22-year record from a Minnesota mire shows that water tables remained
high except during the 1976 severe drought when water table declined to what would
have previously been defined as the catotelm. Thus Verry (1984) claimed that Ingram’s
(1983) definition of acrotelm/catotelm boundaries needed changing to account for

drought events. However, the definiton itself may not need changing; the peat properties
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themselves may change with aeration and drying not normally associated with the lower
layers. A drop of water placed on wet peat spreads over the surface of the peat; the
angle between the water droplet and the peat tends to zero because the wet peat is
hydrophilic. On dry peat, water drops do not spread, but form contact angles between
the water and the peat of up to 85°, especially at low pH values. Thus dry peat is water
repellent or hydrophobic. The difference in the wetting behaviour of dry peat and wet
peat influences the pattern of water movement in the peat and the extent to which

precipitation infiltrates the surface (Egglesmann et al., 1993).

Marsh and Turton (1996), Marsh and Sanderson (1997), Burt et al. (1998) and Conway
(1998) note the recent volatility of the climate in the UK. They suggest that the general
stability of the climate with little temporal variability in peatlands may not continue.
Flood and drought may recur more frequently and recent summer droughts over the past
twenty years have placed great stress on water supplies locally. Conway (1998) presents
some climate models which suggest increases in temperature and precipitation for
northern England and Scotland. However, summer precipitation may not increase
greatly and if it does, then rainfall intensity rather than the number of rain days may
increase. According to Church and Woo (1990) this may result in changes in hillslope
hydrological processes; evaporation and desiccation increase, shorter snow seasons and
more intense rains are likely to occur with future climate change. As we have seen there

are important implications for peatland ecology and erosion as well as for hydrology.

It is still difficult to assess what the full effects of increased drought may be for peat
hydrological processes. In terms of infiltration, cracking associated with peat surface
drying (e.g. Newson and Gilman, 1980; Bower, 1959) may result in increased
infiltration rates down the cracks and changes in the runoff generation processes. The
bypassing flow work done on milled peat by Holden (1998) suggests that some drying
of the peat may result in enhanced macropore flow when the peat is rewetted. The
crusting that simultaneously occurs may decrease infiltration rates, however,
encouraging further OLF and erosion. As discussed above there is some historical
evidence that previous phases of peat erosion may have initiated during, or at the end of;
dry periods (Tallis, 1997). Higher temperatures and lower water tables are likely to
increase rates of humification in the upper layers of peat and may lead to increasing
frequency of severe water colour events exacerbating the management problems for

water supply agencies. Carbon flux from peatlands is also closely related to water table
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conditions (Silvola et al., 1996). If climate change in Britain means warmer drier
summers then oxidation of the peat surface is likely to result in increased CO; fluxes
from British blanket bog. Carbon fluxes may also be enhanced if increased climatic
seasonality induces physical erosion of the peat surface; oxidation of detrital peat in the
fluvial system will be further enhanced (Evans et al, 1999). There is evidence,
however, that CH4 production from peatlands is reduced as water tables are lowered
(Roulet et al., 1992). Hence the effects of climate change on blanket peat are likely to

be complex and much more research is required.

2.10 Summary

Successful management of blanket mires requires understanding of how they function
hydrologically. Water quality, erosion and carbon flux are all strongly related to the
hydrology of the blanket peats in much of the British uplands. The discussion of the
available literature on peat hydrology has demonstrated that much remains to be
learned. Wetland research has been concerned primarily with botanical and ecological
aspects and with the utilisation of peatlands for forestry and agricultural purposes. This
has left a gap in our understanding of the process hydrology of wetlands and hence of
many headwater catchments. None of the early studies of blanket peat hydrology gave
much consideration to the hydrological processes generating storm runoff. With a lack
of sophisticated monitoring equipment, the drainage basin was viewed as a simple
input-output system with little understanding of internal process mechanisms being
sought. The literature on peat hydrology is largely concerned with soil water storage,
with most field studies being conducted by botanists rather than by hydrologists. Even
Bay (1969), who established that peat was a poor regulator of flow and Conway and
Millar (1960) who examined the effects of drainage and burning on the hydrological
response of peat hillslopes, seemed somewhat preoccupied with the development and
accuracy of suitable techniques for hydrological measurement rather than with
discussing the runoff production processes (Burt et al., 1990). Hence the differentiation
between catchments was speculatively attributed to the water storage capacity and

nature of the ground surface.

While the acrotelm-catotelm model provides a useful starting point for understanding
runoff generation, surprisingly little work has been done on the hydrology of the upper
peat layer. With high root densities and high a hydraulic conductivity it may be that

macropores play an important role in the runoff response of the acrotelm. There have
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been very few attempts to measure the spatial and temporal variation in runoff
production in blanket peat. Given the apparent importance of OLF in peatlands it is
crucial to be able to describe its generation as it can produce the highest peak runoff
with the shortest response times (Dunne, 1978) and is therefore vital to the
understanding of storm hydrographs. Little work exists on measuring the infiltration
capacity of blanket peat and so it remains difficult to quantify the relative roles of
infiltration and saturation-excess OLF mechanisms. [t is also evident that attention
needs to be given to the role of subsurface pipes in generating runoff in blanket peat
catchments. Pipe networks are often difficult to identify and few continuous hydrograph

records from pipes exist.

It is clear that a multifaceted and multi-dimensional approach is required in order to
determine the processes that govern runoff from peat catchments. Hewlett and Hibbert

(1963) note that

“we can, of course, record outflow from a watershed, but there is a real need for
improved concepts for determining the source and timing of flow..from such
knowledge, watersheds can be evaluated as moderators of water flow and future

behaviour under specified conditions may be predicted with greater precision”.

Burt et al. (2000) argue for a catchment-scale management approach to peatland usage
and problems. A ‘bottom-up’ catchment planning approach with an alliance of interest
groups may well be the most efficient and effective means of sustaining a variety of
land uses on the blanket peat moorlands of the UK. In order that the management has
sufficient science to back its policies (although politics, and economics will be amongst
the many other forces in operation) an increase in process-based field studies will be
required. However, this may prove difficult without an appreciation of the landscape
being a product of an integrated set of processes each of which are operating on smaller

and disparate spatial and temporal scales.

This thesis includes investigations at a variety of spatial and temporal scales and will
necessarily involve a mixture of field and laboratory experimentation. Research will be
confined to the blanket peats of the North Pennines and in particular those of the Moor
House NNR. This easily accessible blanket bog is a World Biosphere Reserve.

Monitoring of terrestrial and freshwater ecosystems as part of the Environmental
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Change Network (ECN) is underpinned by almost 50 years of research at this important
field site for environmental science. The area comprises the headwaters of the River
Tees and thus Moor House provides an ideal location for study of blanket peat

hydrology.
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CHAPTER 3
FIELD SITE AND METHODOLOGY

“Many a black wellington and fell boot, armed with microscope, plastic bag and 10
inches of weatherproofing, have emerged mid-Winter from the back door of Moor
House in search of the magic species that make up a Ph.D.” (Bellamy and Quayle,
1989).

3.1 Selection of study site

This thesis is concerned with the processes responsible for runoff generation in blanket
peat. In order to study process, a mixture of monitoring and experimentation was
required. The field site therefore needed to be an accessible location in a typical area of
blanket peat moorland. The success of the project relied heavily on the collection of
storm-based data and on experiments which required suitable weather conditions for
their operation. Being able to drive to the study site at short notice, as well as having the
opportunity stay at the site over night or for extended periods were important factors in
site choice. The ability to transport expertmental and monitoring equipment to the site
was crucial to the choice of field area. Of practical importance was the need to choose a
study site where permission of land access and instrumentation could be gained. Added
incentives to site selection would include areas where long term meteorological and
hydrological datasets were already available and could provide the context and

background information for the thesis.

The field site that satisfied the above criteria with the added bonus of being a base for a
large amount of earlier research, primarily in ecology and geology was Moor House
National Nature Reserve (NNR) in the North Pennines (Figure 3.1). The region around
Moor House contains important headwaters which supply the River Tees, Wear and
South Tyne. Research is actively encouraged by the landowners (English Nature) and
groups such as the Centre for Ecology and Hydrology. Although much scientific work
has been done in the area, studies of the hydrology are sparse. In part, this may reflect
the difficulties of working in the uplands and also the previous lack of reliable
monitoring equipment that can withstand the harsh climates of these upland areas.
Nevertheless, whilst research is sparse, the hydrological work at Moor House is still
probably the best and most comprehensive in the UK uplands. Some of the most

important early work on peat hydrology and erosion was done at Moor House with the
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work of Bower (1959; 1960), Conway and Millar (1960) and Crisp (1966) being most
notable. Results from the revisiting of the Conway and Millar site will form part of this
thesis and re-instrumentation of Crisp’s original weir on Rough Sike (Figure 3.3) has
also been done recently; some early results are reported by Evans and Burt (1998) and

Burt et al. (2000).

3.2 General description of the study area

The North Pennines are an area of upland moorland at the northern end of the Pennine
chain. Most of the area lies above 450 m O.D. with the highest point being the summit
of Cross Fell at 893 m O.D. The ‘Alston Block’ structural unit, which has been active
since Devonian times, is bounded to the north by the Tyne Gap (Stublick Fault) and to
the south by the Stainmore Trough (Lunedale Fault) (Figure 3.2). To the west the
Pennine Fault produces a large sloping escarpment to the edge of the Vale of Eden. To
the east the block is more gently tilted under the Durham Coalfield. The area is
characterised by an upland landscape of high, open and exposed plateaux and broad
ridges which support moorland and montane habitats with few trees (Figure 3.3). Large
expanses of blanket peat overlie mineral soils that have developed on glacial,
solifluction and alluvial materials (Johnson and Dunham, 1963; Johnson and Hickling,

1970).

3.3 General description of Moor House and Upper Teesdale NNR

The Moor House reserve was acquired by Nature Conservancy Council in 1952 making
it the first NNR in England. It is one of the largest areas of blanket bog in Great Britain
and is now a World Biosphere Reserve. The site is therefore recognised for its
worldwide importance. The reserve occupies approximately 35 km? and has an
altitudinal range of 290 to 848 m O.D. It extends from the upper edge of the enclosed
land in the Eden Valley, over the Dun Fells, to the upper end of Cow Green Reservoir
on the River Tees (Figure 3.4). The Tees rises on the edge of the reserve and forms its
northern boundary. The geology is Carboniferous in age, with alternating strata of
limestone, sandstone and shale into which there are intrusions of the Whin Sill dolerite
(Figure 3.3, Johnson and Dunham, 1963). The overlying glacial till has resulted in poor
drainage which has led to the development of blanket bog on around 70 % of the reserve
(Johnson and Dunham, 1963). The vegetation is dominated by Eriophorum sp. (cotton
grass), Calluna vulgaris (heather) and Sphagnum sp. (moss). The land is owned by

English Nature and provides free-range common grazing (mainly sheep) for villages in
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the Eden Valley. Upper Teesdale NNR bounds the south of the Moor House NNR
running from Cow Green reservoir to the summit of Mickle Fell and eastward to High
Force waterfall on the Tees. Evidence exists for dwelling in the north Pennines since
Mesolithic times and flint and chert tools as well as remains of ancient cattle have been
found on the Moor House reserve (Johnson and Dunham, 1963). Roman activity has
been recorded in the area and mining for iron, lead and other minerals has occurred on
the reserve for centuries. Vehicular access to Moor House is via a track from Garngill,

the nearest village, some seven kilometers from the old field station.

3.4 Peat development at Moor House

By 7000 years ago mixed deciduous and pine woodland became established on all but
the most exposed summits of the north Pennines (Warburton, 1998). During the early
and middle Post-glacial, Mesolithic and Neolithic peoples initiated small-scale
clearance of the woodland, first for hunting and then for agriculture. Peat started to
replace woodland some 3800 years ago in Upper Teesdale (Pounder, 1989) but in other
areas of the uplands this may have started earlier (Taylor et al., 1971). By Roman times
the majority of the Pennine uplands would have been cleared of woodland (Atherden,

1992).

Almost all of the Moor House reserve is covered by blanket peat up to around 700 m
0.D. which varies in thickness from a few centimetres to four metres on flat ground.
Eddy et al. (1969) estimated that 18% of the peat cover within the Trout Beck
catchment (Figure 3.4) was eroded. Although there are many areas of bare peat, most of
the areas of gully erosion have now revegetated with Sphagnum and Eriophorum; this is
in contrast to the Southern Pennines where extensive areas of bare peat remain (Labadz
et al., 1991). The aerial photograph shown in Figure 3.5 is typical of the North Pennine
blanket peats which are heavily dissected by revegetating gullies. Garnett and Adamson
(1997) digitised soil maps based on work by Johnson and Dunham (1963) and Eddy et
al. (1969) on a 22 km® area of the Moor House Reserve. They found that 80 % of this
site was covered by blanket peat. Eroding mire occupies 8 % of the area, whilst areas
once eroded but now recolonised by vegetation occupy nearly 10 % of the study site. On
average they suggest eroded peat is more likely on gentle slopes than steeper slopes.
This conforms with Bower’s (1960) ‘erosion Types’ (see Chapter 2). Garnett and
Adamson (1997) may overestimate actively eroding sites and underestimate recolonised

areas. Revisiting sites where Bower (1959) took photographs of the erosion on the
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reserve suggests that much recolonisation has taken place since the late 1950s (J.
Warburton, pers comm, see Chapter 4). This probably continued during and after the
work of Johnson and Dunham (1963) and Eddy et al. (1969).

Figure 3.6 shows a typical intact blanket peat profile at Moor House. The upper 5 cm
consists of poorly humified (H2-H3 on the Von Post (1922) scale) black brown
coloured peat with living roots and a crumb structure. Below this to 10 - 15 c¢m the peat
tends to be brown and slightly humified (H3-H4) with occasional bands of light brown
Sphagnum peat overlying a darker brown Eriophorum-Calluna-Sphagnum peat (H4).
The soil then very gradually becomes more humified with depth. By 1.5 m into the
profile the peat is highly humified with decomposition almost complete (H9).
Frequently there are well-preserved remains of birch found at the base of the peat which
overlies a light coloured grey clay with sandstone boulders. The clay is often strongly
gleyed and waterlogged. This clay then rests on glacial boulder clay. Further
information on the peats at sites on the Moor House reserve can be found in Johnson
and Dunham (1963) who estimate that peat formation began around the Boreal-Atlantic

transition.

3.5 Background data and research at Moor House

Moor House NNR provides an excellent study site not only because of its location but
also because of the background of research that has been done on the Reserve since the
1950s and the ongoing monitoring operations that continue today. The house (NGR NY
757 328), after which the area is named, was originally a miners bothy or shop and can
be identified on an 1825 mining map (Johnson and Dunham, 1963). The house later
became a hunting lodge. In 1952 it was aquired by Nature Conservancy Council and
operated as a field station until closure at the end of 1979. The author was one of only
four people who witnessed the full demolition of the house on 7" August 1999, the
crushed remains of which were used to repair the access track leading to the field site
from Garrigill. A small portacabin owned by English Nature is now the fieldworker’s
only shelter from the severe Moor House climate (see below). It was from the old field
station that much work was carried out, mainly on the ecology of this unique upland
environment; the flora of upper Teesdale and Moor House are probably more widely

known than that of any other area in Britain (e.g. Heal and Perkins, 1978).
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Figure 3.6. A typical profile through intact blanket peat at Moor House.
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Meteorological records at Moor House began in the 1930s; at an altitude of 560 m this
was then by far the highest point at which such readings were regularly made in the UK,
with exception of Ben Nevis (Burt ez al,, 1998). A record of daily observations exists
from 1 May 1952 to 31 December 1979. An AWS was set up on the site in May 1991
which records on a hourly basis. Weekly manual checks at British Meteorological

Office specifications are also made.

The Moor House reserve is a UK Environmental Change Network (ECN) monitoring
site. The ECN was launched in January 1992. It is a multi-agency long-term research
programme to record, analyse and predict environmental changes across the UK. The
main objective of ECN 1s to maintain a network of sites within the UK from which to
obtain comparable long-term data sets. This requires measurements at regular intervals
of variables identified as being of major environmental importance; protocols for
standard measurements can be found in Sykes and Lane (1996). The programme is
envisaged to last a minimum of thirty years (Burt, 1994). Recent concerns with climate
change, biodiversity and pollution have pushed the importance of long-term observation
and monitoring, which for a long time was thought of as low grade science, to the front
of agendas for environmental research (Burt, 1994). The ECN collects three types of
information: general descriptive information on site characteristics and archiving of past
records; routine collection of meteorological, hydrological and hydrochemical data; and
monitoring of biological responses. At each ECN site a 0.01 km? target sampling site
(TSS) is identified within which most of the measurements are made. The location of
the Moor House TSS is indicated in Figure 3.4. Data on water table fluctuations and
hydrochemistry are among the information collected at the Moor House TSS which will
be examined by this thesis. All ECN sites monitor stream discharge: at Moor House, a
gauging station opened in October 1957 on Trout Beck, a headwater tributary of the
Tees, (see Chapter 4) was reinstated by the Environment Agency in July 1991 after

having been closed in June 1980.

3.6 Climate at Moor House

Mean annual temperature based on AWS data (at 556 m O.D.) from 1992 - 2000 was
5.8°C. No comparable data are available for the earlier period of meteorological
recording at Moor House because data were based on maximum and minimum
thermometers and not automatically logged. Annual mean maximum and minimum

temperatures were 8.3°C and 1.9°C respectively between 1953-1978 (Smithson, 1985).
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Crudely this suggests a 5.1°C average for the earlier period. Mean monthly temperature
data from the AWS are shown in Figure 3.7a. With temperatures hovering around zero
for much of the winter the potential for freeze-thaw activity is high. Temperatures can
be extreme with values below —15°C recorded in most winters. Air frosts have been
recorded in every month of the year and Moor House generally has over 100 days in
which the dry bulb air temperature falls below freezing; the climate can be classified as

sub-arctic oceanic (Evans ef al., 1999).

Based on data from 1953 — 2000 mean annual precipitation is 1953 mm with an average
of around 240 precipitation days per year (Table 3.1). This is very high but can vary
considerably from year to year with 1345 mm recorded in 1971 and 2930 mm in 1979.
Burt er al. (1998) use the nearby Widdybank Fell observations to infill the missing
Moor House records using the regression equation MH = 25 + 0.99WF (R* = 61 %) and
this has been used to calculate the long-term mean. Between January 1992 and
December 1999 mean annual precipitation at Moor House was 1993 mm and from 1953
to 1979 it was 1934 mm. Monthly mean rainfall values are plotted in Figure 3.7b with
the recent trend towards enhanced seasonality (Jones and Conway, 1997; Burt et al.,
1998) indicated by the lower precipitation totals during summer months and higher
precipitation totals during the winter months of the ECN period. The 1995 water year
was exceptional in that it combined the fourth wettest winter on record (since 1952)

with the second driest summer (Burt et al., 1998).

Table 3.1. Summary of meteorological observations at Moor House (NY 757 328, 556
m O.D.).

Variable Value, from AWS Value, based on
1992-2000 Smithson (1985)

Mean temperature, °C ' 5.8

Days temperature fell below 0°C 107

Mean wind speed 4.3

Median wind direction, degrees north 221

Mean annual precipitation, mm 1994 (1953%) 2010 (1941-1970)

Annual precipitation days 237 247 (1956-1979)

Annual fog days (visibility <1 km at 0900h) 52 (1953-1979)

* calculated from 1953-2000 using Widdybank Fell correlation for 1979-1991
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The relative frequency of hourly intensities at Moor House as a proportion of all hours
with rainfall recorded from the AWS is plotted in Figure 3.7c and shows the dominance
of lower-intensity frontal and orographic rainfall at the site. Westerly and south-
westerly moist air masses from the North Atlantic dominate the climate as indicated by
the hourly wind direction data from 1994-2000 (Figure 3.7d). Between September 1994
and June 2000 the maximum number of consecutive days without precipitation at Moor
House was 14 (summer, 1995). Ten days without precipitation was exceeded 8 times
during that same monitoring period, with periods of a week or more without
precipitation occurring 17 times. Gilman and Newson (1980) note that summer-time
desiccation of the peat in the Welsh mountains of the Upper Wye occurs regularly with

dry periods of 16 consecutive days having a two-year return period.

Snowfall adds considerable uncertainty to the precipitation measurements. At higher
elevations in the North Pennines a significant amount of winter precipitation falls as
snow. Average annual snow cover increases from 55 days at 500 m to 100 days on the
summits (Archer and Stewart, 1995). Table 3.2 lists the maximum recorded rainfall
intensities for each half year of the AWS record from October 1994 — 1999. Very high
intensity records in the winter months may be affected by snowmelt. For example the
figure of 40.2 mm hr”' in winter 1995 immediately followed a three hour period when
the temperature rose from below freezing to 6°C. Relatively high summer rainfall
intensities are similar to the 9.9 mm hr'' maximum reported by Carling (1983) for a one-
year record at similar elevation in Great Eggleshope Beck further down Teesdale. The
peak winter intensities reported by Carling were 4.5 mm hr”' and the discrepancy may
again relate to problems with snowfall measurement. The rain gauge at Moor House is
unheated. This minimises over-estimation of total rainfall due to drifting snow since the
drifted snow is not quickly melted and replaced. However, the unheated gauge does
record high hourly intensities during melt periods. The gauge is sited in a Plynlimon pit
to optimise performance for wind-blown rain. This, however, increases the possibility of
snow drifting over the gauge. Snow cover at the site is synoptically controlled and a
typical winter season will see several complete accumulation and melt cycles. The
longest continuous period of snow cover at the site during the ECN period to date, as
indicated by albedo measurements, was 24 days (19/12/96 — 11/1/97). Melt episodes can
have a significant effect on catchment runoff as the stored water is released from the
snowpack. The largest floods at Moor House are generally associated with rain-on-snow

events (Evans et al., 1999). Whilst snow pillow data is available from nearby
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Widdybank Fell (Archer and Stewart, 1995) and elevation-dependent snowmelt models
have been derived for the Trout Beck catchment (Bell and Moore, 1999), it is clear that
more work is required to improve the quality of Moor House meteorological and

hydrological datasets.

Table 3.2. Maximum recorded rainfall intensities at Moor House (summer and winter in
mm hr'') for the 1995 — 1999 water years.

October-March  April-September

1995 40.2 9.4
1996 15.0 8.0
1997 14.6 6.2
1998 194 10.2
1999  24.6 9.0

Another potential problem with hydrological work at Moor House is that the ECN data
come from a single station in the lower altitudes of the reserve. Crisp (1966) reports
occasions when significant storms on Rough Sike were generated despite there being no
recorded rainfall at the meteorological station and attributes this to localised rainfall at
higher elevations. The ECN maintains a rain gauge at the top of Great Dun Fell (855 m)
but problems with blowing snow are likely to be more severe at this site. Even if a large
network of rain gauges was available, determining the true precipitation to the various
subcatchments in the area would be made difficult, at least for the winter months.
Unpublished data cited by Crisp (1966) collected by Conway and Millar (1960) in the
course of catchment hydrology experiments at Moor House suggest that total spatial
variability may not be excessive. Four weekly gauges sited within 1.6 km of Moor
House showed 5 % deviations from the Moor House gauge over a year. Nevertheless
none of these gauges were at a significantly higher elevation than the main Moor House
site. Work is currently underway by Andy Joyce (University of Durham) to examine the
nature of microclimates at the site through use of an array of automatic weather stations

in a variety of settings.

3.7 Research methodology
3.7.1 Location of experimentation and instrumented sites
The main research sites used are shown in Figure 3.4. with more detail given in Figure

4.1. Most of the fieldwork has been done within the Trout Beck catchment where earlier
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work (e.g. Conway and Millar, 1960; Crisp, 1966) has taken place. The ECN database
also provides background information for the Trout Beck catchment. Little Dodgen Pot
Sike (LDPS), a much smaller tributary of the Tees, examined in detail in Chapter 7,
provides an entirely new site for research. At LDPS streamflow from the catchment has
been gauged but soil piping and pipeflow processes are the major components of
investigation. Within the Trout Beck catchment the other dominant runoff processes in
blanket peat are investigated through monitoring and experimentation. Peat from the
Trout Beck catchment is also used in laboratory studies of infiltration and runoff

generation before and after drought simulation.

3.7.2 Spatial and temporal scales

To establish the runoff-generating processes which operate in blanket peat catchments it
1s necessary to observe how the peat behaves hydrologically before, during and after
rainfall. This requires intensive field study of sections of peat hillslope small enough for
practicable investigation, ideally combined with laboratory experimentation. Fieldwork
is an essential function, defining realistic boundary and initial conditions within which
to experiment or model. Fluvial and hillslope geomorphology has witnessed a
continuing reduction in the time- and space-scales of research, with increasing emphasis
on the dynamics of small, site-specific projects (Lane and Richards, 1997). Implicit in
this trend is a move away from the mathematical generalisations based on surrogate or
‘output’ variables to a more detailed study of the physical mechanisms and system state
variables associated with particular events. The methodology used in this thesis
represents the shift towards the understanding of hillslope hydrology rather than the past
concerns that were more with engineering forecasts of floods which resulted in
hydrologists ignoring the physical characteristics of the headwaters and the exact
processes responsible for generating runoff. Nevertheless, small plot-scale research
needs to be placed within the context of catchment-scale hydrology. Research has
shown that it is possible to move from small-scale descriptions of fluvial processes to
the explanation of larger systems (e.g. Clifford, 1993; Lane and Richards, 1997). The
traditional idea that different scales of form and process are causally independent of
each other cannot be sustained. Short time-scale and small space-scale processes
undoubtedly influence processes over longer time-scales and larger space-scales. Thus,
throughout the thesis, results from intensive short-term plot-scale studies and event-
based hillslope-scale monitoring and experimentation will be used in parallel with

longer-term catchment-scale datasets.
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3.7.3 Experimentation and monitoring outline

The main models of peatland hydrology quoted extensively in the literature are
groundwater based such as the ‘groundwater mound model’ of Ingram (1982). This
revolves around the nature of water held within the main body of the peat mass and the
fluxes that may occur within the peat as related to the shape of a hillslope, or ‘mound’
of peat. Ingram (1982) stated that to improve and explore the model further ¢ we need
data on the permeability of the deeper catotelm and on groundwater discharge as a water
budget item’. Whilst models such as MODFLOW (Harbaugh and McDonald, 1996) and
DRAINMOD (Skaggs, 1980) can be used to describe groundwater alone, they
inherently lack any adequate representation of the surface water. The blend of field
investigation, with experimentation will allow the validity of using these types of
models in blanket peat to be tested. These data collected will provide information on
surface, near-surface and groundwater flow processes at a variety of temporal and
spatial scales. As well as testing the validity of groundwater flow models this should
also allow more accurate and useful models of peat hydrology to be developed; not least

because the data may aid model parameterisation.

The practical measurement and sampling techniques used in this thesis will be discussed
in the relevant chapters and are not dealt with separately here. Figure 3.8 indicates the
main experiments and monitoring operations used. The work is heavily field-based but
the rainfall simulator experiment did require many laboratory hours. Monitoring work
encompasses both automated data collection via dataloggers and manual sampling at
regular intervals. Experiments are performed mainly at the plot scale, with monitoring
exercises generally covering scales from the plot to the hillslope. Runoff plots, for
example, were installed at footslope, midslope and topslope locations on a small
hillslope thereby allowing simultaneous process investigation across a hillslope.
Streamflow analysis was performed on Trout Beck, LDPS and for two hillslope

subcatchments.

The major flow processes under investigation are indicated in Figure 3.8; these are
simplified for ease of interpretation such that, for example, OLF covers both infiltration-
excess and saturation-excess processes. Nevertheless the diagram acts as a guide to the
links between the investigative techniques used for this thesis. The links drawn are
specific to this thesis and it is recognised that other links between techniques could have

been employed. For example, water table monitoring and crest-stage tube mapping
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Figure 3.8. Flow chart showing the links between the main experimental and
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could have been undertaken in conjunction with pipeflow monitoring. However, given
time and financial constraints it is was not possible to study all aspects and all
interlinkages between the processes involved in blanket peat hydrology; this would
indeed require several Ph.D. theses! The role of this thesis is to elucidate more about the
operation of hydrological processes within the upland blanket peatlands and the work

concentrates on the aims outlined in Chapter 1.
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CHAPTER 4
RUNOFF MONITORING IN BLANKET-PEAT: CATCHMENT-, HILLSLOPE- AND
PLOT-SCALE PROCESS MEASUREMENT

4.1 Introduction

This chapter focuses on the Trout Beck catchment which lies almost entirely within the
Moor House NNR. Automatic gauging of this catchment is combined with digitally
logged weather station and water table data from the site and with gauging of
subcatchments. Tipping-bucket flow recorders allow the runoff processes which
produce the catchment and subcatchment scale runoff response to be simultaneously
monitored. Mapping and measurement of surface and subsurface flow processes over
long time periods (several months) and during storm events on plots and hillslopes will
also be presented. These data allow a more detailed understanding of the spatial and

temporal generation of runoff in blanket peat.

Trout Beck rises on the slopes of Great Dun Fell at an elevation of about 800 m. The
catchment (11.4 km?) is gauged by a compound Crump weir operated by the
Environment Agency (register number 025003) at 535 m, NY 756326 (Figures 3.4, 4.1
and 4.2); stage height is logged every 15 minutes. More detailed characteristics of the
catchment and climate are described in Chapter 3 and by Johnson and Dunham (1963)
and Burt ef al. (1998). The ECN target sampling site at Moor House is on a gently
sloping fairly homogeneous open hillslope 900 m north-west of the automatic weather
station (AWS) at an elevation of 570 m (see Figure 4.1). Here water table is
automatically monitored in one dipwell by a pressure transducer. Weekly manual
checks are made of water table in the dipwell and at four other dipwells nearby. These
data in conjunction with AWS data (NY 757 328, 556 m) collected at the site are used
to assess the response of the catchment to precipitation and give some insight into the

nature of runoff-generating processes in blanket peat.

4.2 Runoff regime and water table fluctuations in the Trout Beck catchment

4.2.1 Catchment-scale runoff regime

Figure 4.3 plots the runoff from the Trout Beck catchment from October 1994 to
December 1999. The flashy nature of the stream response is immediately apparent.
Baseflow appears to be of minimal importance. Figure 4.4 is an hourly flow frequency

plot during this time period. The pattern is indicative of minimal groundwater flow from
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the peat. Discharges below 0.5 m’ s occurred 75 % of the time but only 21 % of the
total discharge volume occurred during this period. Evans et al. (1999) reported mean
storm rainfall:runoff ratios of 40 % for the Trout Beck catchment. These ratios are very
high and are a result of efficient transfer of water to the channel by rapid flow
mechanisms. The Trout Beck record shows that, unlike the traditional views of peat
hydrology, blanket peat does not behave like a ‘sponge’; rather, water is released
rapidly following rainfall or snowmelt. During August 1995, discharge from the Trout
Beck catchment fell to only 12 1 s”'. Monthly precipitation and runoff totals are shown
in Figure 4.5. The rainfall:runoff ratio for the entire period of monitoring is 72 %. This
is high, and considering the rapidity of the runoff suggests a limited storage capacity of
the peat. There is a very close correspondence of rainfall and runoff. The largest
disparities occur during February and March 1995, November 1996 and February 1997.
This is most likely to be caused by drifting snow blowing into the rain gauge. Further
discussion of the problems of precipitation measurement in the catchment can be found

in Chapter 3.

Q/mean Q
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Figure 4.4. Flow duration curve for Trout Beck, October 1994 — December 1999.

Typical hydrographs from Trout Beck can be found later in the chapter (e.g. Figures
4.27, 4.28, 4.29 and 4.35) where they are compared to hydrographs produced by
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monitoring runoff processes. Hydrograph analysis was performed by Evans et al. (1999)
on single-peaked storms unaffected by snowmelt spanning the full range of discharge
values for Trout Beck for the 1995 to 1997 water years. Additional data from the 1998
and 1999 water years have been added and mean hydrograph characteristics are shown
in Table 4.1. Mean peak lag times are only 2.7 hours indicating that the channel is well
coupled to the hillslopes that are generating runoff. This also highlights the importance
of stormflow in the catchment. Mean peak discharge of the storms analysed was 4.3 m’

s with the maximum recorded discharge during the study period being 21.2 m* s™".

Table 4.1 Mean hydrograph characteristics from Trout Beck

Storm Q  Peak Q Tpeak Peak Lag Intensity
128200 4.3 6.6 2.7 38.8
n=72

Storm Q = total storm discharge, m’

Peak Q = peak discharge m’ s™'

Tpeak = time from first recorded rainfall to hydrograph peak, hrs

Peak Lag = time from peak rainfall to peak discharge, hrs

Intensity = peak flow divided by total storm discharge x 107, (units of s™'). Hydrograph ‘intensity’ is an
indicator of the hydrograph shape. A high intensity storm would indicate a more flashy response with
lower intensity hydrographs being much broader in shape.

The Moor House AWS records precipitation on an hourly basis. In order to allow a
higher temporal resolution for analysis of the 15-minute Trout Beck streamflow data
(and with plot scale work discussed below) a Campbell ARG100 tipping-bucket rain
gauge was installed in the catchment near the Trout Beck gauging station. Correlation
analysis of the dataset (Table 4.2) reveals strong correlation of flow and rainfall
variables so that peak discharge, maximum rainfall intensity (hourly), total rainfall and
storm discharge are all significantly positively correlated. Maximum 15-minute rainfall
intensity is significantly positively correlated with peak discharge. This is clearly
consistent with efficient and rapid transfer of water to the channel. The correlations
between Tpeak (the time from rainfall onset to peak flow) and the variables related to
storm size are to be expected as a function of hydrograph geometry. Correlations within
rainfall characteristics are also to be expected. The stronger association of total
precipitation (correlation coefficient = 0.75) rather than maximum 15-minute (0.43) or
hourly precipitation intensity (0.60) with peak discharge in such a flashy system may
indicate that quick flow is generated from saturated areas and that the role of

infiltration-excess OLF may be rather limited. If infiltration-excess OLF was the main
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runoff-generating mechanism it would be expected that the 15-minute and 60-minute

rainfall intensities would be more strongly associated with peak flow than total rainfall.

With saturation-excess, the more rainfail that occurs, the larger will be the amount of

peat in the catchment that will become saturated and contribute to peak flow. Rather

than occurring coincident with the period of heaviest storm rainfall as in the case of

infiltration-excess OLF, rapid OLF can be generated by saturation-excess mechanisms

even during low rainfall intensities, if the catchment has received a large amount of rain

previously. Nevertheless, total rainfall, and maximum 15- and 60-minute rainfall

intensity are all significantly positively correlated at p < 0.01. This is despite the

possibility that local rainfall variations higher up the catchment could influence Trout

Beck discharge.

Table 4.2 Inter-correlation of hydrograph variables using 15-minute logged data for
Trout Beck, 1994-1999 water years

Max Max Total Peak Storm Q Intensity T peak Peak ROP

60 15 ppt Q Lag
Max 60 1.00  0.81 0.51 0.60 0.35 0.18 0.44 -0.33 -0.15
Max 15 1.00  0.28 0.43 0.17 0.21 -0.17 -0.21 -0.05
Total ppt 1.00 0.75 0.88 -0.07 0.38 -0.14 -0.16
Peak Q 1.00 0.81 0.23 0.05 -0.31 0.09
Storm Q 1.00 -0.18 033 -0.16 0.25
Intensity 1.00 -0.27  -0.24 -0.25
T peak 1.00 -0.02 -0.22
Peak Lag 1.00 -0.17
ROP 1.00
n=72

underlined indicates significant at p < 0.05, bold type indicates significant at p < 0.01

Max 60 = maximum rainfall recorded in one hour
Max 15 = maximum rainfall recorded in any logged 15 minute period (data only
available from August 1998, n = 19)
Total ppt = total storm rainfall

Peak Q = peak discharge m’ 5™

Storm Q = total storm discharge, m’
Intensity = peak flow, m® s divided by total storm discharge, m>x 10°.

T peak = time from first recorded rainfall to hydrograph peak, hrs

Peak Lag = time from peak rainfall to peak discharge, hrs

ROP = storm rainfall:runoff ratio
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4.2.2 Automated water table record
4.2.2.1 Introduction

The water table is the level at which the water pressure is equal to the atmospheric
pressure and hence is the level at which water will stand in a well that is hydraulically
connected with the groundwater body (Gilman, 1994). Detailed monitoring of the water
table at Moor House NNR is carried out as part of ECN (Sykes and Lane, 1996). An
array of five dipwells (5 cm diameter) is monitored manually once every week for an
area of uneroded gently sloping peat within the Trout Beck catchment. These dipwells
fluctuate consistently compared to one another throughout the year and the lowest
correlation between any two of the dipwells is 0.96 (p > 0.01). The maximum difference
between any two of the dipwells averaged over a year is 3.7 cm. A pressure transducer
for automatic monitoring is within a dipwell where water table is typically between the
minimum and maximum values measured by the array. Water table i1s monitored every

5 seconds and then averaged for the whole hour.

4.2.2.2 Errors in the automated record

Comparison of the logged dipwell readings with weekly manual readings for the same
dipwell show some variability. Figure 4.6 shows what appears to be a seasonal trend in
the offset between the two readings. During warmer periods, as indicated by the soil
temperature probe, the logger records deeper water tables than those measured manually
of the order of 2 to 3 cm. The seasonality in offset suggests either that the pressure
transducer is very sensitive to water temperature or that there is some shifting of the
transducer. Reported temperature related errors for this sensor are 0.3 % over 360 cm.
The error seems to have been reduced during the 1998 and 1999 water years (Table
4.3). During these latter two years of the record there appears to be a shift towards
manual readings recording deeper water tables than the sensor. It therefore seems more
likely that the transducer is shifting in position perhaps with expansion and contraction
of peat with drying and rewetting (Ingram 1983; Ingram, 1991; Price and Schlotzhauer,
1999). The sensor is fixed to the base of the dipwell; however, the dipwell itself may be
shifting. Gilman (1994) noted that dipwells for the observation of water table elevation
rarely extend to a firm substrate and Hutchinson (1980) discovered a seasonal rise and
fall of the ground surface of 50 mm or more in Holme Fen Post, East Anglia.
Movements of the ground surface at Crymlyn Bog between 1985 and 1989 varied
between 5 % and 12 % of the water table movement (Gilman, 1994) and it is suggested

that regular measurements between the top of a firmly fixed datum post and the rim of
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the dipwell should be made. The pressure transducer may need to be corrected in some
way for shifts in the position of the ground surface in relation to its own position; the
use of a floating bog shoe device (Roulet er al., 1991) may help with this. The very fact
that the ECN are trying to produce standardised long-term records of the environment is
important. Given the changing difference between automatic and manual readings, ECN
data patterns should be put into the context of possible sensor movement which could
result in mistaken identification of environmental change. These results also justify the
present practice of regular manual checks of automated ECN instruments. Nevertheless,
the variation between logged and manual measurements is not of sufficient magnitude
to significantly affect the main trends in water table height and the subsequent analysis
is therefore based on the logged dipwell readings. For the purposes of this study the
error is minimal, and the water table data have the potential to provide direct insight

into the role of antecedent moisture on runoff generation.

Table 4.3 Annual mean and standard deviation (o) of absolute difference between the
logger and the manual measurements of water table, 1995 —1999, based on weekly
sampling.

Year  Mean absolute offset, cm & in offset, cm

1995 1.0 0.8
1996 1.6 1.1
1997 1.5 0.9
1998 0.6 0.6
1999 0.9 0.7

4.2.2.3 Water table fluctuations

Water table levels from October 1994 to January 2000 are shown in Figure 4.7. It 1s
clear that the water table remains very close to the surface for most of the study period.
Fluctuations are swift with recoveries occurring more rapidly than recession. Figure 4.8
plots water table residence times for the entire period. The water table is within 5 cm of
the ground surface 82.4 % of the time. Hence there is likely to be a high incidence of
saturation-excess overland flow. When the soil profile is completely saturated, excess
water added by precipitation from above and/or by subsurface flow from upslope, ponds
on the soil surface and may eventually run off downslope. Only in the summer months
(May to September) does water table elevation drop further than 5 cm for short periods

before a recharge event returns the table to the surface (Figure 4.7). The summers of
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Hours resident

1996 and 1997 are similar in that there are three or four periods when the water table
briefly drops to around 20 cm. During the summer of 1998 this only happens once.
There is a warm dry period during July and August 1999 where the water table drops to
almost 30 cm. Comparison with the antecedent precipitation index (API) (Figure 4.9)
shows that even when there are periods of rainfall deficiency during winter months,
such as in the 1996 water year, this has very little effect on water table depth. This
suggests an evaporative control on the behaviour of water levels. The only extended
period of low water table is during the drought of 1995; even then the minimum levels
do not drop below 42 cm. Evans et al. (1999) examine the water balance for the Trout
Beck catchment for the 1995 to 1997 water years. Significant soil moisture deficits only
develop in high summer and changes in storage (calculated using the Penman (1948)

formula to assess potential evapotranspiration) are of the order of +/- 100 mm.

1000 -
900 -
800 - water year mean residence height,cm  standard deviation, cm
: 1995 6.1 10.2
700 - 1996 -34 4.7
. 1997 -1.1 4.5
600 - 1998 2.1 2.9
1999 -3.2 5.3
500 - Total o -3.2 6.6
400 -
300 -
|
200
100 -

0 ,LM_{\_M_M_M@M . - - - - ; A . - - - -
-42 -40 -38 -36 -34 -32 -30 -28 -26 -24 -22 -20 -18 -16 -14 -12-10 -8 6 4 -2 0 2 4 6
Water table depth, cm

Figure 4.8. Water table residence, ECN target dipwell, 1995 — 1999 water years, bin
width = 0.1 cm.

Once the water table falls 5 cm below ground level, the water table recession is
controlled by evapotranspiration. Diurnal cycles are evident; there is often no fall in
water table during night hours clearly indicating that slow drainage of the peat mass

does not occur (e.g. Figure 4.10). Water table recession sequences below 5 cm could
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only be identified from May to September each year. Rates of recession varied from
0.55 cm per day in May 1996 to 2.26 cm per day in June 1996, although mean daily fall
during the dry periods of the summer months was 1.5 cm. On average 54 % of the daily
decline in the water table took place between 12 noon and 6 p.m. (when mean fall rates
were 1.3 mm hr'') and 86 % of the daily falls took place between 9 a.m. and 9 p.m.
Heikurainen (1963) and Tomlinson (1980) found comparable diurnal ‘steps’ which
Tomlinson claimed were independent of depth once below the critical level of 5-6 cm
below the surface of Brishie Bog. The evidence therefore seems to suggest that when
the water table falls to around 5 cm into the peat profile, drainage thereafter is very slow

and most runoff production in blanket peat is likely to take place above this level.

water table depth, cm

-16 - ; : l : ‘ : ‘
0600 0600 0600 0600 0600 0600
176 177 178 179 180 181

time, hour and Julian day

Figure 4.10. Diurnal decline in water table depth, 25™ — 30™ June 1995.

Recovery rates of the water table during summer recharge events are generally
extremely rapid with an average of 5.3 mm h'; three events produced average
recoveries in excess of 20 mm h™'. A multiple regression analysis of rainfall-recharge
events shows maximum rainfall intensity as the dominant control upon the rate of rise

and the total rise of the water table, with R? values of 0.35 and 0.38 respectively.
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Total rainfall only contributes 3 % and 2 % to these regressions. Indeed 44 % of peak
water table levels are reached whilst it is still raining and, in line with the findings of
Godwin (1931) and Heikurainen (1963), the rise in water table usually takes place over
a period that is comparable with the duration of the rainfall. It appears that bulk
infiltration rates into the upper 20 and 30 cm of the peat could be high allowing rapid
recovery of water table during storm events. Given that the peat appears not to drain
below about 5 — 10 c¢cm at the ECN dipwell site, presumably related to very low
hydraulic conductivities this may seem an unusual observation. The transmission of
water to the water table is probably more rapid than could be accounted for by
transmission through the soil matrix. It may be that infiltration takes place through
macropores (Beven and Germann, 1980) or that water already in the unsaturated zone is
displaced (Horton and Hawkins, 1965). It may be that aeration of the peat to depths at
which the peat is normally saturated, and surface drying and subsequent shrinkage of
the peat (Gilman and Newson, 1980) leads to structural change that temporarily
enhances the infiltration, percolation and movement of water below the surface. Further

evidence for this comes from experimental work on peat blocks (see Chapter 5).

Regression analysis of the effects of rainfall on water table rise (n = 70, r* = 0.54)
predicts that when the water table is at 200 mm depth, 1 mm of rainfall will induce a
water table rise of 17 mm. When the water table is within 50 mm of the surface 1 mm
rainfall induces a only a 4 mm rise (Figure 4.11). Any change in water table elevation in
upper horizons of less decomposed peat therefore represents considerably more water
than a corresponding change in deeper, more dense peats (Boelter, 1968). When the
water table is close to the surface, a rainfall may raise the level to the surface and any
further rain will then be lost by overland flow or by near-surface lateral flow. This will
therefore induce error in the regression prediction. Nevertheless these results fall within
the range quoted by other authors; Tallis (1973) estimates 1 mm of rain produces a 6
mm rise in the water table at Featherbed Moss, Derbyshire and Chapman (1965) found a
rise of 3 mm for 1 mm of rain at Coom Rigg Moss, Northumberland. These
relationships give a measure of the air-space volume (in effect, the specific yield
fraction of porosity) in the peats which can be filled with water, and are thus also a
measure of the degree of compaction of the peats. At Moor House the peat at 5 cm has

approximately four times as much air-space volume as peats at 20 cm.
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4.2.3 Relation of water table depth to runoff generation

Figure 4.12 plots storm runoff ratio against antecedent water table. Runoff production
tends to be less efficient when water tables are lower, presumably linked to water table
recharge early in the storm. The greatest variability of runoff production occurs when
the water table is within 5 cm of the surface. This suggests that the importance of
storage as a control on rapid-flow generation is minimised and that other sources of
variability such as the rainfall characteristics of the storm come into play. As the water
table is within 5 c¢cm of the surface 83 % of the time, the rainfall characteristics are
therefore more closely linked to runoff via quickflow response. At the individual storm
level Figure 4.13a illustrates the effect of water table recharge after a summer dry spell
on runoff production. Here rainfall in excess of 5 mm hr' produces minimal hydrograph
response while the water table is low. Later in the storm, just under 4 mm in an hour is
sufficient to trigger a rapid hydrograph rise. The difference between the two responses
is controlled by the level of the water table which was at 24 cm depth before the storm
but had risen to within 5 cm of the surface when the hydrograph response was triggered.
Response to initial rainfall is much more rapid when the water table is close to the

surface as indicated by Figure 4.13b and the result is a greater peak flow.

Hence at the catchment level the data suggest that the generation of rapid flow is not
related to infiltration rates but to saturation of the peat mass. Hydrograph response is
rapid when the water table is within 5 cm of the surface. This may indicate rapid
subsurface flow. However, if the water table is near the surface on the open slope of the
ECN water table site it will almost certainly be at the surface in water-collecting sites;
saturation-excess overland flow will then occur from specific contributing areas in
hollows and adjacent to the channel. Further evidence for this comes from plot and
hillslope mapping work detailed below. The relation between runoff and water table for
hourly data over the study period is shown in Figure 4.14. Significant storm discharges
on Trout Beck are confined to periods when the water table is within 5 cm of the
surface. This is further good evidence for the importance of saturation in the production
of overland and near-surface flow in the catchment. In the entire period there are no
events where high discharges are associated with low water tables (which might
otherwise indicate the occurrence of infiltration-excess overland flow in the catchment).
Chapman (1965) observed a clear relationship between runoff and water table level at

Coom Rigg Moss in Northumberland; once the water table elevation was below 8 cm,
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hotter, drier summers. Arnell (1996) suggests that with predicted warming in northern
Britain accompanied by increased rainfall, particularly in the winter, annual runoff may
increase by up to 25 %. However, Burt et al. (1998) note that with warmer summer
temperatures and only a small increase in summer rainfall, low flows in a peat covered
catchment like Trout Beck may well decrease. Therefore knowledge of the impacts of
droughts like that in 1995 on blanket peat catchments is important if they are to become
more frequent, not least because the headwaters of many UK rivers lie in such areas,

and blanket peat moorlands are important source areas for water supply.

4.2.4.2 The effect of drought on streamflow

In such a highly-rainfall dependent system as Trout Beck the effects of prolonged
drought on streamflow is dramatic. During August 1995, discharge from the 11.4 km’
Trout Beck catchment fell to only 12 1 s and for the whole month flows were of the
order of 0.01 m® s™'. This is less than 5 % of the mean daily flow for the entire study
period. Despite a near-record wet winter preceding the drought (Burt et a/. 1998), and
the fact that the water table never fell below 42 cm from the surface, baseflow was
virtually non-existent in the Trout Beck system. Thus peat does not act as an aquifer and
fails to maintain river flows and reservoir levels during periods of dry weather. The
implication is that if climate change does lead to increased seasonality, the impact on
the ecology of upland stream systems may be severe, even though mean precipitation
levels are greater. Management of water resources will also need careful consideration
of the failure of blanket peat to provide sufficient baseflows. Excess winter rainfall will
be lost as runoff and will not contribute to maintenance of baseflow in the summer

months.

4.2.4.3 The effect of drought on water tables

July and August 1995 are the only two months within the study period where the water
table never reached the bianket peat surface at the ECN monitoring site and the water
table was below 10 cm for 42 consecutive days and below 20 cm for 35 consecutive
days (Figure 4.15). Thus the water table fell to depths which are normally saturated. As
noted in Chapter 2, the drying of peat may lead to changes in its hydrological behaviour.
In August 1995 there is a disparity in the rates of evapotranspirative decline of water
table. Given that the average daily water table depression in June, July or August is 1.85
cm d”' not usually dropping below 1.3 ¢m d”' it is unusual that the rate of decline for a

long spell in August 1995 should be 0.7 cm d’'. Figure 4.15 shows water table
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fluctuations in response to rainfall for July, August and September 1995. There is a
more gentle slope to the decline in water table from day 213 onwards. Temperatures
were comparable to those in June and July 1995 although daylight hours are slightly
shorter. It may be that the water table having dropped to 40 cm below the surface could
no longer be tapped by shorter plant roots resulting in a decrease in transpiration rates.
Boggie et al. (1958) demonstrated that Calluna efficiently recovers nutrients from
depths of less than 15 cm. Eriophorum roots in contrast may withdraw water from
depths of up to 50 cm. Diurnal fluctuations in the past have been attributed to
transpiration rather than evaporation by comparing water tables under vegetated and
cleared areas (White, 1932) and these fluctuations have also been used to provide an
estimate of transpiration rates (e.g. Heikurainen, 1963; Gilman, 1994). However,
Gilman (1994) found that as the water table declined to the lowest levels in Wicken
Fen, the fluctuations just became ripples on a continuous decline which he interprets as
a dispersion of the diurnal wave of water demand, the processes of re-distribution of soil
water requiring more time to complete as the unsaturated zone became deeper.
Essentially increasing depth of the water table limits evapotranspiration (Tomlinson,

1980).

The slowest water table recovery rates during the study period also occur in August
1995 where mean values as low as 0.3 mm hr' can be observed. This can be seen by the
August anomalies in Figure 4.11. The slow recovery rates are also indicated by the
much more gently sloping water table rise during days 238-250 compared with the usual
very rapid response to rainfall seen for example on day 189, 198, 254 or 268 (Figure
4.15). Some of the slow recharge can be accounted for by low rainfall intensity.
Nevertheless, the lag time from rainfall cessation to water table peak is at least ten times
greater than seen for any other water table recharge event throughout the three years of
study. It may be simply that recharge percolation rates are limited at depths greater than
20 cm. It may also be that temporary structural changes have taken place within the peat
itself due to loss of moisture, shrinkage and the aeration of what are usually anaerobic
peat layers. Thus with a more volatile climate, the assumption that blanket peat will
remain largely saturated with little temporal variability in water table level may not hold
in future therefore. There are implications for future peatland hydrology, ecology and
erosion given that water tables and their fluctuations are important for vegetational
distribution (Ingram, 1983; Hammond et al., 1990), and that continued intrusions of the

water table into the usually anaerobic catotelm as seen in the summer of 1995 may
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change its physical and hydrological properties. Clear evidence for the effect of
structural change on peat hydrology is seen in Chapter 5 with drought simulation on
peat blocks. The extent to which contemporary studies of peat hydrology at Moor
House reflect past or future conditions remains a matter for conjecture. Given the
potential for climate change, however, the importance of ongoing ECN monitoring is

underlined.

4.2.5 Summary of catchment-scale runoff and ECN water table characteristics

Runoff percentages for Trout Beck are high as rainfall is efficiently and rapidly
transferred to the channel producing flashy hydrographs. There is no significant delayed
flow and groundwater discharge contributes very little to baseflow. The water table is
within 5 cm of the surface for 83 % of the time. During dry spells, in summer, water
table falls under evaporative control. Water table recharge is rapid, indicative of
relatively high bulk infiltration rates into the catotelm when the upper layers are
unsaturated. The rapid generation of surface or near-surface runoff occurs when water
tables are close to the surface. This strongly indicates that the dominant runoff pathways
are saturation-excess overland flow and/or subsurface storm flow generated by
percolation-excess above a saturated catotelm. However, the spatial and temporal details
of these mechanisms cannot be determined from catchment-scale datasets. Therefore
subcatchment-scale work will now be described to allow some quantification of the

relative importance of overland and shallow subsurface flows.

4.3 Subcatchment-scale monitoring
4.3.1 Experimental design
4.3.1.1 The Burnt Hill subcatchments

Of the early studies in blanket peat that of Conway and Millar (1960) is the most
notable. They reported results from four small moorland catchments; two had natural
drainage channels, and two had artificial networks of moorland grips. They concluded
that artificial drainage of peat moorlands gave an increased sensitivity of runoff
response to storm rainfall with peak flows both higher and earlier. Some of their study
was based in the Trout Beck catchment. They demonstrated that runoff production in
peat is extremely rapid especially where hillslopes had a dense gully network, had been
burned or were gripped. In contrast, relatively uneroded subcatchments exhibited a
smoother storm hydrograph with greater lag times and the water balance calculations

suggested that uneroded hillslopes could retain significantly more water than drained,
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eroded or burnt basins. One of the four small catchments that Conway and Millar (1960)
based many of their conclusions on was a hillslope which was partly gripped and partly
eroded. The hillslope had also suffered severe burning in 1950 and was subsequently
named ‘Burnt Hill’. This area was reinstrumented as part of this study. Although
Conway and Millar amalgamated runoff from the gripped and eroded sections of Burnt
Hill, these were monitored separately here using two 90° V-notch weirs (Figure 4.16).
Inaccuracies stem from ice building up in the stilling wells and, occasionally, peat
blocking the V-notch. Robinson (1985) notes that one of the problems with Conway and
Millar’s dataset is that 90° V-notch weirs are insensitive at low flow such that great
caution needs to be applied to their interpretation of low flow records. In order to
measure low flows more accurately the reinstalled weirs had compound V-notches, with
a quarter 90° notch below a 90° notch (Gregory and Walling, 1973, see Figure 4.16) and
individual calibrations were made. Figure 4.17 shows the nature of the gripping and
gully network on Burnt Hill. Bower (1959) uses Burnt Hill as a classic example of her
Type 1 and Type 2 dissection systems with advanced Type 1 stage on the gently sloping
hill crest with the pattern of gullying close and complex with deep incision. Drainage
from this gullied section feeds into the Type 2 system on the steeper part of the slope
with fairly linear gullying. Hydrologically there are two areas of interest: how runoff
production is achieved in the artificially drained and naturally dissected sections of
Burnt Hill; and to examine the effect of the considerable change in catchment
conditions that must have taken place since the late 1950s (one decade after burning).
Conway and Millar (1960) suggested that much of the flashy response was related to a
peat surface of a ‘cheesy, impervious consistency’ caused by burning. This is now not

immediately obvious with vegetation now recovered substantially since the last fire.

4.3.1.2 Plot and hillslope monitoring strategies

a) Automated OLF and throughflow measurement

Runoff was collected at a smaller spatial scale from two plots, one on each section of
Burnt Hill: upslope of a grip (G2) and at a gully head (E2). Runoff was collected at
these two locations and at six other sites on intact slopes (see Figure 4.1 for site
locations within the Trout Beck catchment, and Table 4.4 for site characteristics) by use
of aluminium throughflow troughs and channelled into tipping-bucket flow recorders
(Figure 4.18a and b; Whipkey, 1965; Knapp, 1973; Atkinson, 1978; Reynolds and
Stevens, 1987; Khan and Org, 1997). Anderson and Burt (1978a) noted that excavations

associated with Knapp’s (1973) method of trough insertion may produce errors due to
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soil disturbance. This may be especially important in a fibrous and anisotropic soil like
peat. Rather than digging away from below and inserting the sheet, much less
disturbance is achieved if a rigid sheet is simply slotted into the soil. This is easily
achieved in an organic peat soil where there is rarely obstruction of trough insertion by
large clasts of soil particles or rocks. A trench was dug in the peat, or at suitable
locations a peat face was cleaned off, and 50 cm width aluminium troughs carefully
inserted at 1 ¢cm, S cm, 10 cm, and 50 cm depth (Figure 4.18a). A trough was also
inserted below the interface between the peat and substrate. Flow dividers were inserted
flush with the edge of the troughs in order to prevent flow leaking from upper layers
into lower troughs and to prevent excess lateral flow distortion. A flow divider was also
inserted just above the interface to prevent errors in measurement of flow at the
interface. Outflow was measured by tipping-bucket flow recorders connected to a
Campbell CR10X datalogger (Figure 4.18b-d). Movement of a magnet attached to the
tipping-bucket activated a reed switch such that pulses could be counted by the
datalogger. Because of the limitations of the datalogger only five tipping-buckets could
be operated at any one time at a given site. Tipping-buckets were calibrated in the
laboratory and flow volumes integrated over 15 minutes. Troughs and flow recorders
were covered to prevent entry of precipitation and debris. Where the frequency of tips
was low due to small volumes of throughflow, tips may not occur in successive 15-
minute intervals even though flow was occurring; simply the flow was not great enough
to fill a tipping bucket. In these cases a 5-period binomial (Gaussian) filter was added to
the dataset to enable hydrographs to be drawn up (N.J. Cox, pers. comm.). This meant
that for unfiltered data a tip may have occurred < 15 minutes before it was logged; in
the case of the filtered data, at very worst, the flow is displayed 37.5 minutes after it

occurred.

The digging of a pit or measurement at a peat face may be problematic as these may be
locations where the water table will drop close to the peat face resulting in changes in
throughflow and saturation-excess flow pathways and processes. These effects need to
be taken into consideration. Monitoring of the water table close to the edge of certain
faces did suggest a fall very close to the face (for example see water table transect from
G2, Figure 4.30). As the technique is based upon collecting water seeping from a free
face the troughs will collect only saturated throughflow (Atkinson, 1978). This is
because water at the free face must be at atmospheric pressure in order to leave the pore

space of the soil and flow away. This soil at the face must be saturated. Inevitably, if the
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soil at the face itself is saturated, a wedge of saturated soil will extend upslope, perhaps
into soil which would not normally be saturated had an artificial free face not been
constructed. This process naturally helps counteract the effect of lowering of water table
at the face of a soil. Insertion of troughs into the soil face by a considerable distance
may also counteract the effect of lowered water table and artificial saturation. Atkinson
(1978) states that as a general principle throughflow gutters should ideally be placed on
natural faces at stream banks or at the base of slopes as in the study of Weyman (1970,
1973) where distortions of the hydrograph and contributing area were at a minimum.
Where possible this scheme was adopted (Table 4.4). Knapp (1973) describes how pits
may result in distortion of the net of hydraulic potential such that the troughs receive
drainage from areas which are not directly upslope of them. In order to reduce the effect
of flow net distortion on throughflow, flow dividers were inserted at the sides of the
troughs through the profile. However, because of some distortion and because it was
often very difficult to determine the contributing area to the troughs, the results will
generally be presented as a guide to the relative roles of runoff processes rather than
exact water balances. Nevertheless, the throughflow trough dataset provides essential

process-based information on runoff production in blanket peat.

Table 4.4 gives details of the characteristics of each site monitored and of the
installation type used. The locations of the sites are given in Figure 4.1. Site *‘H1’ refers
to a small intact blanket peat hillslope where flow was recorded simultaneously at
topslope, midslope and footslope sites. The nature of the terrain at these sites on H1 1s
indicated in Figure 4.19. Because of the limited number of channels available on the
datalogger for pulse counting, and in order to allow simultaneous monitoring at the
three sites, troughs were only inserted into the upper two monitoring layers of the peat

on HI (i.e. 1 cm and 5 cm).

At some locations discharge could be witnessed from small foci on peat faces and from
subsurface pipes. Discharge from ‘seepage points’ was monitored using plastic
guttering inserted below the outlet and flow was channelled to a tipping-bucket flow
recorder. Monitoring of pipe networks will be discussed in Chapters 7 and 8. A pipe
was found at a gully-head on Burnt Hill acting as an outlet for flow from the monitoring
site coded E2. Pipeflow at this site will be discussed in the present chapter as it provides
valuable information on runoff production on the eroded Burnt Hill subcatchment. Flow

from this pipe was channelled to a tipping bucket flow recorder.
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Figure 4.20. Manually operated monitoring devices for examining flow processes on
blanket peat hillslopes, a) crest-stage tubes, b) dipwell, c) ptezometer.
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b) Manual measurement of OLF and throughflow processes

As well as automated flow measurement at sites H1, H2 and at the two Burnt Hill sites
(E2 and G2) monitoring of overland and near-surface flow was done using a network of
crest-stage tubes. Flow entry points were placed at the surface of the peat and at 3, 6,
and 9 cm into the peat mass (Figure 4.20). By burying the tubes to a point where the
holes were level with the monitoring height, any flow or ponding to that height resulted
in filling of the tube with water. This system provided a means of monitoring the
occurrence of OLF and near-surface flow which occurred between the time periods of
emptying the tubes. Emptying the tubes was performed with a large syringe such that
tube disturbance was kept at a minimum. Networks of thin PVC dipwells and
piezometers were also set up at the four sites. A thin borehole was created with a screw
auger and the tubes slotted into position. Water depth was measured using an electronic
rod inserted into the tube with a sensor at its tip. When the sensor came into contact
with the water an LED was activated and the length of rod inserted could be determined.
Measurements could be made to the nearest mm. Because of the movement of the ECN
transducer as demonstrated earhier (Figure 4.6), the height of the top of PVC tube above
the peat surface was also measured coincident with each water level measurement. Slug
withdrawal tests were carried out in some of the piezometers at E2, H1 and H2 (see
Figure 4.1 and Table 4.4) in order to estimate the hydraulic conductivity of the peats at
depth (using compressible soil theory). The piezometers were in position for at least six
months before the tests were performed in order to ensure stress-adjustment lags caused

by the installation were minimal (Baird and Gaftney, 1994).

4.3.2 Hydraulic conductivity of Moor House peats: the use of compressible soil theory.

The only work estimating the hydraulic conductivity of the peat at Moor House was a
basic permeameter experiment performed by Smith (1956). Here cores of around 20 cm
length were applied with water and rates from ‘severely burned Burnt Hill’ ranged from
4.4 x 10° to 1.1 x 10° cm s™'. For an intact Sphagnum peat (probably taken from the
surface of the bog) rates were of the order of 6.6 x 10° em s to 2.8 x 10-1 em 5™
These results should be treated with caution however, given the uncertain sampling

strategy and method.

Head recovery tests are often performed to obtain values of hydraulic conductivity
where either water is added to (slug injection) or removed from (slug withdrawal) the

piezometers and the recovery to the original water level in the instrument is recorded.
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The degree to which compression and swelling of peat affects head recoveries is not
well understood and it is important therefore that both rigid and compressible soil
theories are applied to piezometer data from. peat soils (see Chapter 2). In the present
study head recovery tests (slug withdrawal) were performed on piezometers with 5 cm
tips at depths ranging from 80 ¢cm to 10 cm from the surface. Results were obtained
using both rigid (Hvoslev, 1951) and compressible soil theories (Brand and Premchitt,
1982) and this allows comparison of hydraulic conductivity values to be made between
the two theories. Baird and Gaffney (1994) applied this technique to a fenland peat, but

this is the first application of the technique to the author’s knowledge in a blanket peat.

Hvorslev’s (1951) solution for an incompressible soil uses the basic differential
equation that describes saturated flow through a falling head permeameter. The pressure
head u, at time ¢, in a soil of hydraulic conductivity k is related to the initial pressure
head u, and the equalisation pressure head u., by

u, —u :exp[_Fkt] [4.1]
uoc —uO V')/“,

where v,, is the unit weight of water, V' is the volume of water required to flow into or
out of the piezometer system to equalise a unit pressure difference between the
piezometer and the surrounding soil. In a standpipe piezometer ¥ is numerically equal
to the cross-sectional area of the piezometer. F is the shape factor (dimensions of
length) which describes the flow field geometry around the piezometer (Kirkham, 1945;
Hvorslev, 1951; Youngs, 1968; Brown and Hodgson, 1988 and Brand and Premchitt,
1980). For the present study, the shape factor has been determined from the equation of
Brand and Premchitt (1980)

F=7d+1.651 [4.2]
where d is the diameter of the tip and / the tip length. In developing equation 4.1
Hvorslev (1951) also assumed that the soil around the piezometer tip was isotropic,
fully saturated and infinite in extent. When equation 4.1 is solved for £ it becomes the
familiar solution of Kirkham (1945)

k= KL"—loge[ “”_”] [4.3]

- Ft u, —u,

In compressible soils, the compression and swelling of the soil around the piezometer
can play a major part in piezometer response and equation 4.1 may not adequately
describe the equalisation process. The state of stress in a soil can be described by the

effective stress equation
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oT1=0C +u [(4.4]

where o7 is the total stress and o' the effective stress. Equation 4.4 can be used to
analyse compression and swelling on head recovery in a piezometer. Immediately after
slug withdrawal there will be an increase in effective stresses around the piezometer tip
as pore water pressure decreases while the total vertical stresses remain the same. As the
water level recovers, effective stresses will decline causing more water to enter storage
and increase the rate of head recovery. For cylindrical piezometers in compressible soil
the rate of pressure head recovery is given by the consolidation equation in
axisymmetrical cylidrical coordinates.

2
o1, Lou Ou) ou [4.5]
or~ ror 0z° ot

where r is the radial distance from piezometer tip mid point, z is the vertical distance
from piezometer mid-length, and c is the coefficient of 'consolidation’ that accounts for
both compression and swelling. Brand and Premchitt (1982) used a numerical solution
to equation 4.5 to show that the soil - piezometer system was well represented by a
control parameter

B dra’bm
|4

A [4.6]

where a is the outside radius, b the half length of the piezometer tip, and m the
coefficient of volume compressibility of the soil. The value of A characterises accurately
the shape of head recovery for which there is a unique ratio between too (time taken for
the head to recover to 90 % of initial head difference between piezometer and soil) and
tso. Using A as a control parameter, Brand and Premchitt (1982) derived equalisation
monographs based on tsy and tgg that can be used to calculate the hydraulic conductivity

and the coefficient of consolidation.

To illustrate the responses of the piezometers, the head recoveries of two piezometers
are shown in Figure 4.21. The piezometers are coded by site (either H1, H2 or E2) and
then piezometer nest within that site (A, B, C and so on) followed by the depth of the
piezometer tip (in cm). The results from piezometer H2 C60 corresponds quite closely
to the response described by Hvorslev (1951). H2 C20 shows pronounced deviation
from the curve. All of the recoveries deviated from rigid soil theory, but it is not clear
how much error the effects of compressibility and swelling will introduce into hydraulic

conductivity calculations. Table 4.5a allows comparison as it shows values of hydraulic
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conductivity calculated using equation 4.1 and values calculated from the nomograph of

Brand and Premchitt (1982).

For those piezometers where insufficient response occurred for tsy to be achieved, the
hydraulic conductivity was calculated using equation 4.1 for the time of the last reading
(tm). These values are given as a guide in the first column of Table 4.5a. In a rigid soil
tso/teg 1s always 3.322 whereas in a compressible soil the ratio will vary but will always
be greater than 3.322 and will increase with the volume of compressibility of soil
(Premchitt and Brand, 1981). All of the tso/tyo ratios were above 3.322 for the blanket
peat piezometers. The ratio, tso/tey, is essentially a measure of the effect of
compressibility on the head recovery; as it increases it describes the increasing
shallowness of the head recovery sigmoid (seen for example in Figure 4.21). The added
bonus of the Brand and Premchitt (1982) method is that a value of the coefficient of
consolidation for the peat can be obtained. Values are given in the last column of Table
4.5a. Values of ¢ could be important in modelling water flow in peats which are subject
to rapid changes in pore water pressures, for example during pump drainage, which
would in turn cause changes in the effective stresses in the soil and its storage. Values
of ¢ determined by Baird and Gaftney (1994) ranged from 0.56 at 2 mto 13.23 at 1.2 m
depth for a poorly humified fenland peat. These values fall within the three orders of
magnitude variation found at Moor House. The peat at HI has a higher coefficient of
compressibility than at H2 or E2. The peat at Hl also has higher hydraulic

conductivities than at the other two sites.

In all but two of the piezometers, values of hydraulic conductivity using tso were greater
than the value calculated using tg. This is because equation 4.1 fails to account for
variable storage and release of water giving an apparent increase in hydraulic
conductivity in early time. The effect is small in those piezometers with a value of tgo/tsg
less than about 4. However, Hvorslev’s (1951) theory does appear to be invalid for all

the piezometers.

Comparing the hydraulic conductivity values calculated using both theories shows that
in all tests where 90 % recovery occurred within the measurement period, the value of
k* was always much lower than ky. Baird and Gaffney (1994) reported that both rigid
and compressible soil theories gave values of hydraulic conductivity for each

piezometer installation at a fenland site within a factor or two of each other. Clearly this
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Figure 4.21. Example head recoveries. Closed circles for H2 C60, open triangles for H2
C20. The solid lines are fitted responses (least differences) according to equation 4.1.

is not the case for the Moor House blanket peats where generally the difference is a
factor of about five up to an order of magnitude. Penman (1961) compared hydraulic
conductivity values from a triaxial cell apparatus set up as a constant head permeameter,
and values using piezometer head recovery data applied to equation 4.1. He found that
the two values were only in close agreement when tg999 was used in equation 4.1.
Hvorslev (1951) similarly suggests that reliable estimates of hydraulic conductivity in
compressible soils can only be calculated using equation 4.1 when exchanges to and
from storage are nearly complete at the end of the head recovery process. Baird and
Gaffney (1994), however, in their fenland peat study found that values of £* were often
closer to kso than k¢y and concluded that both Hvorslev’s (1951) and Brand and
Premchitt’s (1982) theories give values of hydraulic conductivity that are too high.
Results from Table 4.5a do not indicate that Brand and Premchitt’s method gives
hydraulic conductivity values that are too high. Baird and Gaffney (1994) do
recommend Brand and Premchitt’s (1982) theory as a standard comparison of hydraulic

and storage properties between ditferent peat types.

Although Baird and Gaffney (1994) measured peat from 1.2 to 2 m in depth, the results
from 10 cm to 80 cm at Moor House provide hydraulic conductivity values that are

generally an order of magnitude lower than those in the fenland bog. Furthermore the
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Table 4.5a. Values of hydraulic conductivity calculated using rigid and compressible
soil theories for each piezometer. Kso and Koy at 50 % and 90 % equalisation time. K, at
maximum recorded equalisation time, K* and C calculated using Brand and Premchitt’s
(1982) response time charts. [T = insufficient response time.

Hvorslev (1951) Brand and Premchitt (1982)

Site/depth | K, (H ratio) too/tsy Kso Ko K* C

(x 10%ems™) (x10%ems")  (x 10%cms™y | x10%ems!)  (x 107% em®s™)
H1
A80 0.182 (3.9) IT IT IT - -
A60 3478 7.327 6.999 0.885 2.69
A35 IT 13.997 IT - -
B8O 0.126 (12.0) IT IT IT - -
B60 31815 23.703 20.638 2474 5.91
B35 3.998 21.903 18.199 3.921 49.24
B20 5377 121.170 74.856 9.371 18.67
C80 6.494 (5.9) IT IT IT - -
C60 3.632 30.689 28.073 4.703 23.80
C35 4.000 34.440 28.602 5.309 30.32
C20 18.014 68.880 12.712 1.240 0.09
C10 325 102.421 104.634 14.87 90.25
H2
ABO 6.347 (41.2) T IT IT - -
A60 4.175 9.241 7.352 1.360 6.09
A20 1.343 (24.8) IT IT IT - -
Al0 1.135 (21.3) IT IT IT - -
B8O 0.544 (42.2) IT IT IT - -
B60 28.924 52.058 5.979 0.697 0.04
B35 3621 1.492 1.369 0.317 5.23
B20 4.221 1.613 1.269 0.241 0.93
BI10 3516 0.991 0.936 0.201 342
C80 5.874 (5.3)
C60 7.849 10.825 4.581 0.764 0.90
C35 3.504 1.243 1.179 0.327 3.86
C20 3.892 1.876 1.602 0.343 411
Cio 3.321 0.755 0.755 0.178 2.53
E2
A80 3.550 0.633 0.592 0.140 2.17
B80 3.963 1.826 1.531 0.249 1.15
B60 0.225 (46.0) IT IT IT - -
B35 0.012 (3.4) IT IT IT - -
C80 5.923 3.129 1.755 0.221 0.13
D80 4.398 0.916 0.692 0.158 0.09
D60 4912 0.703 0.476 0.086 0.21
D35 3.635 0.639 0.584 0.107 0.77
E80 13.986 4.817 1.144 0.140 0.03
E60 0.235 (47.6) IT IT IT - -
E35 IT 0.502 1T - -
E20 0.136 (31.1) IT IT IT - -
F80 0.213 (44.2) IT IT IT - -
F60 IT 0.504 1T - -
F35 0.026 (6.8) IT IT IT - -
F20 IT 0.685 IT - -
G380 8.002 22.960 9.534 1.034 0.63
G60 3.330 0.356 0.355 0.076 1.26
G35 0.059 (1.1) IT IT [T - -
H80 3.940 0.591 0.499 0.097 0.52
H60 0.184 (39.6) IT IT IT - -
H35 0.102 (24.4) IT IT IT - -
180 IT 3461 IT - -
160 0.137 (31.4) IT IT IT - -
135 3.236 0.752 0.823 0.158 90.21
J80 0.170 (37.2) 1T IT IT - -
J60 0.120 (28.0) IT IT . IT - -
J35 IT B 56.000 1T - -
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results suggest that the hydraulic conductivity at a particular depth can vary by at least
one order of magnitude if not two. Table 4.5b shows the mean values of hydraulic
conductivity at the depths tested and indicates the variability found. There is no
significant difference (p < 0.05) between piezometer results from the different depths
measured at Moor House. Even at 10 and 20 ¢cm depth hydraulic conductivity could be
found to be as low as 3.43 x 107 cm s and 1.78 x 107 cm s respectively. This
provides evidence that runoff production measured by the runoff troughs at 5 and 10 cm
depths 1s likely to be a product of percolation-excess resulting in enhanced lateral flow.
Infiltration into the surface of the peat may be a rapid process (see Chapters 5 and 6) but
at shallow depths (e.g. 10 cm) hydraulic conductivities can be very low resulting in the

generation of lateral runoff.

Table 4.5b. Mean hydraulic conductivity for each depth using head recovery
piezometer data. Note that the raw data is skewed and that logarithmic transformation is
required to compare variability between datasets. Hence the geometric mean is different
from the arithmetic mean. K* has been used where available, K, for the remaining tests.

] N Geometric mean and 95 % confidence interval for
Depth, N  Mean k, cm each depth

__.C_I_T_l_,...,,_? — ,S_-l_x_l‘():(i R — - - B i +-—-=-=-= fm—_—f—— ===

10 4 4.096 S P )

20 7 1.908 (cemeenn o )

35 12 1.958 (o R )

60 14 0.889 . L )

80 15 1.466 ( . )
i ittt +--—-—+-=-=--- - +--—+---=-=--
0.05 0.3 0.5 1 2 3

k,cms' x 10 (log scale)

4.3.3 Runoff response of the Burnt Hill subcatchments

4.3.3.1 Contemporary runoff response

Total runoff during the study period was greater from the gripped hillslope (G1) than
the eroded slope (El) with Gl showing much higher storm peaks. However, G1 was
larger in area (2.49 ha) than E1 (1.91 ha) and so discharge has been converted into
runoff per unit area to allow comparison. Figure 4.22 gives discharge data for the 1999
water year for the two hillsides. Response from the slopes appears very similar and is
very flashy from both (cf. Trout Beck, Figure 4.3) although El produces higher area-

weighted peak flows. It is also evident that lower flows are sustained for longer periods
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from El than for GI, with G1 producing narrower, more spiked, hydrographs. Conway
and Millar (1960) noted that, during rainless summer periods, of their four monitored
catchments, flows ceased earliest from Burnt Hill. Although they did not specifically
refer to the effect of artificial drainage on low flows, it does appear from Conway and
Millar’s (1960) graphs that baseflow from their drained and unburned catchment was
lower than from the two undrained catchments. A number of studies (e.g. McDonald,
1973) have interpreted their paper as providing evidence that drainage reduces
baseflows (cf. Von Humboldt’s ‘sponge’ theory). Robinson (1985) shows that more
flows from Burnt Hill were at the lower range of the flow record than at the other three
sites; these sites were very similar to each other in times of low flow. Thus, it is
suggested by Robinson (1985) that burning reduced low flows but ditching alone did
not. The flow duration curves presented in Figure 4.23 show how the two sections of
Burnt Hill compare over the 1999 dataset. It is clear that flows are sustained much more
from E1 than G1 over the medium to low flow range. That is not to say low flows are
sustained a great deal from either catchment; the data are comparative. Discharge from
both weirs almost ceased during some periods of the summer of 1999 and indeed at the
very lowest flows runoff from the eroded subcatchment seemed to be more likely cease
before runoff from G1. Nevertheless, the ditched section of Burnt Hill, almost 50 years
after burning, reduces low to medium flows far more than the naturally dissected
section. Essentially the mean recession limb of the hydrographs is much steeper for G1
than E1. Hence measurement of flow from the two subcatchments provides evidence
which conflicts with the more normative view of Robinson (1985). Comparison of 1999
data with those from Conway and Millar (1960) will be required, however, to establish

whether recovery from burning has effected low flows (see below).

Monthly rainfall and runoff totals from El and G1 are shown in Figure 4.24. Although
typically the runoff pattern corresponds to the rainfall pattern as discussed for Trout
Beck above, it is clear that a much greater proportion of runoff is produced from El
than G1. For the 1999 water year the rainfall:runoff ratio was 73.8 % for E1 and only
57.6 % for G1 (Table 4.7a). This shows that the original data configuration of Conway
and Millar (1960) was inadequate; an important finding given the wide citation that
their paper has. Conway and Millar (1960) suggested that Burnt Hill had almost no
capacity for storage of rainwater whereas more intact subcatchments could retain up to
15 ¢cm of water. Notwithstanding that change may have occurred since Conway and

Millar’s study, the evidence presented here suggests that the gripped subcatchment can
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store much more water than E1. It would therefore seem that results from the 1999
water year on Burnt Hill bring the effect of ditching on Burnt Hill more into line with
results from many other studies as discussed in Chapter 2. There will, or course, have
been changes in the capacity of the grips over time related to erosion and vegetation

change (see below).

The difference in runoff response from the two subcatchments could be partially
explained by comparison of drainage density. The mean drainage density of the Trout
Beck catchment is 3.57 km km™. Such high drainage densities suggest a natural
propensity towards quick drainage. Caution is required in assessing drainage densities
in peatland catchments since maps in the heavily dissected areas of blanket peat
moorland probably underestimate the drainage density (Burt and Oldman, 1986). For
Burnt Hill the drainage density was calculated using aerial photographs and maps drawn
by Bower (1959) and Conway and Millar (1960) and a GPS survey of the hillslope. The
mean drainage density of G1 was 66 km km™ and 77 km km™ for E1. Thus it is to be
expected that higher flows would occur from El. The natural drainage is greater in
density than the artificial drainage. The huge difference in drainage density between
Trout Beck and the two subcatchments must be related to the measurement scale. The
Trout Beck estimate has not included all of the small gully networks and eroded peat
flats that contribute to drainage (this measurement would require a great deal of time
and benefit from utilising GIS). Nevertheless as drainage densities on E1 and G1 have
been estimated at the same scale then the subcatchment data can be used for
comparative purposes. These estimates, of course, do not allow an areal estimation as
they are based on the length and not the area of ditching or gullying. Gullies occupy
approximately 48 — 55 % of the area of E1 with ditches occupying 3 - 4 % of the area
of G1. With more water falling directly on to the surface of gullies, there i1s a natural
propensity for increased runoff from E1, and greater peak flows. Furthermore the gullies
are often a metre deep whereas the grips are only around 40 cm deep. At the same time,
however, runoff ratios from E1 are equivalent to that from the Trout Beck catchment as

a whole which is not as heavily eroded.

4.3.3.2 Evidence for change in runoff generation on Burnt Hill since the 1950s.

Mean lag times and hydrograph intensities are given in Table 4.6 for the Burnt Hill
sites. The data calculated from Robinson (1985) are also shown. The table suggests that

Burnt Hill flows are not as flashy as they were 40 years ago. However, given that
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Robinson (1985) only used five storms for analysis this conclusion is rather limited.
Conway and Millar (1960) noted that often ‘peak lag times’ on Burnt Hill could be 0.3-
0.5 hours. This is still the case, with 8 of the 44 storms analysed from E1 and 19 of the
same storms analysed for G1 having lag times within 0.5 hours. Flows are much more
spiked and flashy from Burnt Hill than the Trout Beck catchment. However, the
response from a small catchment is likely to be flashier anyway. Peak flows on average
are achieved about 0.3 to 0.5 hours earlier from G1 than E1 (although precipitation data
were collected at 0.25 hour intervals which affects the resolution of the results). As the
catchment area of Gl is greater than El it therefore contributes far more to the overall

discharge from Burnt Hill.

Table 4.6 Hydrograph characteristics of the Trout Beck and Burnt Hill flows.

Burnt  Hill Gripped Eroded Drained C and M Trout Beck 1994-1999

1959-1961 1999 1999 subcatchment from N=58
from n=43 n=44 Robinson, [959-1961
Robinson n=5
n=5
Peak lag, hrs 1.6 1.7 2.1 1.9 2.6
Trec, hrs 31.1 31.9 28.9
Hydrograph 48.6 44.4 38.8

Intensity

Peak Lag = time from peak rainfall to peak discharge, hrs
Trec = Time from rain end to return to pre-storm flow
Intensity = peak flow, m” s™' divided by total storm discharge, m® x 107,

The total runoff ratio for Burnt Hill during the 1999 water year appears to be less than
during any of Conway and Millar’s water years (Table 4.7b) and would suggest that a
change has taken place since the late 1950s. Conway and Millar (1960) suggested that
after burning the peat lost its ability to allow water to infiltrate with a subsequent
increase in surface runoff and reduction in storage. However, although it would appear
that some recovery has taken place on the basis of yearly water yields, it is necessary to
check the characteristics of the study years for compatibility. For example, 1955 has a
runoff ratio within 3.2 % of that in 1999. 1999 was the 4th wettest year in the Moor
House record (spanning 1952 onwards) with 2327 mm (mean 1946 mm); 1955 was also
wet being the 12" wettest. Following Jones and Conway (1997), if particular attention is
paid to the rainfall totals for the three winter months (December — February; DJF) and
the three summer months (June — August; JJA) further similarities can be identified

between the two years. Importantly, the summers of these two water years were dry
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Table 4.7 Rainfall and runoff relationships for Burnt Hill, comparison of present data
with data from Conway and Millar (1960).

a) Rainfall:Runoff ratio for the 1999 water year
Weir Ratio, %

Trout Beck 73.8
Burnt Hill Eroded 73.8
Burnt Hill Gripped  57.6
Burnt Hill Total 64.6

b) Rainfall:Runoff ratio for Burnt Hill, 1955-1958 and 1999 water years, ranking
based on the Moor House record since 1952; driest = 1, wettest = 47

Water Year Runoff Total rainfall, Rainfall DJF  Rainfall JJA Rank of Ratio

Ratio, % mm (rank in DJF:JJA
brackets) (lowest first)
1955 67.8 2116 643.1 251.7 39
(36th) (27" (5"
1956 74.5 1802 560.4 602.3 7
(1 Sth) ( 19[}1) (47111)
1957 74.3 1967 743.2 522.2 23
(26lh) (37lh) (441]])
1958 74.1* 1899 660.2 402.8 28
(23rd) (29{!]) (29th)
1999 64.6 2327 674.8 295.0 35
(44Ih) (32nd) (1 llh)
*data missing DJFM

¢) Rainfall:Runoff ratio not including JJA for Burnt Hill
Year/site Ratio, %

1955 — Burnt Hill 72.3
1956 — Burnt Hill 77
1957 — Burnt Hill 74.5
1958 — Burnt Hill *
1999 — Burnt Hill 67.6
1999 — El 77.4
1999 — G1 60.2
1999 — Trout Beck  75.8

*data missing (DJFM)

102




with 1999 the 11" driest and 1955 the 5" driest. So, although both years are wet which
one would expect to increase the rainfall:runoff ratio, it may be that the enhanced
evaporation during dry summer months has reduced the ratio in both years. In contrast,

the summers of 1956, 1957 and 1958 are all wet with 1956 being the wettest on record.

The ECN water table record showed that soil moisture deficits only exist during
summer at the target site (Evans et al., 1999). Burnt Hill is only 300 m from the target
site and has a similar elevation, although aspect may result in some differences in the
water balance. Burnt Hill taces a northerly direction whereas the ECN target slope is
orientated with a more easterly or south easterly aspect. Soil moisture deficits are
therefore less likely to occur on Burnt Hill but if the rainfall and runoff records are
examined for all months except those of June, July and August, this makes comparison
of the runoff production more valid. Table 4.7c shows that, even though the rainfall
during the 1955 and 1999 non-summer periods was very similar, a greater proportion of
runoff was produced in 1955 than in 1999. In fact the 1955-58 mean water yield for
both subcatchments combined was 72.7 % +/- 3.3 (95%) such that 1999 is statistically
different with a ratio of 67.7 %. Hence there is some evidence to suggest that there has
been a recovery since the time of burning. This may be due to revegetation of the
surface of the peat that has occurred in the decades after severe burning. This would be
accompanied by the build up of fresh material on the peat surface above the burnt layer
and alteration and penetration of the ‘cheesy’ layer by vegetation matter. This would
allow increased temporary storage of water within the upper peat layers and on the
vegetation cover followed by enhanced evapotranspiration. Fires generally only
temporarily damage the vegetation of a mire. So long as a root mat is still intact and
there is some seed bank, the vegetation re-establishes, mostly in the pattern of the
species which resembles the pre-burnt community (Anderson, 1986). If the root mat is
killed in an intense fire then erosion can occur. Fires can also produce finely particulate
material which settles in tl2 peat pores and reduces permeability; fire can also produce
volatile waxes and oils which form an impermeable skin to the peat (Tallis, 1997). The
gully floors on Burnt Hill have largely revegetated (Figure 4.25a and b). This
revegetation is impressive and contrasts the conditions existing when Bower (1959,
1960, 1962) was describing the extent and nature of the Pennine erosion. Garnett and
Adamson (1997) mapped an area of Moor House of which 8 % was eroding blanket
peat; areas once eroded but now recolonised by vegetation occupy approximately 10 %

of the study site. The revegetated gully floors may be involved with increased
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temporary water storage, slowing the delivery of water to the catchment outlet and
producing the longer hydrograph recession limbs than is the case in the gripped

catchment.

Examination of many of the grips on Burnt Hill show that revegetation with Sphagnum
is taking place on the grip floors and many of them appear to have recovered
substantially since cutting. This is occurring particularly on the grips that run across the
slope rather than down slope. Mayfield and Pearson (1972) have observed rapid
‘healing’ of ditches in peatlands where grips are not well maintained. Furthermore many
of the grips are not perfectly cut so as to allow smooth and easy passage of water down
them. Indeed much standing water lies visible on the surface of the grips trapped in
depressions on the grip floor. This may then encourage greater evaporative loss and the
greater amount of water storage seen within this catchment. Gunn and Walker (2000)
showed that grip blocking by straw bails could reduce flood peaks and bring runoff
production more into line with adjacent undisturbed intact slopes. So it seems that
revegetation is likely to be the key factor which would result in changes in the

hydrology of Burnt Hill since the study of Conway and Millar (1960).

4.3.4. Plot-scale runoff response within the Burnt Hill subcatchments

Robinson (1985) criticises Conway and Millar (1960) because they made little mention
of the fact that the catchments they examined differed in other respects than their
drainage state. Modelling work by Robinson (1985) shows that topographical
differences could not account for the observed differences in flows from the catchments.
One important difference between E1 and G is that there exists a series of bog pools
upslope of the gullies on El. Indeed Bower (1959) suggests that the end product of
these pools is the development of the gully network downstream and its headward
extension. Figure 4.26a shows a typical bog pool at the site (plot E2) on the headward
side of a gully. At the gully-head nick point, 9 m downslope of the pool shown, a
subsurface pipe outlet was found (Figure 4.26b). Subsurface pipes were also found to
contribute to some of the other gullies on Burnt Hill. Piping has been assigned as one of
the potential mechanisms responsible for gully development in blanket peat (Pearsall,
1950). Tracer examination showed that the pool and the pipe were hydrologically
connected such that the pool did not drain yet gully-head flow was maintained. In order

to investigate in more detail the runoff processes occurring within the eroded and
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gripped Burnt Hill subcatchments, runoff processes were measured at the plot scale at

E2 and G2 (see Figure 4.1).

4.3.4.1. Plot runoff processes within the eroded subcatchment

Flow from the pipe monitored at E2 is shown in Figure 4.27¢ for a 10 day pertod.
Runoff from Trout Beck, El, and G1 are also shown. For Trout Beck (Figure 4.27b) the
steep, almost symmetrical hydrograph with no significant delayed flow indicates
dominance of stormflow in catchment runoff (Burt, 1996). Clearly the catchment
responds rapidly to rainfall. The eroded hillslope produces higher peak discharges, but
has a much smoother and broader hydrograph form than produced by G1 (Figure 4.27c
and d). The gripped hydrographs are spikier than the eroded response. Flow from the
pool-pipe source at the gully head is perennial and during the monitoring period of
4/8/98 to 16/12/98 only ceased operation during cold periods when freezing affected
flow. Peak flows were large given the size of the outlet, often of the order of 3 to 4 1
min”'. Nevertheless the hydrograph intensities were low (see Table 4.11) with a very
broad shape. It may be that extended pool drainage at gully-heads via overland flow,
seepage at depth and pipe networks contribute to the slightly broader shape of the El
hydrographs when compared to the relatively pool-free gripped catchment. It may be
that pool-hummock complexes which are common in blanket peat catchments (Tallis
and Livett, 1994; Tallis, 1994) do provide some baseflow to streams, albeit very
limited; the data suggests that pipeflow is not dominant in storm response. The pools
themselves may simply be a result of the varying growth habits of the different bog
plants. This can then be accentuated into the typical hummock and hollow topography
(Johnson, 1957, Moore and Bellamy, 1974). The pools may be capable of temporarily
storing water and then releasing it at a slow rate through the upper few centimetres of
the peat, perhaps connected through macropore networks. If the pools overflow this
may produce conditions conducive to pool connection, and eventual gully development.
The greater incision on E1 may also allow more drainage whereas the grips favour more

evaporation.

Flow from the sides of the gully adjacent to the gully-head at E2 was recorded from a 5
cm deep trough and a 50 cm trough (collecting flow from 30-50 cm depth). No flow
was recorded from runoff troughs positioned at 1, 10 or 20 cm depth into the peat face.
An example of flow response at the gully bank is shown in Figure 4.28. Flow from the

upper layer of blanket peat is flashy, with spiky, ephemeral hydrographs of high
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intensity. Runoff appears extremely responsive to rainfall. Discharge volumes are much
greater from the 5 cm layer than at 30-50 cm depth. Flow at this gully face was the only
monitored location (apart from selected seepage foci and pipes — see below) where flow
was recorded deep within the peat. This flow may be linked to the prolonged
hydrograph response of the eroded subcatchment over that from the gripped
subcatchment where drains are only 50 cm deep. Nevertheless flow at depth from the
gully face is ephemeral (Figure 4.28f) such that it is not solely the result of slow
drainage of the peat mass. This layer appears to be very well connected to the surface to
allow such rapid response to rainfall. It is likely therefore that the peat has different
hydrological properties at depth on the gully face to that of uneroded areas (cf. results
from other plots below). This is likely to be related to water table drawdown and the
desiccation of the peat faces which are exposed to summer baking and winter needle ice
formation. This may alter the structure of the peat, which may lead to cracking,

macropore network connection with resultant increases in bulk hydraulic conductivity.

4.3.4.2 Plot runoff processes within the gripped subcatchment

Flow response from the gripped plot (G2) is very different in form (Figure 4.29) from
that on the gully face. Discharge at G2 only occurred in the top 10 cm of the peat; OLF
volumes dominated the response. There was around 10 times more surface flow than
flow within the upper 10 cm of the peat. It is striking how similar the shape of the OLF
response from G2 is to that of the hydrographs from E1 and G1. Hydrograph form at 5
cm is very much more ‘rounded’, with lower intensity hydrographs than OLF. Onset of

OLF development appears to be rapid. The recession limbs are also steep.

Conway and Millar (1960) and Robinson (1985) suggest that infiltration-excess OLF
dominated on Burnt Hill because of the burning that had occurred prior to monitoring.
OLF data shown in Figure 4.29 seems to agree with this hypothesis with timing of OLF
coinciding closely with the timing of rainfall. However the time period for saturation-
excess OLF development is likely to be short on Gl since the drains are only 15 m
apart. If saturation-excess OLF occurred across an intact hillslope, it would flow from
the topslope down to the footslope. However, on G1, OLF will run into the nearest
drain. Thus, the area downslope of a drain will not be supplied with water from from
upslope and therefore return flow processes are less likely to occur and will be of a

shorter duration. Evidence from longer undisturbed slopes suggests OLF may last for a
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greater length of time because the hillslope takes longer to drain due to saturation-

excess mechanisms. These data are discussed below.

4.3.5 Evidence for saturation-excess runoff processes on Burnt Hill

4.3.5.1 Water table and OLF generation at G2

Stewart and Lance (1991) examined the effects of moorland gripping on water tables at
Burnt Hill. They found that mean water tables near to drains were lower than at places
farther away, but the lowering was slight and confined to a zone a few metres away on
either side of the drain. They showed an asymmetrical lowering of the water table
around the drains with lowering occurring as far as 2 m downslope but only 1 m
upslope. The effects of the drains on vegetation were shown to be confined only to the
downslope side. Water table lowering was of the order of a few centimetres even in
dipwells immediately adjacent to the drain. Stewart and Lance’s measurements were
carried out only during 20 days of June and July 1979; nevertheless they did test their

results against intact control plots.

A transect at right angles across two adjacent drains on Burnt Hill (see Figure 4.1 for
location) was established at the site of the throughflow troughs (G2). Dipwells and crest
stage tubes were monitored on an approximately bi-weekly basis (much depended on
the weather conditions for accessibility) from June 1998 to May 1999. Monitoring
locations are shown on Figure 4.30. The close spacing of these instruments around the
grips allows higher resolution data. As Stewart and Lance (1991) found, water tables
appear to be only affected close to the drain. One possible error not taken into account
by Stewart and Lance (1991) is that when gripping occurs the debris is placed next to
the drain and often left. It is clear that on Burnt Hill, the peat dug out of grips was
placed downslope and adjacent to the drain. This can be seen on the transect in Figure
4.30 where there are small mounds at sites 7 and 13. This peat is likely to have different
properties to that of the intact surrounding peat. This would mean that any
measurements of water table close to the drain on the downslope side would be affected
by these clumps of peat which are now revegetated. Future investigation of water table

drawdown near grips should take into account any deposits from earlier excavation.

Only at sites 7 and 13 did no OLF occur during the study period. This is likely to be
related to the combined effect of low supply of water from upslope due to drain

interception and the nature of the excavated peat at these two locations. More
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importantly it can be seen that OLF occurrence is spatially much more likely to occur
where the water table is found closer to the surface. Indeed at sites 1 and 2 where the
mean water table is very close to the surface, OLF was found to have occurred between
almost every visit. This provides further evidence that OLF recorded at the monitoring
troughs at G2 discussed above was a result of saturation-excess rather than infiltration-

excess mechanisms.

Unlike Stewart and Lance (1991) who found that water table variation was greater
further from the grip than close to it (during June-July 1979), the results from one year’s
data show that standard deviations are larger adjacent to the grips. At the trough-
recording site the water table clearly drops 10 cm from its edge (site 12). However at
site 11, only 20 cm further upslope, there appears to be a limited effect of the drain on
the water table, even during drier periods. Hence the insertion of throughflow troughs
laterally into the peat face by 30 cm should counteract the effect of the drain on water
table decline and hence monitor runoff processes occurring within the peat accurately.
No flow occurred from deeper than 10 cm from this site. This suggests that the drains
simply act to intercept surface and near-surface runoff, and withdraw water from the
peat only alongside the drain edge. Surface runoff is therefore reduced downslope of the
drain, and because of the short distances between drains, saturation-excess OLF
production is short-lived at the logger site when compared to longer undisturbed slopes

(see below).

4.3.5.2 Water table and OLF generation at E2

Mean water table for the monitored plot on E2 demonstrates that water tables may be
affected by gullying at a much greater distance than is the case for grips (Figure 4.31a).
High water tables surround the pool in the centre of the plot, characteristically with
ponding at the surface. Upslope from the pool and gully-head the water table is
generally within 5 to 10 cm of the surface. The greatest range in water table occurs
nearer steeper sections of the plot, just upslope from the pool and upslope from the
steep gully sides (Figure 4.31b). The fact that OLF did not occur in the runoff trough at
the edge of 