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Abstract 

The functional hydrological components of the ombrotrophic mire water balance are, 

considered in terms of their ecological relevance. It is proposed that numerical models 

provide a suitable framework for mire hydro-systems and their potential as quantitative tools 

for mire restoration and conservation management is demonstrated. Existing models 

previously applied to mires are reviewed. The USGS 3-D groundwater model MODFLOW is 

selected and a new shallow surface and groundwater model GSHAW5 is developed for 

application to mires. Extensive ecohydrological case studies are undertaken at two mire sites 

and the models are tested using data collected at the sites. 

Field studies at Wedholme Flow, Cumbria, extended over four years and the data collected 

were combined with historical records to form a 10-year hydrological data set. Studies at 
Trough End Bog, Northumbria, extended over a 3-year period. Topographic, soil and 

vegetation surveys were carried out at both sites. Watertable fluctuation was recorded 

manually on a weekly basis and electronically at a 20-minute interval along with automatic 

meteorological records. New hydrometric techniques were developed in the Surface Water 

Monitoring Plot, SWaMP, constructed at Trough End to record hydrological exchanges 

within the hummock-hollow complex of the mire acrotelm. 

The models operate on very different spatial and temporal scales. GSHAW5 is applied to 

reproduce ground and surface exchanges in the acrotelm. MODFLOW is used to simulate 
large-scale exchanges in undisturbed areas and between regenerating and active peat cutting 

areas. Predictive MODFLOW simulations are used to examine the impact of different peat 

cutting regimes on mire hydrology and potential regeneration. Both models produce 

simulations strongly correlated to observed hydrological exchanges. 

The usefulness of numerical models as tools for mire management is ýonsidered in light of the 

model test results from both case studies. It is concluded that both models provide insight and 

quantitative estimates of hydrological exchanges not possible by other means. MODFLOW 

simulations reveal considerable water loss from the Wedholme Flow mire reserve to an active 
peat cutting area. Simulations of Trough End bog reveal hydrological acrotelm. processes 
strongly related to vegetation assemblages. An extensified GSHAW5 acrotelm. model is 

recommended for the simulation of intact ombrotrophic mires. 
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Preface 

The theme of this thesis is the application of modelling techniques to the eco-hydrological 

processes of ornbrotrophic mires. A mire is a complex system in which ecology and 

hydrology are intrinsically linked, hence 'eco-hydrology'. Although this study focuses largely 

on the hydrological functions of mire systems, the components of each system are identified 

in ten-ns of their ecological implications. Ombrotrophic mires are differentiated from other 

wetlands by virtue of their unique ecology, which in turn is determined by its primary 

hydrological component: the precipitation that sustains a mire. Positive net recharge to 

ombrotrophic mires is limited to this acidic, nutrient poor source, which in combination with 

restricted local drainage is the basic prerequisite for mire formation and the main sustaining 

feature of the system. 

The application of modelling techniques to mires can enable better understanding of the 

hydrodynamics of individual mire complexes on different spatial and temporal scales. The 

growing recognition of the ecological value and hydrological importance of peatlands in 

general has generated considerable interest in their management. This has created a demand 

for better quantitative estimates of system exchanges and tools that can provide these. Models 

are used as tools every day, and in this context have already begun to build a model by 

conceptualising the prerequisites of mire formation. Numerical models, based on quantitative 

observations of mire hydrological exchanges, can potentially both improve understanding of 

mire hydrodynamics and predict possible outcomes of fluctuating system components. 

The aim of this thesis is to demonstrate the suitability of numerical modelling techniques to 

increase knowledge of mire hydrological functions and to highlight the potential for the 



application of validated models within mire management strategies. This is achieved by the 

application of two different numerical models at two field sites. The current state of 

understanding of mire hydrological systems is reviewed and the basis of existing models are 

outlined in Chapter 1. Chapter 2 is a review of hydrometric techniques available for the 

collection of hydrological data in mire field sites, and was compiled (on behalf of UNESCO) 

as a generic hydrology monitoring manual for all wetland types wetland. In order to 

characterise the hydrology of a site, it is essential to make accurate readings of the exchanges 

of defined system processes. Any assumption not based on the best available data will be 

essentially flawed, and this is amplified in spatially and temporally dynamic mires where 

many functions are transient. The hydrometric methods outlined in Chapter 2 were applied 

selectively at the two field sites over a four-year monitoring period. The field sites, 

Wedholme Flow, Cumbria, and Trough End Bog, Northumbria, are described in Chapters 3 

and 5 respectively. The monitoring methodology applied at each site is outlined, the resulting 

data sets are discussed and where appropriate, the implications for site management are 

considered. 

The data collected during each monitoring programme were utilised in numerical models at 

different scales at each field site. Chapter 4 describes the modelling process applied at 

Wedholme Flow, whilst Chapter 6 describes the model developed at Trough End. 

At a landscape scale, the two field sites are quite different. Wedholme Flow is an entirely 

ombrotrophic, large (780ha) lowland raised mire, encompassing intact hummock-hollow 

surface features alongside degraded and disturbed mire. Wedholme is subject to the 

conflicting management practices of peat extraction and nature conservation, with both un- 
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drained surfaces, blocked drains in abandoned peat cuttings and deep arterial drains in the 

peat cutting area. 

A review of existing models concluded that no single model available was capable of 

reproducing observed ground and surface water exchanges simultaneously. The USGS 3-D 

groundwater model MODFLOW was selected as the best available solution to reproduce 

subsurface flux and was applied to Wedholme in several different schemes. This project, 

outlined in Chapter 4, focuses on large-scale groundwater exchanges between defined 

regions. This form of modelling has a broad range of public and commercial applications. 

Trough End Bog is a small (2ha), upland valley mire with an ornbrotrophic central region 

containing typical hummock-hollow acrotelm features and vegetation, surrounded by a 

soligenous fringe. The bog is bordered by heathland and has a largely degenerate, unmanaged 

shallow drainage network. Limited grazing by sheep is allowed across the site. Extensive and 

deep peat accumulation at Wedholme, along with a 10-year history of watertable recording 

provide the opportunity to monitor and model mire groundwater dynamics. The accessibility 

and opportunity to experiment with potentially intrusive techniques make Trough End Bog an 

excellent site at which to investigate surface-acrotelm hydrological exchanges. 

As no existing model could be found to accurately represent hydrological flux within the mire 

acrotelm, a model capable of reproducing processes in this region was developed. Chapter 6 

outlines the numerical scheme of the integrated quasi-3-D shallow surface and groundwater 

model GSHAW5 (Ground and SHAllow Water equation solved by FInite VolumE method). 

The model was parameterised using the experimental Surface Water Monitoring Plot 

(SWaMP) described in Chapter 5. The plot was designed for the purpose and constructed in 
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the ombrotrophic region of Trough End Bog. Testing of GSHAW5 using the data collected in 

the SWaMP (Chapter 5) is described and model outputs (groundwater heads and surface 

water discharge) are compared to field data (Chapter 6). 

In the final Chapter the outcomes of the extensive monitoring and modelling programs at both 

sites are discussed and implications for further management of these and other mires sites are 

considcred. 

Excluding Chapter 3, all Chapters of this thesis have been published separately or submitted 

for publication (see Teclaration'). Chapters all ready in print are presented in the form in 

which they were published. Those currently under review or revision at the time of thesis 

examination are included in the form submitted to the j ournals in question. Additional 

published work arising from this thesis is included in the final Appendix. 
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TOWARDS A WHOLE SYSTEM MODEL FOR THE HYDROLOGY 
OF PEAT MIRES 

Charlotte MacAlister and Geoff Parkin 

(Centre for Land Use and Water Resources Research, University of Newcastle upon Tyne) 

INTRODUCTION 

Why is it that after so many years of research 
into the dynamics of wetland ecosystems that 
we still need to ask the question: Why be so 
concemed with bog hydrology? ' The answer is 
simply that our understanding of the 
hydrological behaviour of such systems, 
developed on organic soils, whether deep or 
shallow, blanket bog or raised mire, is far from 
comprehensive. This is in itself surprising 
given the level of knowledge of the ecology of 
such water-driven systems. What is also 
surprising is the willingness of many wetland 
managers and managing bodies, to embark on 
lengthy and often expensive 'rehabilitation' 
projects without a sound understanding of the 
hydrological behaviour of their site. 

The current level of understanding, and the 
areas in which further research should be 
focused, seem themselves to be a matter of 
some disagreement. Burt et aL (1997) stated 
that 'studies of the hydrology and fluvial 
geomorphology of blanket peat moorland 
remain scarce', whilst Baird et aL (1997), in 
their paper which followed in the same 
proceedings, stated 'a considerable amount of 
work has been done on the hydrology of 
damaged blanket mires' and 'such work has 
been extremely useful in understanding the 
hydrology of these degraded systems'. 

Our knowledge of any natural system may 
never be described as 'complete' but 
technological developments, such as computer 
based models and data-logging equipment, 
continually provide the means to improve our 
understanding, whilst changing environmental 
conditions create the necessity for further 
study. We intend to highlight areas in which 
such developments could be applied to mires, 
and to emphasise the need for a greater 
understanding of the hydro-dynamic driving 
forces of wetland ecosystems, if their 
management and conservation is to be 
effective. To date, the application of 

hydrological theory, in the form of the principles 
of land drainage (Ritzema, 1994) have been 
applied effectively by those who wish to drain 
wetlands to exploit the peat resource or for 
agricultural purposes. However, the model with 
which they must be concerned is far simpler 
than that which is required for conservation or 
restoration. It excludes ecological issues, and 
is based simply on the height of the water table, 
how it is influenced by recharge, and how 
adequate water table drawdown for peat 
removal can be achieved using drainage 
channels. 

The motivation to collaborate on a contribution 
to these proceedings arose from the lack of 
representation of hydrology at the 1998 IVIRG 
conference, despite the conference theme 
being 'Patterned Mires and Mire Pools. Origins 
and Development of Pools: Ecology of plants 
and animals'. It would seem that there is still a 
need to stress the importance of functional 
hydrology in mire processes, and certainly to 
consider its role in the formation and ongoing 
development of pool networks. The need to 
consider the ecology of bog pools would not 
even arise if it were not for the presence of an 
excess of surface water, yet the processes 
which give rise to pool formation and duration 
were given scant attention. 

In this paper we will outline the current state of 
understanding and research focus in mire 
hydrology, concentrating on the UK, and 
attempt to highlight those areas which we feel 
are critical in determining a complete mire 
water balance. Past work will be reviewed 
briefly, and then current research issues 
associated with components and processes of 
a mire water balance will be considered, 
including surface flow, hydraulic conductivity, 
and evapotranspiration. The hydrochemistry of 
mires is not addressed, although its importance 
is recognised. The need for a comprehensive 
model to include recharge, ground and surface 
water flows, and vegetation response will be 
discussed. Potential applications for such a 
model are far reaching, having implications for 
restoration and conservation, quantification of 
wetland buffer zones, and assessment of the 
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influence of the mire water balance on whole 
catchment hydrological and ecological 
behaviour. This paper is not a comprehensive 
review of all of the issues involved, nor of all 
published works on the subject. Rather it is an 
attempt to bring hydrological issues to the 
forefront of the wetland ecology forum, so that 
they may be discussed more readily and 
included by more practitioners in their 
consideration of whole mire systems. The 
need to conserve wetlands will be taken for 
granted. 

CURRENT STATE OF RESEARCH AND 
UNDERSTANDING 

In recent years the volume of research in 
wetland ecology and hydrology has increased 
steadily, resulting in several notable 
publications this decade, many of which have 
arose from the airing of research at 
conferences. For example, 1992 saw the 
publication of Peatland Ecosystems and Man: 
An Impact Assessment (Bragg et al., 1992), 
containing papers covering both ecological and 
hydrological behaviour, while 1995 saw the 
publication of two complementary volumes, 
Restoration of Temperate Wetlands (Wheeler 
et al., 1995), almost accompanied by Hydrology 
and Hydrochemistry of British Wetlands 
(Hughes and Heathwaite, 1995). Wheeler and 
Shaw (1995) also published an ecological 
manual' for wetland managers, Restoration of 
Damaged Peatlands, while Kevin Gilman's 
Hydrology and Wetland Conservation (1994) 
outlined much of the current state of 
understanding of wetland hydrology. 

In the past, there has been a tendency to 
address elements of mire ecology and 
hydrology separately, rather than within an 
integrated system, and this is reflected in the 
literature. Indeed, this 'divide and conquer' 
approach is often the only practicable solution 
to the understanding of complex environmental 
systems. This approach is less appropriate in 
consideration of wetlands, where hydrology and 
ecology are too closely related to be addressed 
separately. The most obvious example of this 
is the fact that the very existence and growth of 
peat mires largely relies upon the presence of 
semi-aquatic vegetation. The close inter- 
dependence of mire ecology and hydrology can 
be illustrated by some typical questions that can 
be asked about, for example, invertebrate 
distributions. How do they differ between a pool 
lying between two hummocks, and the top of 
those hummocks? What if that pool were 
seasonal - how would this affect the 
population? What if a storm event caused the 
depth of the pool to increase, and for how long? 

How would the decreasing area of available 
'dn)( hummock affect both populations? What 
would be the influence on the invertebrates if a 
nearby drain was blocked causing widespread 
surface flooding? How would the vegetation 
change as the surface area became more pool 
and less hummock? These are all questions 
which require an intimate understanding of both 
ecology and hydrology, and the ability to 
quantify accurately all of the system 
components, such as evapotranspiration, 
hydraulic conductivity of peats, infiltration and 
surface flow rates. Whether a system is 
'pristine' or degraded, these interdependent 
factors must be combined to achieve a 
balanced understanding of the wetland 
ecosystem. The most logical framework for the 
representation of these factors in an integrated 
form is their combination in a systematic model. 

WETLANDS AND MODELS 

Practitioners of wetland ecology and hydrology 
(hydroecology/ecohydrology) must necessarily 
base their management decisions on a 
conceptual model of a wetland system. The 
effectiveness of management actions is entirely 
dependent on the reliability of the model to 
which they refer when considering the system. 
This applies whether management aims are 
concerned with conservation or 'improvement' 
of wetland for agriculture, or both, as in the 
many areas with multiple stakeholders. The 
calculation of hydrological phenomena are 
largely based on standard methods and 
formulae developed for use in mineral soil over 
the last 100 years. These methods have 
varying degrees of success according to the 
suitability of their governing equations to the 
medium in question (heterogeneous peat) and 
their scale of application. Much the same can 
be said for other analytical and numerical 
models derived from such governing equations. 
The scale issue generally has been the subject 
of considerable debate within the hydrological 
community, and forms an area of very active 
contemporary research (see, for example, 
Dagan, 1986, Nachabe and Morel-Seytoux, 
1995). 

At the most basic level, the simplest conceptual 
model representing system processes of a 
wetland consists of a mass balance equation 
for the entire wetland (Equation 1, Figure 1). 
This extremely simple model does not provide 
any information about the spatial and temporal 
distribution and movement of water within the 
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Figure 1. Primary model of mire water 
balance. 

F p- 

R ET ET R 

Eq. 1.1 AW P- ET- R-S 

AW change In water storage 
P precipitation 
ET evapotranspiration 
R overland or surface flow 
S seepage or subsurrace flow 

wetland - most frequently the issue of greatest 
concern. The most well known example of 
such an analytical model, at least among 
wetland ecologists, is Ingram's groundwater- 
mound theory of the dimensions and growth of 
a raised mire (Ingram, 1982). Ingram proposed 
that in a groundwater mound maintained 
'through a dynamic equilibrium between 
recharge and seepage .... developed in a 
homogenous, isotropic porous medium through 
which water flows in accordance with Darcys 
law, the potential distribution must conform with 
Laplace's equation which can be used, where 
geometry is simple, to predict the relationship 
between height and width of the groundwater 
mound for any combination of discharge with 
hydraulic conductivity, and that 'The shape of 
the mound can also be approximated using 
Dupuit-Forchheimer theory' (see below). 
Making these assumptions, and using solutions 
given by Childs (1969) for the geometry of 
groundwater tables with lines of equipotential 
which are parallel, circular or elliptical, Ingram 
derives a relationship between the dimensions 
of a raised mire, the net recharge, and the 
hydraulic conductivity of the peat (Equation 2), 
and also provides the equation describing the 
cross-sectional shape of an idealised mound as 
following an elliptical profile. Ingram tested this 
hypothesis against observations of topographic 
levels at Dunn Moss, East Perthshire, and 
concluded that 'the elliptical shape and 
proportions of the mire surface are in 
agreement with this model'. 

Equation 2 U/K = H,, 2/L2 

U= net recharge = lateral discharge by 
seepage to lagg 
K= hydraulic conductivity 
H, = maximum height of the mound 
L= radius of mire 

The application of this analytical model to 
many cases is potentially flawed, as it relies on 
homogeneity and isotropy of peat on a large 
scale, which is rarely, if ever, the case. The 
method also relies on the application of Darcys 
equation (Equation 3) and the Dupuit- 
Forchheimer assumptions on the same scale. 
The established mathematical basis of 
groundwater flow will not be discussed further 
here, but is described in detail by, for example, 
Harr (1962), Bear (1979), Smedema & Rycroft 
(1983), Zaradny (1993), Bos (1994), and 
Viessman & Lewis (1996). The Dupuit 
assumptions can be summarised as follows: 

that the hydraulic gradient is equivalent to, 
and given by, the slope of the water table, 
which is generally small; 
that flow is approximately horizontal; 
that equipotentials are vertical planes 
normal to flow. 

Equation 3Q=KA dH/dL 

where Q= rate Of flow [M3S, 1] 

I K= hydraulic conductivity [ms' 
(coefficient of proportionality) 

Darcy's Equation of flow through a porous 
medium, which is both homogenous and A= 
cross sectional area normal to the direction of 
flow [m2] isotropic (in effect one-dimensional), 
dH/dL = piezometric head gradient [m/m] 
described by Darcy in 1856. 

To apply Ingram's analytical model, in addition 
to conformity to these conditions, there must 
also be no surface flow (discussed below), as 
all flow in the model is assumed to be 
described by Darcys equation, accounting only 
for saturated subsurface flow. Although 
Darcy's equation can be shown to be valid at 
the laboratory scale, at the field scale the 
physical quality of peat is likely to be extremely 
variable, differing both laterally and vertically. 
In addition, other factors may also affect 
hydraulic potential, such as pools, drains, and 
even footpaths. The same considerations will 
apply to the Dupuit assumptions: flow may be 
seen to be horizontal over a small enough 
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distance, equipotentials may be vertical to flow, 
and over a larger scale the hydraulic gradient 
may be indicated by the slope of the water 
table, usually observed by a transect of 
dipwells. 

When an analytical solution is judged over- 
simplistic, a numerical solution should be 
selected (Anderson and Woessner, 1992). For 
the case of a groundwater mound with complex 
geometry, for example, Ingram (1992) stated 
that 'using analytical solutions borrowed from 
other contexts, and supplementing these with 
numerical analyses' the effect of peat removal 
on the groundwater mound can be 
demonstrated in a model form - effectively 
employing a numerical groundwater model. 

All numerical models consist of a governing 
equation, initial properties and boundary 
conditions. They may be one (essentially a 
vector), two- or three-dimensional, or, 
somewhere in between either of two states, in 
which case they are referred to as quasi- 
dimensional, and models may be 'steady-state' 
(with no change in water storage) or 'transient'. 
In the case of two- or three-dimensional 
models, properties and equations of flow are 
applied to a zone or to a cell within a grid of 
specified scale, which constitutes the 
representation of the subject area. Any flux 
between adjacent grid cells is calculated using 
the governing equations, from the initial 
conditions at the beginning of each time-step, 
according to the specified boundary conditions. 
Each grid cell may be assigned different 
properties, and is allowed to interact with 
adjacent cells, therefore allowing a degree of 
heterogeneity, determined by the scale of the 
grid. The solution of the partial differential 
equations describing groundwater flow is 
typically obtained through one of various 
different iterative techniques (see, for example, 
McDonald and Harbaugh, 1988, Hill, 1990). 

It would not be appropriate to discuss here at 
length all of the forms and individual 
specifications of the many academic and 
commercially available hydrological models (for 
further information on such models, see Singh, 
1995, or Refsgaard, 1996), but it is necessary 
to outline those most popular models which 
have been applied to wetlands, and their 
operational basis. From here on, 'model' refers 
to a numerical representation of hydrological 
behaviour, whether surface, subsurface, 
atmospheric or inter-pore, where calculations 
are necessarily performed by a computer. 

Several groundwater model programs or codes 
have been applied to mires including 

MODFLOW, developed by McDonald and 
Harbaugh (1988) on behalf of the US 
Geological Survey, and DRAINMOD (Skaggs, 
1980), developed by Prof. Skaggs at the Water 
Resources Research Institute, University of 
Carolina. Some models which include 
unsaturated zone and surface water processes 
are also suitable for modelling mires, including 
SIMGRO (Querner, 1988), and SHETRAN 
(Parkin, 1996). 

In the USA, DRAINMOD has been used 
extensively to model wetland situations. 'It can 
be used for those wetlands that are wet 
because they are poorly drained and the water 
lost by ET is less than that received from 
rainfall. The model does not treat those 
wetlands which are wet because of over-bank 
flooding from adjacent streams' (Skaggs, pers 
comm., 1998). That does not mean to say it 
cannot deal with surface water, and it has been 
applied to assess both the impact of peat 
mining (Gregory et aL, 1984, Konyha et aL,. 
1988) and the hydrological and hydrochemical 
potential of wetland buffer zones (Chescheir et 
aL, 1988), in areas with strong surface water 
regimes. 

Also developed in the USA, MODFLOW has 
apparently been applied less to mire situations, 
although it has been used in attempts to 
integrate ground and surface water behaviour 
(Yan-Jiansheng & Smith, 1994). In the UK, 
Bromley and Robinson (1995) applied 
MODFLOW to areas of Thorne Moors, 
Yorkshire, and were able to use the calibrated 
model to assess the various scenarios resulting 
from the creation of buffer zones between peat- 
cutting areas and the National Nature Reserve. 
They draw the conclusion that the model 
output accuracy is limited by the accuracy of 
the input parameters, which in turn require 
more attention. MODFLOW was also applied 
to Wedholme Flow, Cumbria by MacAlister 
(1996); however calibration of model 
parameters proved difficult in this case, and it 
was concluded that the model could only be 
considered a good estimate of hydrological 
behaviour if a more appropriate method for 
measuring hydraulic conductivity in situ (the 
piezometer method was applied - Dielmann and 
Trafford, 1984) could be designed, and if 
evapotranspiration could be assessed more 
accurately. However, the main problem 
encountered during the modelling process was 
the lack of representation of surface flows. 

The SIMGRO model, although focussed mainly 
on the (saturated) groundwater system, also 
simulates the unsaturated zone (over 
homogenous subregions of an area), and 
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surface flows. It has been applied to a bog 
reserve in the Netherlands, to try to determine 
potential bog areas from assessment of 
downward seepage by subdividing the area into 
peat thickness classes (van Walsurn and 
Joosten, 1994); however, this work only 
considered downward water movement, and 
the critical area of lateral runoff was not 
addressed. SHETRAN, developed at the 
University of Newcastle upon Tyne based on 
the SHE catchment model (Abbott et aL, 1986), 
simulates integrated three-dimensional 
variably-saturated (i. e. saturated and 
unsaturated) subsurface flow and surface water 
flow, including plant-soil interactions, and has 
been used in a number of studies involving 
groundwater-surface water interactions. 

Three problem areas then emerge within the 
context of trying to construct and test a whole 
system hydrological model for peat mires, for 
which better process understanding is required: 
surface water, hydraulic conductivity, and 
evapotranspiration, the most neglected of these 
being surface water. 

ELEMENTS OF A MIRE WATER BALANCE - 
PREDOMINANCE AND MODELLING 
POTENTIAL. 

Hydraulic Conductivity 

Investigation of the movement of water 
throughout wetland bodies has to date 
concentrated mainly on estimates and 
measurement of groundwater movement, 
represented largely by the hydraulic 
conductivity (K) of peat, both saturated and 
unsaturated. There is no doubt that the 
potential for subsurface flow through peat of 
varying permeability, is critical to mire water 
balance. Over the last 50 years, since Kirkham 
(1946) proposed his field method for recording 
permeability below the water table, an 
extensive body of work, produced both in North 
America and Eastern and Western Europe, has 
been published concerned with the 
measurement and calculation of the hydraulic 
conductivity of various peats: Boelter (1965), 
Paivanen (11973), Bavina (1974), Rycroft et aL, 
(1975), and Galvin, (1976), to name only a few 
of the many published papers which could been 
seen to develop Kirkham's 'auger hole' method. 
Even before Kirkham's publication and the 
subsequent development of his methodology 
for peat hydrology, work based on very similar 
principals was published in the Soviet Union by 
Erkin (1937,1940), while the earliest published 
K values that could be found were those of 

Malmstr6m (1925), given for various peat 
substrates (earlier still, Aiton (1811) discussed 
the 'close and compact nature' of 'moss-earth'). 
It would be inappropriate in this context to 
discuss their findings in detail, but suffice to say 
that what all studies have in common is 
extremely low recorded values of saturated 
hydraulic conductivity, ranging from 0.0086md .1 
for highly decomposed moss peat (Romanov, 
1968), to 0.12 md-1 for moderately decomposed 
moss with woody fibres (Boelter, 1965). In 
contrast, considerably higher values have been 
recorded in the undecomposed surface 
sphagnum layer, for example 346 md-1 (Boelter, 
1965). 

Many factors may influence low recorded 
values, including inappropriate modes of 
measurement, those employed being originally 
designed for mineral substrates of very different 
physical properties to peat, and also emerging 
areas of investigation such as the influence of 
gas accumulation within the pore space (Baird 
et aL, 1997). However, the obvious conclusion 
to be drawn from the low subsurface 
conductivity of such high recharge regimes, is 
the prevalence of surface- and near surface- 
water processes (within the seasonally 
unsaturated acrotelm), yet it is this element of 
the water balance which is the most poorly 
understood and quantified. 

Evapotranspiration 

An important component of the water balance 
of mires is the water loss through 
evapotranspiration, which is intimately linked 
with surface conditions. Evapotranspiration 
includes evaporation from bare soil, vegetation 
surfaces, and open water as well as 
transpiration by vegetation. In general, 
evapotranspiration rates are controlled by 
atmospheric conditions as well as plant 
physiology, the physical nature of evaporative 
surfaces (soil, vegetation, or open water), and 
soil moisture content (Ward and Robinson, 
1990). 

The main methods in standard practice used 
for measuring evapotranspiration include 
lysimeters, evaporation pans, water balances, 
soil moisture changes, and semi-empirical 
formulae using meteorological data (Maidment, 
1993). In a research context, laboratory studies 
of individual leaves may also be used 
(Crundwell, 1987). Weighing lysimeters are the 
most direct method of measuring 
evapotranspiration, and have been used for 
peat soils at an upland site in the Balquidder 
catchments (Wright and Harding, 1993), 
although this study was for a grassland site on 
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a hillslope. Lysimeters with open bases have 
been used for wetland sites (Gilman, 1994) - 
these were considered to be more practical to 
install under saturated conditions. 

In mires, water availability is often assumed not 
to be a limiting factor, so that 
evapotranspiration occurs at the potential rate. 
Many studies have related evapotranspiration 
from vegetated mires to open water 
evaporation. The ratio of actual 
evapotranspiration to open water evaporation 
can exceed unity, due partly to differences in 
the surface area and aerodynamic resistance of 
vegetated and open water surfaces (Crundwell, 
1987). The conclusion that evapotranspiration 
from bog Sphagnurn can be higher than open 
water evaporation; provided supply is not 
limited, was supported by Schouwenaars 
(1993). However, in drier conditions, actual 
evapotranspiration can be reduced significantly 
when the water table falls. Schouwenaars 
(1992) noted from lysimeter studies that 
Sphagnum, which has no root system, 
depended upon water supplied by capillary rise 
when the water table level was only 10 cm 
below the ground surface, and tended therefore 
to dry out and act as a mulch, whereas plants 
with a root system continued to transpire at 
close to the potential rate. 

Surface Water 

Ponding of surface water, a common feature of 
all wetlands, occurs when the rate of infiltration 
of water supplied to the 'soil' surface is 
exceeded by the rate of supply and when 
groundwater flows converge in an area of 
seepage. The rate of infiltration into soils in 
general was considered by Childs (1969) to be 
affected by the surface hydraulic conductivity 
and prevailing hydraulic gradient, reflecting 
conditions throughout the soil profile. The rate 
of infiltration under constant intensity rainfall is 
not constant, but decreases over time as the 
soil becomes saturated near the ground 
surface (Hillel, 1982), leading to 'infiltration 
excess' surface water. The infiltration rate may 
also be affected by the accumulation of gas 
within pore space, by the migration of pore 
blocking particles, and by 'surface-crusting', all 
processes likely to occur in wetland situations. 
But the most obvious reason why the rate of 
infiltration may reach a negligible level and 
ponding occur at a mire surface in particular, is 
due to 'saturation excess'when the water table 
reaches the surface (due to precipitation or a 
groundwater source), the soil pores being fully 
saturated, and the subsurface soil hydraulic 
conductivity being so low that little saturated 

flow takes place (demonstrated by the low 
recorded hydraulic conductivities). 

Devito et al (1996) note the functional 
importance of surface flows in valley mires with 
high water tables; it is clear that once the water 
table reaches the surface, the rate of surface 
flow will overtake that of subsurface flow 
through the peat, being by far the 'easiest' route 
for water to take. All flow follows a 'pressure 
head gradient', moving along an energy grade 
line (Ven Te Chow, 1959) from high potential to 
low, but as subsurface flow is subject to 
additional frictional and adhesive stresses, 
which require energy to overcome (Hillel, 
1980), such flow requires a greater head than 
the flux of an equivalent volume of water at the 
surface. In wetlands with organic soils of 
characteristically low recorded hydraulic 
conductivity, particularly close to the surface, 
the situation is exacerbated. The hydraulic 
behaviour of the seasonally unsaturated 
acrotelm, will of course also depend on 
characteristics such as length of saturation 
period and hence degree of decomposition of 
organic material, compaction, and other local 
site considerations likely to determine the 
porosity and hydraulic conductivity of the layer. 

In the application of MODFLOW to the 
hydraulic behaviour of Wedholme Flow, 
Cumbria (MacAlister, 1996), the recorded 
hydraulic conductivity was so low (geometric 
mean of 0.013 md-1 within the acrotelm, defined 
by lowest annual water table as 0-0.5m from 
surface; geometric mean of 0.008 md-1 within 
the catotelm) that the head gradient calculated 
by the model in order to maintain a steady state 
over a 140m transect was 0.154 (head range 
from 6m to 916m). As such heads are 
impossible the only conclusion to be drawn 
from this scenario is that the majority of flow is 
not occurring within the peat, but is 
predominantly overland. 

Accepting that for the long periods of time the 
water table is at the surface in many mires, flow 
will then be predominantly shallow surface flow, 
via transient pool and channel networks, 
through submerged and non-submerged 
vegetation. This situation, with flow occurring 
within the microtopographical landscape of a 
mire surface, in patterns determined by both 
rising water levels LEsulting in the creation of an 
open channel neqork, and by the prevailing 
hydraulic gradient,, b illustrated in Figure 2. 

"0 
Figure 2 shows onrie possible scenario as the 
water table reac s the surface and water 
begins initially to p8nd (Figure 2b - water level 
is 5cm above datgn), then as ponded depth 
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increases pools become channels and flow 
occurs down the hydraulic gradient (Figure 2c - 1 Ocm above datum), and for sufficiently intense 
storms the flow may approach two-dimensional 
surface runoff (Figure 2d - 15cm above datum). 
This is a process which can be readily 
observed in the field, but is not easily 
quantifiable. As the position of the free water 
surface changes both in space and time, the 
flow conditions within the transient 'channel' 
network, and in fact the dimensions and 
properties of the channels themselves, such as 
roughness, also change. Moreover, the 
boundaries of the channels are themselves 
porous, consisting as they do, of mainly living 
vegetation, so that, as Feng and Moltz (1997) 
point out, flow in this low velocity, high 
resistance situation, is more akin to diffusion or 
flow in a porous media. Although this 
diffusional flow accounts for a proportion of 
total flux, equations of flow through a porous 
media, essentially derivations of Darcy's law, 
cannot be applied to calculate flow with a free 
water surface. The surfaces fluxes in question 
are more properly described as flow through a 
vegetated channel. These microtopographical 
flows must be aggregated up to the 
macroscopic scale for use in full-scale models 
of mires. One possible method was presented 
by Spieksma and Schouwenaars (1997), who 
represented 'small-sized mosaic patterns' of 

open water in wetlands using a quasi two- 
dimensional diffusion-based model based on 
fractional areas of inundation and non- 
inundation, and concluded that problems still 
remain in such modelling due to lack of 
information on depression storage and 
resistance to movement of surface water 
through surface channels and aquatic 
vegetation. 

The standard approach to calculating flow in an 
open channel, is to apply a solution such as the 
Manning Formula, which includes a roughness 
coefficient, traditionally applied to turbulent 
open channels, and extended more recently by 
Abdelsalam et aL, (1992), for use in wide, 
vegetation clogged channels. Turner and 
Chanmeersi (1984), formulated an alternative 
relationship for shallow flow through non- 
submerged vegetation, which Feng and Moltz 
(1997) believe to be more sympathetic to their 
own diffusional concept than the Manning 
equation. Their WETFLOW model (Feng & 
Moltz, 1997) is a transient, two-dimensional, 
diffusion based surface flow model, which 
incorporates zero flow conditions, and transient, 
irregular internal boundaries - factors previously 
missing from existing models. It does not, 
however, include evapotranspiration, 
precipitation, or infiltration. 
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FIGURE 2 Schematic representation of rising surface water levels and surface water flow through a 
hummock-hollow complex over three time steps (ti-3). 

Fig. 2a Microtopography (5cm contours) Fig. 2b Surface water level, tj 

_7 

HYDRAULIC GRADIENT 4 

CONCLUSIONS 

We have discussed the main areas of current 
research in mire hydrology, and have argued 
for a move towards the development of 
integrated models which include both surface 
and subsurface processes. The development 
of such a 'whole system model' for peat mires 
is made difficult by the lack of understanding of 
physical processes, particularly those at or near 
the ground surface. Studies aimed at 
improving understanding in this area depend 
upon an appreciation of the different time- 
scales and spatial scales within which surface 
and subsurface systems interact. A correct 
representation of water flows at the appropriate 
scales in models (particularly the micro- 
hydrology of the pools and hummocks within 
which different species thrive) is important not 
only for peat mire hydrology, but is critical for 

the development of an understanding of the 
interactions between hydrology and ecology, for 
both flora and fauna; this intrinsic link between 
physical and biological processes remains 
almost entirely neglected. 

Until accurate quantitative and qualitative 
measurement of surface water processes 
receives the attention it deserves, and until 
predictive scenarios of such processes can be 
validated, large scale expensive wetland 
management projects will remain subject to 
trial-and-error methods, rather than being 
based upon a thorough scientific basis, and 
progress towards understanding the ecology of 
peat mires will be less fruitful than it could 
potentially be. 
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Fig. 2d Surface water level and flow, t3 Fig. 2c Increased surface water level - 
surface flow as pools link, t2 



References 

Abbott, MB, Bathurst, JC, Cunge, JA, 
O'Connell, PE, Rasmussen, J, (1986) 
An introduction to the European 
Hydrological System - Systdme 
Hydrologique Europ6en, RSHE", 1: 
Histoty and philosophy of a 
physically-based, distributed modelling 
system. Journal of Hydrology, 87: 
45-59. 

Abdelsalam, MW, Khattab, AF, Khalifa, AA, 
Bakry, MF, (1992) Flow through wide 
and submerged vegetal channels. 
Journal of Irrigation and Drainage 
Engineering, (ASCE), 118: 724-732. 

Aiton, W, (1811) A Treatise on the Origin, 
Qualities, and Cultivation of Moss- 
Earth, with Directions for Converting it 
into Manure. Wilson and Paul, Ayr. 

Anderson, MP, Woessner, WW, (1992) 
Applied Groundwater Modelling, 
Simulation of Flow and Advective 
Transport. Academic Press, San 
Diego. 

Baird, A, Beckwith, C, Heatwaite, L, (1997) 
Water movement in undamaged 
blanket peats. In: Blanket Mire 
Degradation: Causes, Consequences 
and Challenges. Proceedings 
University of Manchester, April 1997. 
Ed. Tallis, JH, Meade, R, Hulme, PD, 
Mires Research Group, British 
Ecological Society. Pub. Macaulay 
Land Research Institute. 

Bavina, LG, (1974) Determination of the 
permeability of the peat deposit of a 
lowmoor bog. Transactions of the 
State Hydrologic Institute (Trudy GGI), 
222: 83-92. In: Soviet Hydrology: 
Selected Papers, 5: 203-299. 

Bear, J, (1979) Hydraulics of Groundwater. 
McGraw-Hill, New York. 

Boelter, DH, (1965) The Hydraulic Conductivity 
of Peats. Soil Science. 100(4): 227- 
231. 

Bos, MG, (1994) Basics of Groundwater Flow. 
In: Ritzema, HP, Ed. Drainage 
Principles and Application. 2nd Edition. 
IRRI, Netherlands. 

Bragg, OM, Hulme, PD, Ingram, HAP, 
Robertson, RA, (eds) (1992) Peatland 
Ecosystems and Man: An Impact 
Assessment. British Ecological 
Society/international Peat Society 
Dundee University. 

Bromley, J, Robinson, M, (1995) Groundwater 
in Raised Mire Systems: Models, 

Mounds and Myths. In: Hydrology and 
Hydrochemistry of British Wetlands. 
Eds. Hughes, JMR, Heathwaite, AL, 
Wiley, Chichester. 

Burt, T, Labadz, J, Butcher, D, (1997) The 
hydrology and fluvial geomorphology of 
blanket peat implications for integrated 
catchment management. In: Blanket 
Mire Degradation: Causes, 
Consequences and Challenges. 
Proceedings University of Manchester, 
April 1997. Ed. Tallis, JH, Meade, R, 
Hulme, PD, Mires Research Group, 
British Ecological Society. Pub. 
Macaulay Land Research Institute. 

Chescheir, GM, Skaggs, RW, Gilliam, JW, 
Broadhead, RG, (1988) Wetland buffer 
areas for treatment of pumped 
agricultural drainage water. In: Coastal 
Water Resources. Proceedings of a 
Symposium of American Water 
Resources Association, Wilmington, 
North Carolina. 

Childs, EC, (1969) Introduction to the Physical 
Principals of Soil-Water Phenomena. 
Wiley, London. 

Crundwell, M. E. (1987) The Calculation of 
Evapotranspiration from the Ichkeul 
Wetland Aided by Remotely Sensed 
Data. PhD Thesis, University College, 
London. 

Dagan, G, (1986) Statistical theory of 
groundwater flow and transport: pore to 
laboratory, laboratory to formations, 
and formations to regional scale. Water 
Resources Res. 22: 120-135. 

Devito, KJ, Hill, AR, Roulet, N, (1996) 
Groundwater - surface water 
interactions in the headwater forested 
wetlands of the Canadian Shield. 
Journal of Hydrology, 181: 127-147. 

Dielmann, PJ, Trafford, BD, (1984) Drainage 
Testing. FAO Irrigation and Drainage 
Paper 28. FAO, Rome. 

Erkin, GD, (1937) Field determination of the 
permeability of waterlogged soils. Soil 
Sience, Pochvovedeniyie, 5: 693-706. 

Erkin, GD, (1940) Permeability of bogs in 
relation to their drainage. Transactions 
of the All-Union Scientific Research 
Institute of Bog Management (Trudy 
VNIIBKh), 1 (2): 124. 

Feng, K, Moltz, FJ, (1997) A 2-D, diffusion- 
based, wetland flow model. Journal of 
Hydrology, 196: 230-250. 

Galvin, LF, (1976) Physical properties of Irish 

15 



peats. Irish Journal of Agricultural 
Research. 15: 207-221. 

Gilman, K, (1994) Hydrology and Wetland 
Conservation. Wiley, Chichester. 

Gregory, JD, Skaggs, RW, Groadhead, RG, 
Culbreath, RH, Bailey, JR, (1984) 
Hydrologic and Water Quality Impacts 
of Peat Mining in North Carolina. 
National Technical Information Service 
and North Carolina Water Resources 
Research Institute, USA. 

Harr, ME, (1962) Groundwater and Seepage. 
McGraw-Hill, New York. 

Hill, MC, (1990) Preconditioned Conjugate- 
Gradient 2 (PCG2): a computer 
program for solving groundwater flow 
equations. US Geological Survey, 
Denver. 

Hillel, D, (1982) Introduction to Soil Physics. 
Academic Press Inc., London. 

Horton, RE, (1940) An approach toward a 
physical interpretation of infiltration- 
capacity. Soil Science Society of 
America Proceedings. 5: 399-417. 

Hughes, JMR, Heathwaite, AL, (Eds) (1995) 
Hydrology and Hydrochemistry of 
British Wetlands. Wiley, Chichester. 

Ingram, HAP, (1982) Size and Shape in Raised 
Mire Ecosystems: a geophysical model. 
Nature. 297: 300-303. 

Ingram, HAP, (1992) Introduction to the 
ecohydrology of mires in the context of 
cultural perturbation. In Bragg et al. 
(1992). 

Kirkham, D, (1946) Proposed method for field 
measurement of permeability of soil 
below the water table. Soil Science 
Society of America Proceedings. 10: 
58-68. 

Konyha, KD, Robbins, KD, Skaggs, RW, (1988) 
Evaluating Peat Mining Using 
DRAINMOD. Journal of Irrigation and 
Drainage Engineering, (ASCE), vol. 
114: 490-504. 

MacAlister, CR, (1996) Hydrological 
Assessment and Modelling of Raised 
Mires. Case Study: Wedholme Flow, 
Cumbria. Unpublished MSc Thesis, 
University of Newcastle upon Tyne. 

Maidment, DR, (1993) Handbook of Hydrology. 
McGraw-Hill. 

Malmstr6m, C, (1925) N&gra riktlinjer Or 
torri, iggning av Norrl6ndska 
tormarker. Skogl. R6n, 4: 1-26. 

McDonald, MC, Harbaugh, AW, (1988) 
MODFLOW, A Modular Three- 
Dimensional Finite Difference Ground- 
water Flow Model. U. S. Geological 
Survey Open-File Report 83-875, 
Chapter Al, Washington DC. 

Nachabe, MH, Morel-Seytoux, HJ, (1995) 
Scaling the Groundwater Flow 
Equation. Journal of Hydrology, 
164: 345-361. 

Paivanen, J, (1973) Hydraulic conductivity and 
water retention in peat soils. Acta 
Forestalia Fennica, Helsinki. Volume 
129. 

Parkin, G, (1996) A Three-Dimensional 
Variably-Saturated Subsurface 
Modelling System for River Basins. 
PhD thesis, Dept. of Civil Engineering, 
University of Newcastle upon Tyne. 

Querner, EP, (1988). Description of a Regional 
Groundwater Flow Model SIMGRO and 
Some Applications. Agric. Water 
Management, 14: 209-218. 

Refsgaard, JC, (1996) Terminology, modelling 
protocol and classification of 
hydrological model codes. In: Abbott, 
MB and Refsgaard, JC. (Eds. ) 
Distributed Hydrological Modelling. 
Kluwer Academic Publishers, 
Dordrecht. 

Ritzema, HP, (Ed. ) (1994) Drainage Principles 
and Applications. ILRI Publication 16. 
2nd Edition. Wageningen, Netherlands. 

Romanov, W, (1968) Hydrophysics of Bogs. 
Translated from Russian by Israel 
Programme for Scientific Translation, 
Jerusalem. 

Rycroft, DW, Williams, JA, Ingram, HAP, 
(1975) The transmission of water 
through peat. Journal of Ecology, 63: 
535-555. 

Schomenaars, JM, (1992) Hydrological 
characteristics of bog relicts in the 
Engbertsdqksvenen after peat-cutting 
and rewetting. In: Bragg et al. (1992). 

Schouwenaars, JM, (1993) Hydrological 
Differences between Bogs and Bog- 
Reficts and Consequences for Bog 
Restoration. Hydrobiologia, 265: 217- 
224. 

Singh, VP, (1995) Computer Models of 
Watershed Hydrology. Water 
Resources Publications, Colorado. 

Skaggs, RW, (1980) DRAINMOD Reference 

16 



Report. Methods for Design and 
Evaluation of Drainage Systems for 
Soils with High Water Tables. USDA 
Soil Conservation Service, Fort Worth, 
Texas. 

Smedema, LK, Rycroft, DW, (1983) Land 
Drainage. Batsford Academic and 
Educational Ltd, London. 

Spieksma, JFM, Schouwenaars, JM, (1997) A 
Simple Procedure to Model Water 
Level Fluctuations in Partially 
Inundated Wetlands. Journal of 
Hydrology, 196: 324-335. 

Turner, AK, Chameersi, N, (1984) Shallow Flow 
Through Non-submerged Vegetation. 
Agricultural Water Management, 8: 
375-385. 

van Walsum, PEV, Joosten, JHJ, (1994) 
Quantification of local ecological effects 
in regional hydrologic modelling of bog 
reserves and surrounding lands. 
Agricultural Water Management, 25: 
45-55. 

Ven Te Chow, (1959) Open Channel 
Hydraulics. McGraw-Hill, Tokyo. 

Viessman, W, Lewis, GL, (1996) Introduction 
to Hydrology. Harper Collins College 
Publications, New York. 

Ward, RC, Robinson, MC, (1990) Principals of 
Hydrology. 3rd Ed., McGraw-Hill. 

Wheeler, BD, Shaw, SC, (1995) Restoration of 
Damaged Peatlands. DoE, HMSO, 
London. 

Wheeler, BID, Shaw, SC, Fojt, WJ, Robertson, 
RA, (1995) Restoration of Temperate 
Wetlands. Wiley, Chichester. 

Wright, IR, Harding, R. J, (1993) Evaporation 
from mountain grassland. Journal of 
Hydrology, 145: 267-283. 

Yan-Jiansheng, Smith, KR, (1994) Simulation 
of integrated surface water and ground 
water systems - Model formulation. 
Water Resources Bulletin, 30: 879-890. 

Zaradny, H, (1993) Groundwater flow in 
saturated and unsaturated soil. Ed. 
Ziedler, RB, in translation from Polish. 
A. A. Balkema, Netherlands. 

17 



Chapter 2. Field Study of Swamps and Wetlands 

18 



Contents 

List of Figures and Tables 

Summary 

Keywords 

Glossary 

1. Introduction 

2. Planning a wetland monitoring scheme 
3. Monitoring methodologies 
3.1 Change in storage and water level fluctuation 

3.1.1 Recording water levels in dipwells 

3.1.2 Dipwell networks and recording frequency 

3.1.3 Watertable fluctuations and specific yield 
3.2 Precipitation 

3.3 Evaporation and transpiration 

3.3.1 Models for calculation of evapotranspiration 
3.3.2 Direct Measurement of evapotranspiration: lysimeters and pans 
3.3.3 Estimating evapotranspiration from watertable fluctuations 

3.3.4 Interception and evapotranspiration 
3.4 Subsurface and groundwater flow 

3.4.1 Determining hydraulic conductivity and infiltration capacity 
3.4.2 Assessing hydraulic gradient 
3.5 Surface water flow 

3.5.1 Recording surface water flow in control structures 
3.5.2 Recording near-surface and surface water flow in transient pool-channel 

networks: experimental catchments, SWaMP. 

4. Water quality in wetlands 
5. Operating and maintaining equipment 

20 

21 

21 

22 

24 

27 

28 

28 

29 

34 

37 

39 

41 

43 

47 

52 

56 

57 

59 

66 

69 

70 

73 

78 

79 

Bibliography 81 

19 



List of Figures and Tables 

Figures 

Figure 1. Large and small-scale wetland water balance 25 

Figure 2. Two types of fixed dipwell 29 

Figure 3. Water Level Range Gauge - WALRAG 33 

Figure 4a. Spring watertables on both intact mire and mined mire surface, 

Wedholme Flow, UK 36 

Figure 4b. 20-minute precipitation and dipwell level logs, Wedholme Flow 36 

Figure 5. Collecting and Automatic recording raingauges 40 

Figure 6. Automated MET station 46 

Figure 7. Weighing micro-lysimeter plan 49 

Figure 8a. Lysimeter ready to weigh 49 

Figure 8b. Weighing lysimeter in situ 49 

Figure 9. Watertable fluctuation during 5-day continuous logging periods. 53 

Figure 10. Piezometers used for recovery and depletion methods of recording 
hydraulic conductivity 60 

Figure I Ia. Schematic representation of infiltration and the Green-Ampt 

parameters 63 

Figure IIb. Diagrammatic representation of the double-ring infiltrometer 63 

Figure 12. Hydraulic gradient indicated by a dipwell transect perpendicular to an 

old drainage channel. 68 

Figure 13 Plan view of channel, with three flow conditions and water surfaces 72 

Figure 14. Experimental Surface Water Monitoring Plot - SWaMP 74 

Figure 15. Precipitation, runoff and groundwater levels recorded in the SWaMP, 

Trough End Bog, 27th July _ 2ýd August 2000 76 

Tables 

Table 1. Parameters required by evapotranspiration calculation software 44 

Table 2. Weekly recorded P, ET, estimated PET totals at Wedholme Flow 55 

20 



FIELD STUDY OF SWAMPS AND WETLANDS 

Charlotte MacAlister, Research Fellow, Centre for Land Use and Water Resources 

Research, University of Newcastle-upon-Tyne, UK. 

Summary 

The main aspects of hydrological monitoring of a wetland system are outlined within the 

framework of an idealised water balance for a generic wetland type. The importance of clear 

design criteria and project objectives is discussed. Detailed advice is given where appropriate, 

on the construction and operation of field test equipment, and sample data from the 

monitoring strategies described are presented. Some established and some more experimental 

techniques are described, while the focus of methodology is operation and application with 

limited facilities, budget and personnel. This approach is favoured rather than extensive 

discussion of every technique, which given the rate of developments in this ever expanding 

field would be impossible. 

Keywords: wetland, swamp, mire, bog, peatland, hydrometry, hydrological monitoring, 

wetland hydrology, restoration, rehabilitation, precipitation, rainfall, 

evapotranspiration, evaporation, transpiration, lysimeter, watertable, recharge, 

subsurface flow, groundwater flow, piezometer, surface water flow, hydraulic 

conductivity, infiltration, surface water, weir, flume, water quality, maintenance, 
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Glossary: 

Acidic: pH <7 (base poor) 
Aerobic: in the presence of molecular oxygen. 
Alkaline: pH >7 (elevated concentration of base cations, hence usually more nutrient rich). 

Anaerobic: anoxic condition; absence of molecular oxygen; oxygen not freely available to 

chemical or biological processes usually due to water-logging. 
Anthropogenic: development or genesis influenced or instigated by human input or 

interference. 

Blanket Bog: often extensive mire, forming by peat accumulation over undulating terrain in 

response to very humid climate and reduced rates of decomposition of organic matter, 

therefore often widespread at high altitudes and where temperature is low and precipitation 
high. 

Cut-over: mire surface disturbed by peat removal often to depths of I Om or more. 

Drawdown: depression in water level adjacent to pumping wells, drain or steam channels, 

where the direction of water movement (or hydraulic gradient) is influenced by a fall in 

hydraulic head. 

Eutrophic: mineral (nutrient) rich. 
Fen: minerotrophic mire, sometimes divided into poor fen (acidic) and rich fen (slightly 

acidic to alkaline). 
Fen Carr: fen with scrub or woodland. 
Hollow: a depression between hummocks, periodically inundated forming small pool 

complexes with associated vegetation (often referred to as hummock-hollow complex). 
Hummock: a mound formed by growing vegetation, where species are largely determined by 

local watertable. Dominant species usually bryophytes such as Sphagnum, sp. (often referred 

to as hummock-hollow complex). 
Hydrometry: measurement and monitoring of hydrological characteristics. 
Intact mire: mire which has not been disturbed hydrologically by human intervention. 

Lagg: Stream or phreatic zone at the margin of a peatland, often exhibiting enhanced nutrient 

status and associated vegetation due to accumulation of nutrients leaving the mire and a 
lowered watertable due to drawndown by drainage channels. 
Mesotrophic: intermediate mineral (nutrient) status (see Oligotrophic and Eutrophic) 

Microtopography: small scale variations in surface elevation such as hummock-hollow 

complex. 
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Minerotrophic: nutrient status influenced by groundwater inputs previously percolating 

mineral substrata - may be eutrophic, mesotrophic or oligotrophic. 
Mire: a peatland where peat is currently accumulating. Often used to refer collectively to 

swamp, bog, fen, moor, muskeg and peatlands in general. 
Oligotrophic: mineral (nutrient) poor. 
Ombrotrophic: precipitation only water and nutrient supply - therefore typically 

oligotrophic. 
Ombrogenous: peat formed under ombrotrophic conditions. 
Peat: unconsolidated soil type formed by the accumulation of partially decomposed plant 

material, deposited under saturated conditions, consisting of a minimum of 30% (dry weight) 

organic matter. 
Peatland: peat-covered terrain including but not exclusively, swamps, bogs, and fens. 

Raised Mire: ombrotrophic bog with convex cupola (or domed central zone). May form over 

undulating terrain but mire surface does not reflect underlying topography. 

Swamp: may be used to describe peat and non-peat forming wetlands of varying pH and 

nutrient status from mire to marsh, but often refers to wooded mire types with minerotrophic 
inputs. 

Wetland: (1. ) Area of land covered or saturated, temporarily or permanently, due to natural 

or human influence, by a depth of water, static, flowing, fresh, brackish or salt, not exceeding 
6m (at low tide in the case of marine habitats) - Ramsar definition. (2. ) An area saturated or 
inundated by ground or surface water at a frequency or duration sufficient to support under 

normal circumstances a vegetation assemblage typically adapted to saturated soil conditions - 
US Army Corps of Engineers definition. 
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1. Introduction 

Hydrological monitoring of wetlands (hydrometry) is the regular recording of a parameter 
indicative of a hydrological process, and the interpretation of the resultant data set in order to 

characterise that process. Across the globe there are no two identical wetlands. Morphological 

and anthropogenic influences on the vast range of wetland sites world-wide are likely to be 

equally diverse, as are the scales of hydrological processes within wetland systems, the 

proportion of open water to terrestrial habitat and the reasons for embarking on a monitoring 

program. It follows that in order to be effective the monitoring strategy employed at any site 

should be specific to that site. Before embarking on any program of hydrological monitoring, 
the aims and objectives of the program should be clearly identified. The success of a 

monitoring scheme will be dependent on both the effectiveness of design and on maximal 

utilisation of the data collected. 

Figure I illustrates a potential distribution of the major hydrological processes to be 

monitored within an idealised wetland system. The inset to Figure I indicates the potential 

range in scale of hydrological processes within a wetland. The micro-relief within a Im 

quadrat has been mapped on a 0.05m grid, revealing a range in topography of 0.28m over 
IM 2, so that at the given watertable (at datum) approximately 50% of the area is occupied by 

open water. 

Equation 1. Wetland water balance: 

AS=P-ET±SS±GW±SW 

where: AS = change in water storage 
P= precipitation (rain and snowfall) 
ET = evapotranspiration (combined evaporation and transpiration) 

± SS = subsurface flow in and out of the wetland 
± GW = groundwater flow in and out of the wetland 

± SW = surface water flow in and out of the wetland 
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Equation I provides a simplified analytical model of a wetland water balance. The 

components of this simplified model will of course vary considerably between sites, and it is 

these differences in the wetland hydrologic cycle, along with regional biological and 

geochemical conditions that define site characteristics, from blanket bog and raised mire, to 

fen and swamp. This simple model provides a framework within which to illustrate some of 

the methods that can be employed to monitor wetland hydrological processes, Each element 

of the water balance will be addressed in turn in Section 3, Monitoring Methodologies. 

Figure 1. Large and small-scale wetland water balance. Inset: IM2 quadrat showing micro- 
topographical relief and potential for areas of open water within the undulating surface. 
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Temporal and small-scale spatial variations in hydrological processes are not immediately 

evident in the water balance model described by Equation 1. In order to achieve meaningful 

outputs towards the project aim, the time available for monitoring and the pace of individual 

processes should be considered carefully. For example, where restoration or rehabilitation of a 
degraded system is a long term management aim, details of seasonal fluctuations in water 
levels across an entire site may be an objective, whilst the discharge rate of one particular 
drain during a storm event may be an additional objective on a different spatial and temporal 

scale. Where a site is contaminated and has potential for groundwater discharge, the 

conductivity and head differentials in subsurface layers may be of particular consequence 
during periods of maximum potential evapotranspiration, in addition to any diurnal 

fluctuations in water levels due to evaporation or the influence of tidal regimes. It may be 

necessary to establish at a particular site the distribution of inputs between groundwater and 

near surface or rapid overland flow. Whilst such flows may be simultaneous they occur at 

very different rates, therefore inputs and outputs which may be measured or calculated at 
different spatial and temporal scales must be integrated to be useful. Additional scale 

considerations arise when functional links to ecology are also a concern. The effects of 
disturbance for example, may only become evident over several seasons, whilst functional 

links operating on a micro-spatial scale (Figure 1: inset), such as establishment of typical 

vegetation assemblages, may develop over meso-time scale. 
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2. Planning a monitoring scheme. 

In addition to systematic differences in temporal and spatial scale of hydrological processes, 

the required degree of accuracy of any measurement should be determined at the outset of any 

monitoring program. This will usually be dictated by the project aims and budget, but should 

none the less, receive scrutiny. Correctly calibrated electronic sensors and automated data- 

logging equipment can be accurate to fractions of a millimetre, but can be expensive and may 

produce data that will not be utilised. Manual readings may be more suitable where required 

recording frequency is less intensive, but may be less accurate, introducing operator error as 

well as potential hydrological and ecological disturbance. In sensitive areas it may be more 

appropriate to install equipment that need only be visited bimonthly avoiding for example, 
bird nesting and breeding seasons, and reducing trampling which may influence the local 

hydrological regime. Differences from site to site can be extreme - in some cases access may 
be by boat only, in others it may be necessary to construct a boardwalk, whilst in many sites 

only rubber boots may be essential! 

When designing a monitoring program for any wetland: 

9 Project aims and objectives, both short and long term should be clearly identified. 

* The required temporal and spatial scale of any parts of the monitoring network must be 

determined prior to implementation. 

9 The appropriate degree of accuracy and measurement scale of any instrumentation should 
be agreed. 

* Suitable monitoring methodologies and equipment should be identified within the 

limitations of budget and habitat constraints including access and disturbance. 

0 Collation and analysis of resultant data should be ongoing so that appropriate changes to 

monitoring strategy can be made. 

9 Utilisation of data sets must be maximised otherwise both time and money will have been 

wasted! 

Not all projects will involve whole site monitoring or even be new programs, so care should 
be taken to examine existing site data. In some cases, it may be appropriate to utilise existing 

equipment and networks. This can save time and money, and may highlight areas which 

require more investigation or pre-empt problems which could arise during monitoring. 
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3. Monitoring Methodologies 

The following sub-Sections describe the established practices used in the field monitoring of 

processes included in Figure 1 and following the sequence of Equation 1. Some more 

experimental methodologies have also been included, but in an ever-expanding field of 

research, many techniques have been omitted. This guide is not an exhaustive manual but is 

intended to highlight a range of monitoring methods with potential for adaptation to many 

different situations. Much of the equipment below can be constructed at a low cost with basic 

facilities, and all of the methods can be adapted according to monitoring objectives. Where 

available, example results or data outputs obtained at wetland field sites using the methods 
described are presented. 

3.1 Change in storage and water level fluctuation 

It makes sense to begin investigations of hydrological flux within a wetland site by examining 

visible changes in water stored within a site. All wetlands have, by definition, a watertable 

that may be confusingly referred to as high or shallow, meaning at, near or above the ground 

surface. The actual position of the ground surface may be ambiguous, and may be arbitrarily 

considered the vegetated surface, or more usefully defined by reference to a fixed datum 

point. As the surface may itself be subject to fluctuation, especially where soils are 

predominately organic (peat), the relationship between the observed surface and the water 
level within the wetland at any time may not be a meaningful hydrological parameter. The 

height or elevation of the watertable is then most practically described by its level relative to a 
fixed datum, often outside of the wetland itself, and frequently the regional ordnance datum. 

Water may be stored within the porous matrix of the wetland substrate, as open water in 

natural or man-made pools of varying scales (Figure 1), and in streams or drainage channels. 
The relationship between soil properties and changes in water storage will be explored further 

in terms of the specific yield (3.1.3), and subsurface flow (3.4). Water is also contained within 
the structure of the vegetation but this contribution will usually be ignored and is beyond the 

scope of this topic. However water is stored, by observing fluctuations in its apparent level 

the effects of inputs or outputs from the other components of the site water balance (Equation 

1) can be characterised and this is addressed initially in Section 3.1.1. Whilst the spatial and 
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temporal range of interest in water level fluctuations will be specific to each site and program 

aim, it should be kept in mind when considering possible water level monitoring strategies. In 

particular this applies to the forrn of data required and this is discussed in Section 3.1.2. 

3.1.1 Recording water levels in dipwells 

Observations of fluctuations in the elevation of watertables, seasonal or shorter term, are 

usually made by recording the level in a dipwell, which may be inserted into the substrate or 

positioned in open water and channels. Open water level may also be recorded with a fixed 

staff-gauge, effectively a large rule that maybe read from a distance, then related to datum. 

Figure 2. Two types of fixed dipwell 

a. Manual fixed dipwell b. Automatic fixed dipwell 
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Figures 2a and 2b illustrate two types of dipwells. In both types, a perforated well casing is 

required to prevent the collapse of the well cavity. This can be metal or plastic. Plastic is 

probably the most versatile, being light and easy to transport, relatively easy to perforate with 

an electric drill or handsaw, and cut to length, whilst it is also strong enough to withstand the 

pressure of insertion. In addition, many gauges of pipe, especially the type used in household 

plumbing applications have standard fittings such as joints and caps, which may be either 

screw and push-fit, or solvent-weld (requiring glue). All of these are easy to assemble in the 

field. 

Both wells in Figure 2 are fixed to the firm, underlying material. This is particularly important 

where there is a potential for considerable lateral flow or movement in the ground surface. As 

wetland substrates consist largely of water, they can exhibit a high degree of buoyancy, so 

that submerged equipment can float to the surface particularly if equipment internal cavities 

contain air. The well in Figure 2a is anchored to the underlying material by a metal rod to 

which it is fixed above the surface so that it can be removed and cleaned if necessary. This 

shallow well has a filter at its base to prevent in-filling by peat or silt, whilst allowing free 

movement of water. Blocking of perforations in wells can be a problem immediately 

following installation, but is usually overcome if wells are left to equilibrate over several 
days. The well in Figure 2b is inserted directly into the substrate and does not need a further 

anchor or filter. Before installing either well it is necessary to establish approximately, the 

depth of wetland soil or peat in order to prepare an adequate length of rod or well casing. In 

the case of well 2b it is probably easier to take several pipe lengths into the field and join 

them in-situ as they are being installed. Wells 2a and 2b both have caps to prevent insects and 

small vertebrates from falling into the wells (see Section 5. Operating and maintaining 

equipment). If these fit tightly to the well top, above ground perforations are necessary to 

prevent pressure building inside of the well as the water level rises (and vice versa) and allow 
free movement of water within the well. 

Once a well has been fixed it can be levelled. This involves surveying the height of the top of 
the well relative to the nearest datum point. It is established practice to use the top of the fixed 

well for the survey point as the ground surface around the well will be subject to compaction 

and may be naturally dynamic due to wetland hydrological processes. Recording the elevation 

of the well top relative to a known datum allows direct comparisons with water levels in other 

wells. Often the nearest fixed datum point which may be located on a permanent feature may 
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be some distance away. Care must be taken when using traditional levelling techniques to 

relate fixed points to datum and closure errors must not exceed acceptable limits. Surface 

movement during surveying can introduce large errors. Developments in Global Positioning 

Systems (GPS), which use satellites to locate the surveyor in the horizontal and vertical plane, 

usually via a hand held unit and a manually located base station, are expected to increase in 

accuracy and become more accessible to a wide range of users in the near future. The removal 

of selective availability of signals, imposed ostensibly for military security reasons, is likely 

to accelerate development of satellite data utilisation. Whilst the accuracy of some currently 

available GPS systems may be limited, they remain far less time consuming and labour 

intensive than traditional levelling techniques. The range of error in elevation produced using 

remote sensing techniques has also fallen considerably in recent times, and its accuracy is 

expected to continue to improve in the near future, providing a viable alternative to manual 

surveys of remote wetland areas. 

When the well level has been established regular recording of water levels can begin. Well 

readings can be either manual (Figure 2a), or automated (Figure 2b). Manual wells are usually 

read by inserting some form of water level sensor, attached to a measuring tape (flexible or 

rigid) into the well, and reading the distance from the top of the well when the sensor is 

activated. Sensors come in many shapes and forms, but are commonly some form of float- 

switch wired in series to a torch or buzzer with a small battery. These can be easily 

constructed, or purchased relatively cheaply. In some cases, in may be possible to use a 

narrow ruler or tape inserted into the well and observe at what level it touches the water 

surface. Whichever method is used, it should remain constant to maintain continuity of 
recording and reduce potential errors. 

Automated wells contain a sensor or float. Sensors remain in-situ below the lowest potential 
water level in the well. Once inserted and allowed to settle, its level does not change. Sensors 

also come in various shapes, forms and degrees of accuracy, depending on the manufacture 
and project specification. The diameter of the sensor should be accounted for when well 
casing is installed, and pipe of internal dimensions adequate to accommodate the sensor used. 
Pressure transducers, which record a pressure head of water above a sensor diaphragm, are 
commonly installed as water level sensors within dipwells. It is necessary in such cases to 

make occasional manual readings of water levels within automated wells to relate the head 

above the sensor to depth below the well top. The pressure transducer is attached to a data 
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logger with a power source, which records the head, usually in metres of water, at user 

specified intervals. This is then downloaded in the same way as an automated raingauge (see 

3.2 Precipitation). Floats resting at the water surface are usually attached to a pulley-wheel 

mechanism at the top of well. As the float rises or falls with the watertable, the wheel turns 

and the degree or number of rotations are recorded by a data logger and can be translated into 

change in water level. The degree of accuracy of the mechanism is usually determined by the 

diameter of the pulley-wheel. 

A third type of well exists which could be described as semi-automated and is a kind of 
hybrid between manual and automated, although it requires no electrical equipment. The 

Water Level Range Gauge or WALRAG (Figure 3), developed at the University of Dundee 

and Macaulay Land Use Research Institute, Scotland, is an adaptation on the basic dipwell 

design (Figure 2). It includes a float, connected to rod with an arm that slides over a second 

rod. Threaded over the second fixed rod are two maximum and minimum level indicators, 

usually cubes of closed cell foam. The arm of the float rod moves up and down as the water 
level in the well changes, pushing the level indicators to the extremes of its range. The range 

of this movement is read from a rule adjacent to level indicators. The well should extend 
further above the ground or mean open water surface than a standard dipwell so that the 

reader can more easily view the level through the cut-away Section. The well casing diameter 

may also have to be increased to accommodate the float, rule and arm. In all other aspects, the 

WALRAG design is identical to a standard dipwell: it is easily constructed from perforated 

plastic pipe; it must be anchored into solid substrate; and it should be levelled to a permanent 
datum. The basic design can be easily modified to suite local conditions and available 

materials. It may be necessary to include an additional rod bracket to the float arm to prevent 

rotation within the well. Other potential adaptations include the accommodation the level 

indices within a track, in which the terminal of the float rod, enlarged with a nut for example, 
is also threaded (Figure 3b). 

The water level in the WALRAG is read manually as any dipwell, or from the level indicated 

by the rod. Knowing the length of the float rod, this can be subtracted from the observed, 

minimum and maximum indices giving the range of the water level during the recording 

period, which can be related to other locations sharing the same datum. Where a WALRAG is 

located in a large pool, lakeshore or tidal area, the float and level indicators may be 
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susceptible to disturbance by waves. To prevent this the casing should not be perforated along 
its full length, but only some distance below the minimum water level. 

Figure 3. Water Level Range Gauge - WALRAG. 
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The WALRAG is not of course truly automatic, as it is not capable of continuous recording 

and the current, minimum and maximum levels it provides must be recorded manually at the 

required frequency. However, where the range in watertable is required, for example diurnal 

fluctuation, the WALRAG provides a low cost, low maintenance solution with no battery and 

no additional computing equipment required. 

In addition to the adjustments made to dipwells to record minimum and maximum water 
levels, dipwells can also be modified to monitor fluctuations in the ground surface. The well 

in Figure 2a has an optional submerged plate added to the anchor rod. The plate with a sleeve 

enclosing the anchor rod has been buried away from the well to minimise disturbance to the 
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watertable. If the rod top has been levelled then actual change in ground surface relative to an 

extemal fixed datum can be recorded. 

3.1.2 Dipwell networks and recording frequency 

We have stated that the response of the watertable observed in dipwells can be used as an 

indicator of increase or decrease in storage as a result of inputs or outputs of water to the 

wetland system. Equal in importance to the design of a dipwell, is the number and strategic 

positioning of well networks, and the recording frequency. The location of wells relative to 

each other and to features of hydrological importance, such as drainage channels or springs 

are critical in the planning of project design. Wells may be placed randomly, in a grid pattern, 

or in straight lines called transects. The regular spacing of wells can reveal hydraulic 

gradients, recharge zones and potential preferential flow patterns. For example, the zone of 
influence of a drain on the local ground-watertable may be examined, as could any 

subsequent effect of damming or blocking the drain at different depths. However, placing 

wells in regular patterns may infer linear relationships where these do not exist. Conversely, 

random distributions may miss linear relationships entirely. 

Differences in recording frequency may also both reveal or miss patterns in hydraulic 

regimes. Daily, weekly or longer recording intervals may highlight seasonal or bulk variations 
in storage at a site, with the effect of rainfall mitigated by evaporation or overland flow for 

example. This form of data is often used to make assumptions about the stability of hydraulic 

regime at a particular part of a site, or to examine the success of restoration works. Where 

data concerning rapid processes such as the succession to overland low during a storm event, 

are required, then recording frequencies must be more intensive (3.5.2 Recording near-surface 

and surface water flow). Additional confusion may arise from misrepresentation of data sets. 
For example, where range in groundwater level is in question (say for establishment of certain 

vegetation species), are minimum and maximum levels over a given period or observed levels 

at a specified times required? These two types of data may become more useful by 

combination, say daily groundwater level observed manually at 09.00, with weekly minimum 

and maximum at the same location by some form of automated level (3.1.1 Recording water 
levels in dipwells). They should not however be confused - the lowest recorded level at 09.00 

within a week of daily data is not the minimum water level during that period. It is the lowest 

level within the 'observed' data set. The range in water levels would be more accurately 
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described by data from a semi-automatic well (3.1.1 WALRAG) or a continuous water level 

recorder (3.1.1 pressure transducer) both giving the actual minimum and maximum. 

There are no hard and fast rules concerning placement and reading of wells and so careful 

planning is needed to match these to specific project aims. An example of data collected using 
levelled dipwells is given in Figure 4a, in the form of a transect plot, with the actual ground 

surface and water levels recorded in dipwells. The x-axis of the plot represents metres from an 
intersecting drain, which was blocked after two years of data collection. In this case, the aim 

of monitoring was to identify any changes in groundwater levels in both intact and cut-over 

mire surfaces after management intervention. Plotting the watertable relative to datum shows 
that the watertable of the intact mire area remains close to the ground surface (the dashed line) 

throughout, and does not appear to be effected by the drain blocking in 1991. In fact, its 

lowest level during the recording period, in 1996, can be attributed to the particularly dry 

summer of 1995. In contrast, the watertable across the area of mire that was previously 

subject to large-scale drainage and peat removal, responds drastically to the blocking of the 
drain. Whilst the drain was functioning, the watertable here remained below the surface and 
largely followed the topographical pattern created by the mining process. Not surprisingly, in 

the months following the drain blocking the watertable rises dramatically, so that even 
following the dry summer of 1995, it remains at or above the surface along the length of the 

transect. Further investigations could focus on the potential for manipulating the watertable in 

the mined area, using weirs in the blocked drain in order to create specific hydrological 

conditions for establishing vegetation. 

The fluctuating water level recorded over a 48-hour period, in an automated dipwell 90m 
from a boundary drain, on an intact area of raised mire is shown in Figure 4b. Such response 
of water levels in wells over discrete, closely monitored periods can be used to determine 

other hydrological parameters, some of which are discussed in Section 3A Subsurface and 
groundwater flow. It can also be used to estimate the influence of bulk soil properties, on the 

release or uptake of water from the wetland substrate, often referred to in terms of specific 
yield. 
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Figure 4a. Spring watertables on both intact mire and previously mined mire surface 

intersected by a drainage channel blocked in January, 1991: Wedholme Flow, UK. 
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Figure 4b. 20-minute precipitation and dipwell level logs, 24/10/99 - 26/10/99, Wedholme 

Flow, UK. 
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3.1.3 Watertable fluctuations and specific yield 

It has been established that observations of changes in the wetland watertable can be used as 

simple indicators of change in water storage. For example, output from the system by 

evapotranspiration will result in a fall in the watertable whilst recharge in the form of 

precipitation will cause the watertable to rise. Given that the watertable is likely to be close to 

or at the surface, the response to a rainfall event is likely to be rapid. The rate of response by 

the watertable will be mitigated by the rate at which water arriving at the surface is 

transmitted through any unsaturated layer above the watertable. Any redistribution of water 

within both the saturated and unsaturated zones will be determined by the physical properties 

of the soil pores (particularly size and connectivity), the soil component proportions 
(minerals, organic matter, air and water) and soil forming processes. For example, organic or 

peat soils, common in many wetland biotopes, are characteristically highly porous and may 

consist of 90% water by volume. The porosity and hydraulic conductivity of such a soil will 
be determined largely by the peat forming vegetation (woody, sedge or moss), the degree of 
hurnification and compaction at any one location. 

The extent to which any rise in watertable due to an input of water is influenced by bulk soil 

properties is referred to as the specific yield (Sy) of the soil or substrate. (Strictly, the specific 

yield is the amount of water that can be freely drained under the influence of gravity, that is, 

against the retention capacity of the soil and is expressed as a percentage of total volume. ) 

Any rise in watertable will also depend on the initial position of the watertable prior to any 

addition, therefore the specific yield is also a function of the depth of the unsaturated zone. 
We can express the specific yield (%) in terms of the percentage of recharge (net precipitation 

= P,,, t) that contributes to watertable rise (Ah): 

Equation 2. Sy = (P,, ýt/Ah) 100 

If a consistent watertable response to precipitation is observed, then the bulk change in 

storage (AS) for other instances can be estimated from specific yield: 

Equation 3. AS = Sy * Ah 
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where Sy is a percentage and Ah is the change in watertable. 

Both of these relationships are very general and should be applied with caution, as they will 

not hold for all circumstances. Recording the change in stored water by fluctuation in the 

watertable due to precipitation over a determined interval, where the watertable is 

permanently close to the surface, is subject to several sources of error: 

1. interception and evaporative losses; 

2. storage in the unsaturated peat zone; 
3. open water storage and lateral flow exacerbated by high phreatic level. 

Errors I and 2 are likely to increase in shorter recording intervals with lower precipitation. 

Error 3 will increase proportionally over longer periods with higher rainfall when the 

watertable may reach the surface causing both overland flow and storage in temporary pools, 

especially within hummock-hollow networks. Where surface gradients are higher, overland 

flow will be accelerated with the potential for local preferential flows. An average of multiple 

estimates from different length monitoring intervals is preferable to reduce errors. 

Estimates of specific yield from field data are determined largely by the circumstances 

preceding the rainfall event and the physical properties of the logging dipwell location. 

Specific yield may be overestimated where: watertables in deep undisturbed peat are 

characteristically stable with very little subsurface flow likely (3.4 Subsurface and 

groundwater flow); hummock-hollow sequences are by definition a series of pools and small 

mounds of living and decomposing vegetation (largely moss) (3.5 Surface water flow). In 

such microtopography, it is particularly difficult to define a ground surface. With little 

potential for subsurface saturated flow, and porous mounds of partially decomposed 

vegetation composing a large area of the surface along with a pattern of small pools and 

transient channel networks, there is considerable potential for transition to rapid near surface 

and overland flow as the watertable rises. In this situation, lateral flows are likely to exert a 

greater influence on rising watertables overcoming any control by specific yield. This 

condition is not specific to peat mires and may occur in any wetland. 
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3.2 Precipitation 

Of all inputs into a wetland system, precipitation (rain, hail, and snow) is the most readily 

recorded. In the case of ornbrotrophic (atmosphere-fed) mires, precipitation may be the only 

input. Rainfall measured using a raingauge (Figure 5) to catch vertically falling drops, is the 

most accurately recorded form of precipitation, being the least prone to turbulence around the 

gauge orifice, which can deflect droplets and result in an underestimation of precipitation. 

This effect is most apparent in snowfall where it may be necessary to compare gauge results 

to a record of depth and estimates of the density of a known volume of snow compared to its 

melt-water volume. In general, the further from the ground the gauge the greater the potential 
for turbulence, and so some gauges are buried with the orifice at ground level, whilst many 

gauges are designed to reduce turbulence. 

There are two main types of gauge: a collecting or manual gauge (Figure 5a) and recording or 

automatic gauge (Figure 5b). In both cases, rain is collected in the gauge orifice of known 

area, typically 127min in diameter and 305mm above ground in the UK, and 203mm and 

305min in the USA. In the manual type gauge, rainfall is collected in an internal container. 

The volume of water in the container is then recorded manually at regular intervals and 

emptied, so that cumulative volume divided by gauge orifice area gives a point measurement 

of the depth of rain falling within the given recording interval. This type of gauge is easily 

constructed and has many uses particularly in educational environments. The main decisions 

to be made are the recording interval, and the time of day at which recording will take place. 
For example if recording daily rainfall at 9am every day, the rain-day will begin and end at 

9am, so that if a depth of 2.5min was recorded for Tuesday 5 May, it will actually have fallen 

between 9am on Tuesday 5 May and 9am on Wednesday 5 May. This can result in 

underestimation of the daily totals. Collecting gauges are usually used for recording intervals 

of one day or longer. 
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Figure 5. Collecting and Automatic recording raingauges. 

a. Collecting raingauge (manual) b. Recording raingauge (automatic) 
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Automatic rain gauges are either continuous, recording a change in a collected level, usually 

on a chart, or more popularly, they contain a small tipping-bucket which tips when filled with 

a known volume, activating a reed-switch and sending an electrical pulse to a connected data- 

logger (Figure 5b). The data logger can be programmed to report the number of tips (usually 

translated directly as a depth) during any given interval specified by the user, or to record 

events - individual tips. Such data is most useful when rainfall intensity over a shorter period 
is of interest, for example during investigations of surface run-off, soil infiltration, or rainfall 
interception studies. 

The data contained within the rain gauge logger will nonnally be downloaded onto a 

microcomputer in the field via a communication cable, but may also be collected remotely via 

a modem link if this is fitted to the logger unit. The interval at which downloading occurs is 

usually determined by the user's demand for data, the memory capacity and battery power 

consumption of the data logger. Various forms of computer and accompanying software can 
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be used, from notepad or laptop to hand-held units. The mode of downloading is usually 
determined by the project technician or scientist and logger manufacturer at the time of 

purchase. In this fast developing area many new forms of equipment are being introduced 

continuously. 

All raingauges may be used individually when making point measurements or as part of a 

network where it is necessary to assess the variation in rainfall across an area or the 'areal 

rainfall'. Raingauges may also be stand-alone units or may form part of a larger 

Meteorological recording station (MET station) (Figure 6). A MET station may be manual but 

is more likely to be automated, in which case, the recording gauge would be connected to the 

MET station data l6gger along with the other station sensors. (see 3.3 Evaporation and 
Transpiration) 

Raingauges should always be placed in a position that exhibits the typical conditions of the 

assessment area, so that in a study area with a typically open aspect for example, a gauge 

would not be placed under a tree. They must be protected from disturbance by humans and 

other animals, usually by a fence some distance from the gauge. Given the wet and easily 

trampled wetland surface conditions, it maybe useful to bolt the gauge or its levelling plate, in 

the case of tipping-buckets, to a large slab or paving stone to prevent movement and keep the 

gauge level. Gauges must be kept free from debris and should usually contain some form of 

removable filter that can be cleaned if blocked by the insects that seem inevitably and fatally 

attracted by its flower-like appearance. (see Section 3. Operating and maintaining equipment) 
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3.3 Evaporation and transpiration 

Where the supply of soil water or open water is not limiting, evaporative loss or output from a 

wetland may account for 50% or more of the precipitation input. Inadequate estimates of this 

contribution can introduce a high degree of inaccuracy into a site water balance. Evaporation 

is in the simplest terms, a net movement of water vapour molecules away from an evaporative 

surface and as this cannot be recorded directly in the field this leaves three options. Those 

factors controlling the process recorded, most basically: energy input into the system as net 

solar radiation and the resultant air temperature, humidity and turbulence or wind speed, then 

use a model to calculate evaporation. Alternatively an empirical measure of the direct effect 

of the loss of water vapour molecules from a known volume (of soil or water) can be recorded 

as a change in mass, or in the case of a pan, the depth of open water. Evapotranspiration can 

also be estimated from observations of the diurnal fluctuation in the monitored watertable. In 

addition, new techniques that use remotely sensed data, such as satellite and radar imagery, 

are currently expanding and are likely to become more widely applied in the near future. 

As it is often difficult to determine what proportion of water vapour is leaving a site as a 

result of direct evaporation from a surface or open water, and that which is being actively 
transpired by plants, the two are usually addressed together as total evaporation or 

evapotranspiration. This may be calculated as actual and potential evapotranspiration from 

meteorological data (MET data) collected locally and using information about the vegetation 

at the site, it may be measured directly using a lysimeter, or it may be estimated from 

observed changes in bulk storage. 

The main difference between wetland and other habitats in which evapotranspiration is 

commonly recorded (usually agricultural environments) is the mixture of open water, 

emergent and terrestrial vegetation. It is possible due to the potentially large leaf surface areas 

of hydrophytic plants with limited stomatal control, and wide variations in aerodynamic 
resistance, that evapotranspiration from wetlands can exceed open-water evaporation. The 

most similar habitat with which a comparison could be drawn would be a paddy-rice system. 
Whether potential evapotranspiration is calculated or measured directly, an adjustment to 
include the proportion of site surface area covered by open water during the period in 

question must be made. 
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3.3.1 Models for calculation of evapotranspiration 

Many different models and modes of calculation exist for evapotranspiration (ET). The 

algorithm applied is usually determined by the type of meteorological and vegetation data 

available. As evaporation is discussed at length elsewhere, we will only consider details 

necessary to understand the need for field data collection. In addition to net solar radiation, air 

temperature, humidity and wind speed, atmospheric parameters, evaporation pan coefficients, 

soil water availability, salinity, and most importantly for the portability of standardised 

calculations, information on the vegetation type and its growth stage can all be included in 

existing models. The advent of widespread fast microcomputers has enabled the development 

of existing models and reduced their calculation time so that many factors can now be 

included. The Food and Agriculture Organisation of the United Nations (FAO), has played a 
large role in the development of these models, and computer programs based on FAO 

standardised calculations are now widely available. 

The most widely applied models are the Thomthwaite and the Penman-Monteith models. The 

highly empirical Thornthwaite model has been widely adopted because of its convenience and 

simplicity: potential evaporation is expressed as a function of mean air temperature and 
daylight hours, although neither of these relate directly to evaporation. Care must be taken 

when using this indirect measure, as it is likely to result in large errors in unstable 

atmospheric or variable climates for example, coastal or maritime climates. The Penman- 

Monteith model, or set of Equations, includes both climatic, soil and vegetation factors, and 
hence has greater data demands. The Equations estimate the drying power of the air, the 

heating power of solar radiation to cause evaporation from surfaces, whilst incorporating 

functions of soil moisture, aerodynamic characteristics, growth stage factors, such as leaf area 
index, and physiological factors, such as stomatal resistance to transpiration of the vegetation. 
Many modified versions of the Penman-Monteith algorithms exist and have been incorporated 

into prognostic systems of varying scales of which the UK Meteorological Office Rainfall and 
Evaporation Calculation System (MORECS) is one well-known example. Given the 

adaptability of the Penman-Monteith model, it is likely to be a practical solution to wetland 

evapotranspiration estimation. 

The minimum dataset parameters usually required by most ET software packages are listed in 

Table 1, along with other potential parameters that may be included. Units have not been 
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specified as these vary widely, and the package will usually ask the user to specify which unit 
they are using. 

Table 1. Minimum and additional data parameters required by standard software for 

evapotranspiration calculation. 

Minimum data parameters Addition al/altern ative parameters 

Time and date including year 
Latitude and longitude of station 
Mean air temperature Minimum air temperature 

Maximum air temperature 

Average relative humidity Minimum relative humidity 

Maximum relative humidity 

Average vapour pressure 
Average absolute humidity 

Average specific humidity 

Dry/wet bulb temperature 

Dewpoint temperature 

Average wind speed Atmospheric pressure 
Net radiation Incoming solar radiation 

Reflected radiation 
Albedo 

Sunshine hours 

Lysimeter reading 
Pan evaporation 
Soil heat flux 

Measured grass/vegetation height Leaf area index 

Grass reference ratio 
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Having selected a calculation, the minimum necessary data parameters and their mode of 

collection can be identified. In some cases it may be possible to derive data from local MET 

stations particularly where there is a statutory requirement to divulge, or where monitoring 

programs are educational or have charitable status and data may be obtained without financial 

cost. However in many countries, such data must now be bought, and the expense this 

involves may make rental or purchase of equipment to be located on the site economic. If data 

are required for a pre-monitoring period then purchase may be the only option. Another factor 

to consider is the locality of the nearest station: the local climate within a wetland is likely to 

be very different to that of a surrounding agricultural or urban area. For example, detailed 

meteorological data are usually collected at airports, and these are often freely available, but 

how similar are conditions in an airport likely to be to those in a wetland habitat? 

If the decision is made to collect data on-site then the sensors necessary for the data 

parameters should be identified and incorporated into a weather or MET station. As with the 

rain gauge, this may be manual or automatic. Whichever of these is chosen they can contain 

similar sensors. Given the falling price and increased availability of electronic scientific 

equipment and the advantages of automated recording, the most practical form of monitoring 

equipment is an automated, multi-sensor, weather station (MET station). Along with user 

specified sensors, this will contain a data-logger. This allows the station to be left for 

considerable lengths of time between downloading of recorded data depending on the battery 

or power source, the memory capacity of the logger and the number and frequency of sensor 

readings to be saved. A rain gauge will normally be included as a standard sensor within the 

station, and an automated MET station has the operational and data advantages stated for an 

automated raingauge (3.2 Precipitation). Briefly, the recording interval of each parameter and 

period between downloads can be specified by the user, limited only by the logger memory 

capacity. Hence real-time recording can occur and visits to the site may be limited, reducing 
disturbance and interference. The need to download because of limited battery power can also 
be eliminated by incorporating a small solar panel and rechargeable batteries in the station. If 

the station is fitted with a modem and data are downloaded remotely, only maintenance visits 

are necessary (see 3. Operating and maintaining equipment). 
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Figure 6 shows an automated station and illustrates the sensors used to collect weather data 

and to calculate evapotranspiration, 

Temp. & 
humidity 
sensors 

Figure 6. Automated MET station, 
Wedholme Flow, UK. 
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3.3.2 Direct measurement of evapotranspiration: lysimeters and pans. 

If the growing vegetation, its root zone (in the case of vascular plants) and soil can be 

contained, so that hydrological exchanges are minimised and lateral flows eliminated, loss of 

water from this isolated zone by evapotranspiration can be recorded. This is the function of a 
lysimeter. A lysimeter contains an undisturbed sample or monolith, of vegetation and its root 

zone, as similar as possible to that outside of the unit. Within this unit it is desirable, though 

not always achievable, to maintain the watertable at a level equivalent to that of the 

surrounding area. This is of particular importance in a shallow watertable situation. The area 
immediately outside of the lysimeter should also be maintained in an intact form, minimising 

any differences in both consumptive use and turbulence. Lysimeters come in two forms: 

weighing and non-weighing. In a weighing lysimeter, the only input is precipitation and the 

only output evapotranspiration. The lysimeter container, in which identical conditions to the 

surrounding environment are maintained as closely as possible, is weighed at specified 
intervals and the change in mass due to precipitation or evapotranspiration is recorded. In a 

non-weighing lysimeter, seepage through the root zone is collected in a container at its base, 

and the difference between input and drainage computed for a given period. Non-weighing 

lysimeters may be of less use in wetlands where the watertable is at, or close to the surface, 
hence making the isolated containment of seepage problematic. 

Evaporation pans, which come in many dimensions and can be either sunken or above 

ground, manually read or automated, are in effect sealed pools, with only precipitation input 

and evaporation output. They can be used to provide an index of the cumulative effect of air 
temperature, humidity, wind speed and net radiation, and to relate different vegetation types 

or cover within a site or at different locations. In the agricultural environment, pans are often 

used to provide reference evaporation to which crop evapotranspiration can be related using 

an established crop coefficient. Established crop coefficients (which are also applied in most 
ET algorithms) and guidelines on their use and application are provided in the FAO Irrigation 

and Drainage Papers 24 and 56. These international standards include growth stage and crop 

coefficients for some temperate climate wetland vegetation. 
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Evaporation data have rarely been collected for bryophytes which dominate many 

ombrogenous and oligotrophic wetlands. In wetlands where emergent and terrestrial 

vegetation, seasonal and permanent pools and channels are common, a combined network of 

weighing lysimeters and pans may provide additional insights. 

The dimensions of both lysimeter and pans and their locations are critical to optimisation of 

results. As has been mentioned previously, turbulence is only one of the many factors 

contributing to evapotranspiration. If this is altered by disturbance of local conditions during 

installation and subsequent visits, a source of error will be introduced. An additional factor 

influenced by the size of a lysimeter is interception of precipitation by vegetation (3.3.4 

Interception and Evapotranspiration). Both of these effects are likely to be mitigated by the 

size of the unit. However the very nature of a wetland, which often makes access difficult and 

accentuates any form of disturbance will in many cases, make installation and operation of all 
but the smallest units difficult if not impossible. Another factor related to the size of the 

lysimeter, in particular a weighing lysimeter, is the total mass of the filled unit. Whether the 

balance used to record changes in mass is contained within the sunken lysimeter casing, or the 

lysimeter is removed for weighing, the balance must be accurate enough to record the 

possible range of change in mass. In many cases no mains power source will be available on 

site and the balance may need to both portable and battery powered. To this end a weighing 

micro-lysimeter having a potential filled mass within the range of the common battery 

powered balance, was designed at the University of Newcastle for use in wetlands with high 

watertables. Micro-lysimeters have been used successfully in many wetland systems 
including mires, fens and paddy rice fields, in addition to systems with more sandy soils. 

A plan of the Newcastle weighing micro-lysimeter, filled weight approximately 6kg, is 

presented in Figure 7. Lysimeters of this design were used in a network of six, along with four 

pans of similar volume, in an area where watertables were also monitored continuously, at 
Wedholme Flow, Cumbria, UK. Figures 8a &b show one of the lysimeters filled and ready 
for weighing, and in situ at the site. The pans used were the same volume and constructed 
from the same material (waste or 'soil' pipe) without the additional fittings. Thermometers 

were positioned within and outside of the lysimeters to monitor any temperature differences. 
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Figure 7. Weighing micro-lysimeter plan. 
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Figure 8a. Lysimeter ready to weigh 

b. Weighing lysimeter in situ 
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The lysimeter contains an undisturbed core of vegetation and root zone extracted by inserting 

into the ground the bottomless tube with a removable blade section to the required depth 

(level with the ground surface). An intact turf is then removed from the ground adjacent to the 

lysimeter. A plate can be inserted under the blade section and the whole instrument removed. 
A second plate is then placed on top of the lysimeter, which is inverted whilst the blade and 

excess soil are removed and replaced in the hole. A perforated container, large enough to 

house the entire lysimeter including the tap (Figure 6), is then placed in the hole created to 

prevent it from collapsing and allowing the lysimeter to be easily removed and replaced 
during weighing. The turf removed to access the base of the lysimeter is then replaced with 

minimum disturbance. The container is perforated if the high watertable and the volumetric 

water content of the substrate are likely to cause it to float, as in this case. Enough peat or soil 
is removed from the base of the lysimeter to allow a filter or mesh to be placed in the bottom 

of the container, and the space created is then repacked with non-saturating beads. Small 

polystyrene beads such as those used to prevent damage to electrical equipment in transit, are 

quite suitable. The base of the lysimeter is then sealed and a tap is inserted into a pre-drilled 

whole in the side of the casing. 

The reason for creating an artificial layer within the lysimeter is that where necessary, the 

water level inside the lysimeter must be manipulated to match the local watertable. It must 

also be monitored during weighing to ensure it is representative of the surrounding area. This 

can be achieved using a 3-way tap, inserted into the bead layer. Whilst the tap is open to the 

length of transparent tube, fixed vertically to the outside of the lysimeter, the internal water 
level will be indicated within the tube. If the setting is altered, water can be released from the 

lysimeter or the tap can be closed for weighing. Depending on the tap orifice diameter and the 

size of the beads, it may be necessary to wrap a piece of mesh around the tap before it is 

inserted into the lysimeter casing. 

When the water level in the lysimeter is equilibrated to the surrounding watertable, it can be 

weighed for the first time, then placed inside of the outer container so that its surface is level 

with its surroundings. Difficulties that exist in the construction and installation of the 
lysimeter are usually associated with sealing the lysimeter and disturbance of the surrounding 

area. Joints in the lysimeter casing should be minimised to reduce the potential for leakage 

and all joints must be sealed. It is usually necessary to add an additional layer of silicon gel or 

similar water proofing, even to pre-sealed joins. All maintenance should be carried out away 
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from the lysimeter 'hole', and trampling minimised by standing on boards (see 3. Operating 

and maintaining equipment). In addition, when selecting materials and constructing the 

lysimeter, attention should be paid to the maximum weight of the balance to be used in the 

field. It is possible that following heavy rainfall the lysimeter weight will increase beyond the 

balance maximum. If the lysimeter is fitted with a tap as shown in Figure 7, a measured 

volume water of water may be drawn prior to weighing, and its mass added to the final 

Figure. This volume must then be replaced in the lysimeter and the initial watertable restored 
before it is reinstalled. 
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3.3.3 Estimation of evapotranspiration from diurnal watertable fluctuations 

We have observed previously that fluctuations in the wetland watertable can be attributed to 

several hydrological processes, and that by examining the change in storage indicated in 

dipwell logs, we can attempt to estimate specific exchanges. We have established that without 

additional inputs of precipitation, a net loss of water from storage by evapotranspiration is 

likely. Both evaporation and transpiration are greatest during that part of the day when 

incoming solar radiation is at its greatest, giving rise to the characteristic diurnal fluctuations 

in watertable most apparent in the logs of continuously recording or automated dipwells. 

These fluctuations are often attributed to transpiration alone, but as the ground surface may 
intercept the watertable at many points, especially in peat-wetlands with extensive 

microtopographical variation, it is quite possible that evaporation will occur at the watertable 
interface. In such a case, it is not always possible differentiate between fluctuation due to 

transpiration and that due to evaporation from these integral areas of open water. Therefore, 

we will continue to refer to the exchange as evapotranspiration. 

Without precipitation or lateral input, watertables fall during the day (most rapidly in the 

afternoon), and at night they may fall slowly, stabilise or recover where there is potential for a 

redistribution of water within a wetland. In the later case, there may be a nocturnal net lateral 

inflow where adjacent open water bodies can provide lateral recharge. Lateral inflow will also 

occur during the day, but this may not be apparent in dipwell logs, as any recharge will 

simply be replacing moisture lost to evapotranspiration. Hydrologists have observed that as 
inflow is likely to remain constant throughout the day, any rise in watertable at night (when 

ET will not occur), can be attributed directly to net lateral influx. If the gradient of nocturnal 

rise in watertable (r) is accepted as the continuous rate of lateral influx over a 24-hour period, 

then a potential daily rise can be calculated (24r). We know that changes in watertable due to 

influx or loss are mitigated by soil properties within the saturated and unsaturated zones, such 

as pore size and distribution, and we can estimate the combined influence of soil properties on 

any change in storage at a particular location, in the integrated form of specific yield (Sy). 

(see 3.1.3 Estimating specific yield) 

If we observe the net fall in watertable due to evapotranspiration (et) over the 24 hour period 

and add this to the extrapolated gain due to influx, mitigated by specific yield, then the actual 
loss due to evapotranspiration (ET) can estimated: 
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Equation 4. ET = Sy /100 (24r + et) 

This principal holds true only where the rate of lateral flow can be attributed to soil properties 
included in the term specific yield. Where rapid routes for recharge exist, such as weaknesses 
in the substrate or overland flow is possible, this relationship will not be observed 
(measurement of these properties will be discussed in Sections 3.4 and 3.5). 

Figure 9. Watertable fluctuation during 5-day continuous logging periods for two 

dipwells, Wedholme Flow, Cumbria, UK: both the recorded dipwell level (20 minute 

recording frequency) and the 2-hourly mean levels are plotted. 
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There is a distinct unimodal diurnal fluctuation during the May log. A similar pattern exists in 

the October log but is less discernible. Diurnal fluctuations may not always follow strict 

patterns, and can display a high degree of seasonality. The mid-October watertable plotted in 

Figure 9, falls steadily throughout the logging period, although it does appear to level out 
between midnight and noon. However the early May watertable plotted in a different dipwell, 

appears to follow a regular daily pattern, falling between around 10: 00 and 23: 00 and 

recovering up until noon in some cases. In both cases, no precipitation was recorded during 

the logging period, and both dipwells were in similar topographical locations, with similar 

vegetation cover (dominated by Sphagnum moss with occasional Ericaceous shrubs). 
However the fall in the watertable during the May logging was approximately double that of 

the October period. Differences are likely to be due to seasonal factors. At this latitude 

(almost 550 north), there are considerably more daylight hours in May as mid-summer 

approaches, than in October. In addition to long days, the May log is likely to have followed a 

typically wet spring, contributing to more depressional storage, hence more potential 

recharge, and the marked diurnal fluctuations. 

Great care should be taken when calculating evapotranspiration from watertable fluctuations, 

and such estimates should not be considered in isolation from other methods. The capacity for 

lateral flow should never be underestimated, and this is especially the case in high watertable 

environments with the capacity for rapid near-surface exchanges. No evapotranspiration value 

can be considered absolute, and a comparison of several estimates should always be made. 
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Table 2 includes actual evapotranspiration estimates for the raised mire, Wedholme Flow, 

UK, using micro-lysimeters and pans (3.3.2), and watertable fluctuations observed in a 
dipwell (3.3.3). Potential evapotranspiration is included using weather data collected on site 

using an automatic MET station (3.3.1), and calculated by the Ref-ET program using the 

American Society of Civil Engineers Penman-Monteith calculation (3.3.1), along with the 

potential ET estimate given by the UK Meteorological Office MORECS calculation (3.3.1). 

Table 2. Weekly recorded P, ET, estimated PET totals (mm), Wedholme Flow, UK. 

31-May Recordedonsite: Ref ET MORECS VALUES: 

till total P Lysimeter Pan Dipwell (model) PE Soil PE grass PE O-W 

06-Jun 44.40 31.22 - 3.64 10.10 13.40 13.50 

13-Jun 22.00 24.15 - - 9.73 15.11 17.50 21.80 

20-Jun 0.60 10.68 6.09 8.10 14.97 21.10 21.20 25.70 

27-Jun 2.40 6.93 5.95 19.00 11.22 15.90 17.30 20.50 

04-Jul 0.80 5.53 6.16 7.68 12.88 1 16.70 16.80 19.90 

11 -Jul 26.40 21.42 23.59 7.74 10.08 14.10 16.70 18.80 

18-Jul 0.80 6.58 5.88 - 12.53 16.70 16.30 19.90 

25-Jul 0.00 7.00 5.74 - 12.04 17.10 16.90 21.30 

01-Aug 10.60 27.72 28.07 - 10.43 16.90 17.10 19.40 

08-Aug 20.80 12.39 12.60 - 8.12 14.40 14.70 17.30 

Total 128.80 153.62 94.08* 42.52** 105.64 158.11 167.90 198.101 

*94.08 total recorded ET in 8 weeks - using weekly mean, 10 week total =II7.6mm. 
* *42.52 total recorded ET in 4 weeks - using weekly mean, 10 week total = 106.3 mm 

In the case of the recording period outlined in Table 2, the lysimeter measurement was close 
to the mean of all methods employed, with the lowest estimate being the Ref ET model output 
and the highest being MORECs open water. Four out of the seven methods employed imply a 

moisture deficit during this recording period which was actually mid-summer. 
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3.3.4 Interception and Evapotranspiration 

An additional consideration in the estimation of evapotranspiration from a natural or non- 

uniform vegetation cover, is that of interception (Figure 1). A considerable proportion of 

precipitation may be trapped in the plant canopy and never reach the soil surface or become 

available for plant uptake, hence transpiration. This interception may, never the less, 

evaporate from intercepting plant surfaces at a rate determined by canopy characteristics such 

as height, density and resulting temperature and turbulence. In some areas of research, such as 
forest ecology, attempts to record canopy interception have been made using large containers 
below the canopy (effectively oversized rain gauges), whilst also recording areal precipitation 

above the canopy. Such experiments are likely to be impractical in most cases, however 

evapotranspiration recorded in lysimeters should take account of mass changes due to direct 

evaporation from the canopy. Errors here are likely to be introduced where lysimeters or 
lysimetry networks are not truly representative of field conditions due to disturbance or 
inadequate representation of certain vegetation assemblages. When calculating evaporation 

using Penman Monteith or similar models, care should be taken to account for spatial 

variability in potential evapotranspiration due differences in vegetation canopy characteristics 

across a site. 
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3.4 Subsurface and groundwater flow 

There are no truly direct methods of measuring actual subsurface flow in a wetland, in the 

field. That is, flow within the porous media of the wetland substrate in any direction, whether 

internal exchange within the wetland, output or influx, to and from an external aquifer. 

Techniques that strictly control the influx, usually by a constant head device, and record 

output from a known volume of wetland soil, must be carried out on an extracted monolith of 

the substrate in the lab. Such procedures, whilst standardised in mineral soils, have a varying 

degree of success with wetland soils, especially peat, which is notoriously difficult to extract 

without causing an unacceptable degree of disturbance. This is however, like many areas of 

wetland hydrometry a developing area and it is likely that techniques, which are currently 

experimental, will be wider used in the future. The high water content and heterogeneity of 

wetland soils also create difficulties for indirect measurement in the field. 

In Section 3.1.3, the examination of watertable fluctuations to estimate specific yield was 
discussed. This is an indirect method of assessing the influence of soil properties on the 

movement of water in the subsurface. The rate at which water can move through the soil is 

referred to as hydraulic conductivity. The rate at which precipitation arriving at the soil 

surface can percolate through the root zone is referred to as infiltration rate. In terms of 

practical field measurement, it may be considered equivalent to the effective hydraulic 

conductivity of that layer, being determined largely by the maximum rate at which water can 

move through that zone, the initial water content and the depth of any ponded water. Water 

arriving at the surface may pond if it has to infiltrate a crusted soil surface or a dense layer of 

vegetation. There may also be a time lag between water arriving at the surface and its 

infiltration into the subsurface if the rate at which it is supplied to the surface exceeds the 

hydraulic conductivity of that material (infiltration excess), or if the watertable is already at 

the surface (saturation excess). Water will move through the saturated subsurface zone at a 

rate determined by the soil hydraulic conductivity, the hydraulic head at that point, and the 

adjacent hydraulic head. 

Like specific yield, hydraulic conductivity is an integral of the soil matric properties that 

control water movement. As we cannot easily assess these properties in the field, we measure 
the ability of a soil to conduct water. 
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The relationship between flow and hydraulic conductivity is described by Darcy's law: 

Equation 5. v =-Kdh/dx 

where: v= apparent velocity of water (m/d) 

K= hydraulic conductivity (m/d) 

h= hydraulic head (m) 

x= distance in flow direction (m) 

and therefore: dh / dx = hydraulic gradient (dimensionless) 

The hydraulic head can be defined as the potential energy (literally elevation) and pressure 

energy per unit weight of water. 

In Darcy's law, hydraulic conductivity is the constant of proportionality to head change over a 

given distance, where flux is from a region of high to low head (or high to low potential 

energy). The application of dipwell transects to observe hydraulic gradients was discussed in 

Section 3.1, where it was established that a gradient could be observed perpendicular to a 
drainage channel, for example. Where the distance over which head change occurs is very 

small, so that dh/dx = 1, or a hydraulic gradient of unity, the conductivity can be regarded as 

equivalent to the apparent velocity. So that, where it is possible to detect a hydraulic gradient 

and assess the hydraulic conductivity we can estimate potential flow along a line of 

equipotential forces. 
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3.4.1 Determining hydraulic conductivity and infiltration capacity 

The established methodologies for recording both hydraulic conductivity and infiltration rate 

in the field are relatively simple adaptations of the same technique. In the saturated condition 

water is removed from a cavity of known dimensions and the rate of refill is recorded, whilst 
in the unsaturated condition water is added to a cavity, and the rate at which it leaves is 

recorded. With calibrations for the cavity dimensions, the rate of influx is assumed equivalent 

to the hydraulic conductivity of the surrounding material. Both recharge and depletion tests 

have many potential sources of error and are inherently flawed in the typically heterogeneous, 

anisotropic material that constitutes a wetland soil. The measurable properties of all wetland 

soils will vary according to preceding conditions, such as interval since last rainfall event, 

with shrinkage and swelling of soil common, and compaction inevitable. A large variation in 

recorded conductivity is common and it may even prove difficult to replicate a result at one 
location, as the disturbance to the medium during the test is inevitable. However, in the 

absence of any practical and proven alternative, the only solution is to complete the maximum 

possible number of replicates of each test. Sensitivity analysis should also be applied when 

utilising field assessed infiltration capacity and hydraulic conductivity within larger schemes, 

and a reasonable range of standard error included. 

Many hydraulic conductivity and infiltration capacity models exist as the topic has been 

extensively researched in the field of soil and agricultural sciences. Discussion here will be 

limited to two techniques that have been extensively applied in wetlands: 

0 the auger-hole or piezometer method using the Kirkham analytical solution of hydraulic 

conductivity 

0 the double ring infiltrometer using the Green-Ampt Equation 

The auger-hole, piezometer method, pumped-borehole and slug test all refer to the same 

process, in which a cavity is created and water added or extracted. The mode of application or 

extraction differs between tests. In steady-state methods, a continuous head is applied either 
by pumping or with a constant or elevated head device. In unsteady-state tests, there is 

typically one extraction or addition, and the rate of recovery (Figure 10) or depletion (Figure 
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llb) is recorded. Accepting the difficulties inherent in maintaining a specified head, 

unsteady-state methods are more commonly applied to wetland soils. 

Wetland soils are very often unstable and as high volumetric water contents are common it is 

usual to line the auger hole using a length of pipe, creating a simple piezometer. The pipe 

used for dipwells is usually suitable, although it should not be perforated along its length. It 

may be left open at both ends or some form of filter or cage can be constructed around the 

cavity at the submerged end of the pipe. In theory, if the cavity has open sides and a closed 
base (Figure 10a - solid lines), then horizontal conductivity over the cavity depth will be 

recorded. An open base and closed sides will theoretically record vertical conductivity at the 

orifice depth only (Figure 10b - solid lines). In practice, flow to or from the piezometer is 

likely to be radial in both cases (Figure 10a&b - all lines). If the pipe is perforated or if an 

actual dipwell is used, then the hydraulic conduAivity will be an estimated average 

conductivity for the extent of the well depth. Piezometers of any length can be constructed 

and are usually installed approximately 1-2m apart in nests, extending across a range of 
depths, from the surface layer into the deep soil. 

Figure 10. Piezometers used for recovery and depletion methods of recording: 
(a) horizontal hydraulic conductivity 
(b) vertical hydraulic conductivity, 
(c) the functions of hydraulic conductivity. 
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Water is removed from a piezometer (usually with a hand pump) in which the water level has 

been allowed to equilibrate with the surrounding watertable, and recording of recovery begins 

immediately. Initial and subsequent equilibration can take several days in some wetland soils 

and so it may be more convenient to use an automatic water level recorder, such as the 

pressure transducers described in Section 3.1.1, than to record the level manually. Above the 

watertable, water is added to the piezometer and recording of the rate of depletion begins 

immediately. This is effectively a small-scale version of the infiltration method described 

below. 

Several analytical models of hydraulic conductivity can be applied to recovery-depletion 

times recorded in piezometers. However most assume an incompressible substrate or were 

conceived in terms of relatively short recovery times and are therefore not applicable to many 

wetland soils. One of the most frequently applied solutions for hydraulic conductivity using 

auger-hole data, which has been widely applied to depleting and recovering piezometer tests, 

is the Kirkham Equation. Referring to Figure 10c, hydraulic conductivity (K) is defined as: 

Equation 6. K= 7c r2 In hj/h7 

02 - tl) 

where, r= radius of the piezometer 
h,, = distance to datum of water surface at time t,, 

C =shape factor 

Rearranging Equation 6, 

Equation 7. hj/h2 t 

so that K can be calculated from the gradient of a log normal plot if it is linear, or from linear 

Sections of a plot for specified periods. 

The shape factor (C), is obviously a critical function in the calculation of hydraulic 

conductivity. Many different methods of estimating its influence exist, based largely on the 
dimensions of the piezometer inlet, and in some cases relationship between the depth of the 
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piezometer, proximity to any impenneable layer and the elevation of the watertable at various 
junctures. As with evaporation parameters, many of the standardised methods are documented 

in the FAO Irrigation and Drainage manuals. 

Various simplified relationships exist, but should only be applied with caution as each has a 

specific limitation: 

Equation 8. C =4nr 

where r= radius of a sphere 

Equation 9. C=2 (Tc A., ) "" 

where A, = surface area of the piezometer tip 

Equation 10. C =27rL 

In L/r 

where L= piezometer (inlet) length 

r= piezometer radius 

I Equation 8 should only be applied to piezometers with spherical tips, whilst Equation 9 is 

valid only when the length to diameter ratio (1/d) of the piezometer inlet is between 4 and 10 

and Equation 10 applies when this is greater than 4. In the case of vertical flow piezometers of 
the design illustrated in Figure 10b, the length to depth ratio is zero, therefore this solution is 

invalid. Where no obvious formulation applies, standardised tables, such as the Youngs table 

of values should be referred to. These can be found in Irrigation and Drainage manuals. 

In addition to the piezometer method which is commonly applied, two other methods may be 

encountered. Small scale pumping tests where drawdown adjacent to a well from which water 
is removed at a constant know rate can be applied where facilities allow. A large-scale 

pumping test has also been employed in isolated cases on some peatlands, where flow rate 
between parallel drains of a recorded head gradient is measured. This test involves a large 
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degree of disturbance to the site and is unlikely to be suitable where conservation or 

restoration is a concern. 
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Figure 11 a illustrates a schematic view of infiltration. Direct application of Darcy's Law to 

the water levels in Figure IIa gives: 

Equation 11. f=-K (H2 - HI) Lf 

where, f= infiltration rate, 
Lf = length of wetted zone, 
K= hydraulic conductivity of the wetted or transmission zone 
H, = hydraulic head at soil surface (depth of ponded water) 
H2 = hydraulic head at wetting front 

The transmission zone is assumed saturated as the surface is ponded and column continuous. 
The soil water pressure head (negative) at the 'wetting front' hf, where H2= hf - Lf, can be 

expressed as positive suction S,, v =- hf, such that, 

Equation 12. f =-K(hf-Lf-HI)Lf 

Equation 13. f=K (S., + Lf + HI) Lf 

Cumulative infiltration, F, may be expressed as, 

Equation 14. F=(O, -Oi)Lf =MLf 

where, 0, = wetted zone volumetric water content 

Oi = initial volumetric water content 

M= soil water deficit orfillable porosity 

If H, is assumed to be negligible compared to S,, +Lf, then substituting Lf = F/M into Equation 

14 gives the form of the Green-Ampt Equation: 

Equation 15. f=K+KM Sý,, /F 

Substituting in Equation 15: 
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Equation16. f =AIF +B 

where, A=KMS, 

B=K 

In this form, B is essentially the saturated hydraulic conductivity of the wetted zone 

neglecting the effect of trapped air. A can be derived from experimental infiltration data. 

This derivation assumes a ponded surface, with infiltration rate equal to infiltration capacity, 

and so is particularly suited to the infiltration excess situation observed on wetland surfaces. 
This situation is replicated by the use of the infiltrometer. In the case of lower intensity 

rainfall events or the initial period of a storm event, precipitation may arrive at the surface at a 

rate less than the saturated infiltration capacity. 

At the wetland field site, the cylindrical rings of the infiltrometer are inserted through the 

vegetation to an approximate depth of 15cm below the surface or datum, or to the point at 

which degree of decomposition made identification of plant species by eye impossible 

(vegetation has become soiO. Both rings are filled simultaneously whilst the water depth and 

cumulative infiltration recorded in the inner ring. The outer ring creates a buffer to lateral 

flows. Infiltration may be recorded over varying periods from minutes to days. 

In order to calculate the Green-Ampt parameters using the double-ring infiltrometer, 

cumulative infiltration, F, is recorded, and plotted against time. The gradient of the resulting 

curve gives the infiltration rate, f. If IN is then calculated and plotted against f, and a line of 
best fit is drawn through the data points, the parameters A and B can be calculated. A is the 

slope of the line and B is the intercept at f (y on the axis, I/F=O). The B value is simply the 

potential rate of infiltration when no infiltration has yet occurred (when I/F=O) and is as such 
the hydraulic conductivity. It can then be compared to the measured saturated hydraulic 

conductivity. 

Although originally designed for use on bare soil, the double ring infiltrometer was 

considered suitable for use in the wetland field sites, particularly where an undulating 

microtopography has developed. In such cases, the flooded inner ring compares favourably to 
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a transient pool with no surface outlet or the same pool before the surface water level reaches 

a depth at which pools link, becoming channels. The saturated surface condition created by 

flooding the rings provides a close comparison to the field condition during storm events, 

particularly in the hummock-hollow surface complex. The rings of the infiltrometer were 
inserted though the vegetation, with the surface defined as organic soil by degree of 
decomposition. This is an established method of defining peat types, with scales such as the 

von Post Humification Scale [1-10]. It is important that the infiltration should be recorded 

through a vegetated surface or as close to the undisturbed field situation as possible. In 

addition, the differing vegetation composition within the inner ring may be recorded for 

comparison with vegetation and infiltration results from other tests. Infiltration rate may also 
be estimated in a non-saturated form using a rainfall-simulator type experiment - effectively 
by constructing an outdoor shower with recordable input and infiltration rates. 

3.4.2 Assessing hydraulic gradient 

In Section 3.1 it was established that the watertable observed in a transect of dipwells could 
be used to illustrate a hydraulic gradient. It should be clarified that the watertable is the upper 
limit of an unconfined aquifer, at which the pore-pressure of the substrate is equal to 

atmospheric pressure. The surface is usually defined by interpolation between points at which 
the hydrostatic head is known, also referred to as the potentiometric surface. The hydraulic 

gradient is created by adjacent and different hydrostatic heads having different potential 

energy, so that the potential for exchange, movement or flow is from a high potential to a low 

potential, hence a gradient arises. 

In an unconfined aquifer, the hydrostatic head can be observed in a well, perforated along its 

length or using piezometer with a single opening at a specified depth (see 3.4.1). In the case 

of a piezometer inserted below the watertable in an unconfined aquifer, the observed level 

after equilibration will be equivalent to the potentiometric surface. The length of the 

equilibration period will be determined by the hydraulic conductivity of the substrate. If there 
is a marked difference between the observed piezometric head and the established local 

watertable, and operational errors such as blocked pipes have been eliminated, then it is likely 

the observation point is located in an area of groundwater recharge or seepage. For example, 
if the water level in the piezometer is 0.5m above the ground surface in an area with no 
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standing water, then it is likely that ground water is recharging the wetland aquifer. In such 

cases, the point at which highest hydrostatic head is recorded vertically %elow'the watertable, 
but potential for exchange is still from high to low energy therefore an influx into the aquifer. 

In some cases the aquifer that forms the main body of a wetland may be referred to as 

perched, where it is underlain by a discontinuous, semi-permeable or impermeable bed, and 

situated some height above the regional aquifer. The potentiometric surface of such aquifer 

maybe regarded as equivalent to watertable. 

Figure 12 plots the watertable relative to datum in a 60m length of dipwell transect 

perpendicular to a drainage channel, previously illustrated in Figure 4a, showing also the 

surveyed ground levels. The watertable can be observed to follow the ground surface closely 
during the April watertables displayed, with one marked difference. The drainage channel was 
blocked in January 1991, to assist the re-wetting of the adjacent mined area. This effectively 
increased the hydrostatic head in the form of the water surface in the drain, which became a 
deep pool. Before the increase in water level in the channel, the watertable close to the drain 

(within 10m) followed the shape of the ground surface almost exactly. Following the blocking 

of the drain, the shape the watertable close to the drain changed. The new shape and gradient 

assumed by the watertable appears to be determined by the adjacent hydrostatic head rather 
than soil hydraulic properties such as increased hydraulic conductivity in the aerated zone 
beside the drain. 

This does not explain entirely the need to investigate hydraulic gradient. It has been 

established that flow direction will be from a zone of high energy or head to a lower head and 

so identifying potential flow directions in the form of falling heads can be critical in 

understanding the dynamics of a system. If we also consider the Darcy Equation (Equation 5), 

we see that change in head with respect to length (change in the x, y, or z plane) or head 

gradient, is critical to the calculation of flow rate. Where initial estimates of flow capacity are 
in question, or when an initial analytical estimate is required for calibration purposes and 

refinement of design criteria, it may prove useful to employ observed head gradient in the 
Darcy Equation. 
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Figure 12. Hydraulic gradient indicated by a dipwell transect perpendicular to an old 

drainage channel. 

Spring water tables on an intace mire surface adjacent to a drainage 
channel, blocked in JanuaM. 1991: Wedholme Flow,. Cumbria,. UK. 
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1 the term 'intact mire', in this case, refers to an area of mire which has not been subject to 

peat cutting but is disturbed by adjacent peat cutting and active drainage. 'Intact' in this sense 
is interchangeable with 'uncut'. 
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3.5 Surface water flow 

In a habitat with a watertable at or near the surface for much of the time, characterised by a 

combination of open water and terrestrial features, open or surface water flow will 

undoubtedly be a dominant hydrological process. Even where open water may not be clearly 
identified, rapid flow through the litter layer and growing plant stems will be an immediate 

consequence of a high watertable. Already we have identified two forms of open water flow 

within wetlands. First, flow of water within a defined channel by virtue of its potential energy 
head, or stage, within a natural or man-made channel. This is mitigated by resistance at the 

channel boundaries which may be bare or vegetated. Second, there is shallow flow or run-off 

across the wetland surface through and over vegetation and bare surfaces, occurring as a sheet 

or in transient pool and channel networks. This form of flow though commonly observed is 

far more difficult to quantify. In addition to its transient nature it may be indistinct from near- 

surface porous flow within the zone where the actual surface is difficult to define. Where 

open drain channels also exist, removal of such near surface and surface flow from the 

wetland area will be accelerated. This situation can be observed in many wetland types, and is 

most common in upland peatlands where shallow open drains have been employed ostensibly 
to improve the quality of herbaceous vegetation for grazing livestock by lowering the 

watertable. Shallow open-drain systems are relatively ineffective in lowering the watertable in 

low conductivity substrates, such as the typical organic peat soils found in these situations. 
The effect of the shallow drain networks is mainly to accelerate removal of recharge. The 

influence on a catchment hydrograph however can be easily observed as quickflow, and as the 

gradient of the rising limb of the hydrograph increases. Given that the majority of rainfall 

occurs in the uplands, this is likely to become of increasing concern to water managers as the 
frequency of downstream flooding, commonly on developed floodplains increases resulting in 

extensive damage to property and business. Accuracy in the forecasting of such events would 
be increased if flow rates in the uplands were known. 
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Open water flow is most frequently measured in terms of depth, velocity or discharge within a 

channel or control structure of known dimensions. Where such defined channels exist, now 

can be measured using standard techniques that are as numerous in form and dimensions as 

channels themselves. These methods can be divided into two main groups. First, those that 

record velocity in a channel or pipe of known cross sectional area (and water depth in the case 

of an open channel) using some form of flow meter of which many are commercially 

available. These will not be discussed further as their operation is self-explanatory. The 

second group measures depth in a control structure such as a weir or flume. The difficulty in 

applying these methods in wetlands arises from the need for adequate head difference in 

typically low gradient channels, in particularly where weir structures are concerned. The 

greatest difficulty in measuring open-water flow in a wetland habitat is likely to be that no 
distinct channel can be identified. Many channels are of a transient nature, on either season or 

shorter time scale such as a single storm event. An experimental technique to quantify this 

type of flow is discussed in Section 3.5.2. 

3.5.1 Recording surface water flow in control structures 

There are many different shapes and forms of control structures and this aspect of their 

operation will not be discussed at length, as it can be found in the large number of informative 

textbooks and technical manuals available. It is probably most useful to outline the theoretical 

principals of operation and describe main differences in structures. Control structures alter the 
flow conditions in a channel so that they conform to empirically determined standards. They 

are often sub-divided into two types of structures, namely weirs and flumes, although they can 

also be combined. Essentially the control structures constrict flow, resulting in critical flow 

conditions such that a critical velocity is reached usually a very short distance upstream of the 

structure. Critical flow or velocity, V, is defined as: 

Equation 17. V= (gD)O 5 

where g= acceleration due to gravity 
D= hydraulic depth 
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Hydraulic depth in an open channel is given by the cross Sectional area normal to flow 

direction divided by the width of free water surface. 

The free-flow discharge, Qf, is a function of depth or head, h,,, measured at this predetermined 
location on the upstream side of the structure (Figure 13). 

Equation 18. Qf =J(h,, ) 

When flow downstream of the structure is such that the upstream critical depth is exceeded 

and flow velocity is less than the critical value, flow is described as submerged. Figure 13 

illustrates the position of flow conditions in an open channel. In such a flow regime, the 

increase in tailwater flow depth (downstream of the structure), Ahd, will result in an increased 

upstream head of Ah,, (where Ahu is less than Ahd). If a structure is operating within 

submerged flow conditions then up and downstream depths must be recorded, where 

submergence (S) is given as, 

Equation 19. S= hd /hý, 

The submerged flow rate, Q,, is a function of head loss and submergence: 

Equation 20. Qf =J(h,,, hd) =Ah,, - 
hd, S) 

Wherever possible when designing and installing a structure, the potential for succession to 

submerged flow should be anticipated to prevent a constricting structure designed for free 

flow operating under a submerged condition. Where head differences are marginal, as is 

common in many wetlands, this may be difficult and is a critical design criterion. 

Weirs and flumes come in many different shapes and forms but are essentially constructed to 

predetermined dimensions, of which the effects of constriction on flow have been determined 

empirically. Given these dimensions and a known head or depth within the range of criticality 

a structure-specific formula can be used to calculate discharge. Flumes that essentially create 

a throat within the channel can be subdivided into those which induce critical flow in regions 

of parallel flow and curvilinear flow, where linear flow conditions are usually better defined. 

Weir structures are often much simpler structures, usually some form of plate with a cut-out 
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central Section with empirically determined dimensions. They are often considered to result 
in more accurate discharge calculations than flumes but they also require a greater head 

difference to operate in free flow conditions. Both structures can be automated using pressure 
transmitters or more commonly float mechanisms (3.4.2 Assessing hydraulic gradient). The 

biggest obstacle to the utilisation of control structures in wetland hydrometry is the low 

gradient situation common in most wetland habitats. 

Figure 13 (a) Plan view of channel, stage X to stage Y. (b) Three flow conditions and 

water surfaces: free-flow (1), transitional flow (2) and submerged flow (3) within a 
theoretical channel constriction, which could be either a weir or flume. 
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3.5.2 Recording near-surface and surface water flow in transient pool-channel networks: 

experimental catchments. 

Where it is necessary to assess surface water flow in a wetland, or at least the potential 

surface component of a site water balance, direct measurement in regions with transient or 
barely definable channels present a difficult problem. Whether flows arise because of a high 

watertable (saturation excess), or due to a low infiltration capacity, for example a crusted 

surface (infiltration excess), it may be difficult to make more than a best estimate of the 

surface flow component. In many cases, it may not be possible to differentiate between what 
is strictly overland flow and porous flow within saturated surface media. The use of tracer and 
dilution tests can have limited degrees of success in shallow water systems where flow 

through dense vegetation both submerged and non-submerged, may cause an unacceptable 
degree of disturbance. Such tests are more successful in defined channels. 

Where flow routes are naturally indistinct, the option remains to define a discrete test region 

and record the runoff from an isolated area where inputs can be clearly defined. 

Figure 14 illustrates in plan view the surface and groundwater-monitoring plot installed at 
Trough End Bog, Northumberland National Park, UK. No scale has been included on the plan 

and this would vary from plot to plot according to site-specific factors. The Trough End plot 

was I OOm2. It should be noted that the experimental error (mainly due to increased infiltration 

immediately next to the barrier) would be reduced proportionally in larger plots. Visual 

observation of the site and above surface dipwell levels indicated that surface water was 

present for a large proportion of the time during both summer and winter. In characterising 
the hydrology of the site for conservation purposes, it was deemed necessary to quantify this 

component of the water balance more accurately and to produce a hydrograph representative 

of the site. 
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Figure 14. Experimental Surface Water Monitoring Plot (SWaMP), Trough End Bog, 

Northumberland National Park, UK 
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The plot was orientated adjacent to the predetermined hydraulic gradient and flow barriers 

were inserted to a depth below the annual minimum watertable and beyond the maximum 

shallow drain drawdown depth, excluding surface and subsurface lateral flows. Inputs to the 

plot were then reduced and precipitation was recorded using a tipping-bucket rain gauge with 

a data logger. It should be noted that if the barriers are left in place during dry periods, 
dehydration within the plot may be accelerated without the buffer of the surrounding 

watertable to maintain wetness. However this was not observed in the Trough End plot, where 

rainfall continues throughout the summer season. Corrugated plastic is a suitable material 
from which to construct the no-flow barriers, being rigid, inert, reusable, whilst over-lapped 
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in an inter-linking fashion to prevent leaks. It is also light and flexible therefore easy to 

transport, which is a major advantage in the field! At the lowest point in the plot, surface 

water is directed into a collecting gutter below the level taken as the surface-zone, in this case 

the living zone of the non-vascular plants. Standard domestic guttering formed an adequate 

collecting channel in this case but in the case of larger areas and higher flow rates, a channel 

with greater flow capacity may be required. At the Trough End plot this was held in place 

using flow barrier material, but angle iron or wooden battens for example are also suitable. 

Guttering must be installed so that there is adequate head gradient to ensure rapid flow into 

the tipping-bucket gauge, from which it is then directed out of the plot. In low gradient 

situations, it may be necessary to install the tipping-bucket gauge within a submerged 

container and empty this periodically using a pump. At Trough End plot, the gauge was 

contained in a large trough (intended for animal water supply) containing a float switch and a 

small marine electric pump powered by a 12-volt car battery. This proved adequate, but in an 

ideal situation a renewable power source would be utilised such as a small wind turbine or 

solar cell. This reduces the number of visits necessary to change batteries, the subsequent 

costs, and disturbance to the site. 

The influence of recharge on the plot is also observed as fluctuating groundwater, in this case 

recorded using pressure transducers within dipwells installed in the plot. Groundwater 

fluctuations in dipwells, runoff via the tipping bucket and site precipitation were all logged 

continuously using data logging equipment (3.2 Precipitation, 3.4.2 Assessing hydraulic 

gradient). It is unlikely that manual readings in this situation would be adequate, as it is 

necessary to log several factors at one time and to record storm events 24 hours a day. 

The hydrograph, Figure 15, shows the recorded rainfall, runoff and groundwater level from 

the plot over a one-week period. Runoff events recorded during this period are apparently 

veryflashy and do not account for a large proportion of the rainfall recorded on a 20 minute 
logging interval (less than 2%). Other logging periods at the site using the same interval, 

recorded runoff volumes four times the incoming precipitation during prolonged showers. The 

runoff values presented in the hydrograph are represented as an equivalent depth in mm, using 

outflow totals for the 20-minute interval. If the data are presented as cumulative totals over an 
hour say, the proportion of rainfall becoming runoff appears much larger. The distance 

between the vegetated surface and the ground watertable decreases steadily as rainfall 
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continues. The data presented were collected during the driest part of the year, yet the 

watertable has reached the surface after three substantial rainfall events. 

Figure 15. Precipitation, runoff and groundwater levels recorded in the Surface Water 

Monitoring Plot (SWaMP), Trough End Bog, during the period 27 th jUly -2 nd August 

2000. 
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The Trough End SWaMP was an experimental venture and much of the equipment was 

constructed for the purpose. Whilst equipment cost was relatively low, man-hours and site 

visits were high. Many experimental errors and equipment failure problems were encountered 

and consequently a great deal of data was effectively lost during the monitoring period. This 

situation is typical of experimental hydrometry and it is stressed that such an approach in not 

suitable where accurate data must be obtained in a short length of time. 
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4 Water quality in wetlands 

It is not possible to discuss wetland hydrology without mentioning water quality. This is of 
increasing importance as interest in constructed wetlands is growing rapidly. It is likely that 

within the monitoring strategy of any wetland, whether it is managed for conservation or 

water treatment, some measure of water chemistry will be taken. This may vary from nitrate 
to metal species concentration and pH, to biological contamination such as faecal material, to 

mention only a few. A water quality monitoring scheme should be designed using the same 

critera as a hydrometry scheme, the main difference being that most measurements will be 

carried out away from the site in a laboratory, given the difficulties of conducting any 

experiment in a inhospitable environment. Field activity is likely to take the form of sample 

extraction of ground and surface water. Some simple tests can be carried out on site. The 

parameter most likely to be measured in the field on a regular basis is pH, using a portable pH 

meter with a probe that can be inserted directly into the sample. Other commercially produced 
'probe' type meters are currently available for various elemental concentrations, and are 
becoming increasing accurate as demand itself grows. 

Groundwater samples can be taken from dipwells following a manual water level reading. 
Where automated water level readings are recorded in the same dipwell, care should be taken 

to note the exact time of the reading, so that any rapid change in level and recovery can be 

explained. Following the removal of a sample adequate time for water level recovery must be 

allowed before subsequent level readings are made. Where the watertable is close to the 

surface, samples can be removed most simply using a small container attached to a rod, 
lowered into the well. Where the level makes this difficult (it is obviously not practical to 

carry a rod much longer than Im) a telescopic rod may be employed. Telescopic pointers or 

radio aerials and carpenters tapes all make good alternatives to solid rods. However the 

container arrives at the water surface the receiving vessel into which the sample is transferred 
for transport should be washed in the sample to prevent cross contamination. Pumps may also 
be used to remove a sample but these are more likely to increase the chance of contamination. 
Surface water samples may be removed in the same way. 

78 



5 Operating and maintaining equipment 

The monitoring of any environmental variable in the field can be fraught with difficulties that 

are only increased by the extremes of temperature and moisture often experienced in 

wetlands. The potential for equipment failure increases when it is left unattended for long 

periods of time and where interference by animals or unauthorised humans may arise. Whilst 

it may be convenient to install automatic data logging equipment at a site to reduce 
disturbance and the need for regular manual readings, it is essential to visit equipment at 

reasonable intervals and ensure it is in full working order. Disturbance should be limited as 
far as possible during maintenance visits, by for example standing on boards. Common 

problems result from temperature, damp, animal and human interference. 

Battery life may be reduced considerably at low temperatures, while temperature difference 

between water-proof sensor or logger units may result in condensation, causing moisture to 

collect within the unit. If wiring connections are wet, short circuits can cause equipment 
failure. Pre-filled desiccant bags should be placed within such 'sealed' units and replaced at 

regular intervals. Bags can usually be reused after drying in an oven at a low temperature. 

Care should be taken to prevent ice forming on equipment, which may require additional 
insulation. Ice can also form in dipwells making them impossible to read. Where sensors are 

placed within wells likely to freeze, it may be necessary to refer to manufacturer's instruction 

on sub-zero operation. 

Cables between sensors and logger units should be buried or placed in protective casing to 

prevent animal interference. It is extremely disheartening to return to a unit to download data, 

only to find a rodent has chewed through an exposed 10cm of cable within an hour of 
installation so that all of the monitoring period has been wasted. Given problems likely to 

occur during installation of loggers and sensors it is wise to re-visit newly installed equipment 

early in the logging period. This is especially important in remote locations. Where sensors or 
loggers are positioned within a larger container it is not unusual to find small mammals or 

reptiles sheltering as they can gain access via any small hole or crack. This may cause 

problems where animals chew plastics or cable. Where venomous snakes are present, extra 

care should taken when lifting containers as it is not unknown for snakes to nest under them. 
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Another form of animal interference can arise from birds perching on equipment, damaging or 

simply fouling exposed sensors. Potential perches can be wrapped in various materials to 

make them less attractive to birds. 

One of the most commonly encountered form of indirect interference is the blocking of 
dipwells and rain gauges by insects and plant remains. A loose fitting cap placed on well tops 

can prevent them trapping insects. Cutting down vegetation close to rain gauges before seed 
heads appear stops a lot of wind blown debris reaching the gauge. Within all gauges there 

should be a removable filter, and this must be cleaned regularly during summer months to 

prevent it becoming blocked by dead insects and vegetation. 

Good camouflage, adequate fencing, and warning signs (such as 'HIGH VOLTAGE! ') can 

usually reduce potential interference by unauthorised humans. Of course, if a vandal is 

determined to destroy equipment he or she can see and access, there is very little that can be 

done. In this case wetlands have an advantage over most habitats. If visits to equipment can 
be minimised then it can be placed in the wettest, least hospitable part of a site that 

monitoring objectives will allow. As much installation work may occur in the driest season, 

wet season high water levels must always be considered. It may become necessary to access 

some equipment by boat at certain times of the year. 

During all fieldwork activities, the health and safety of personnel must be ensured at all times. 
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1. Introduction 

The hydrological characteristics of raised mire complexes have been the subject of many 

studies over several decades. Still the heterogeneous nature of these ornbrotrophic mires, 

occurring in many cases in glaciated and widely varying regional topography, demands a 

cautious approach when generalising the hydrology of such peat deposits. This situation is 

further complicated where the mire morphology is disrupted by human activity such as 

artificial drainage and peat removal. Undisturbed mires maintain a phreatic surface close to 

the ground and can be considered relatively hydrologically stable, with a strearnflow 

response similar to that of an unregulated reservoir (Verry et aL, 1988). As Verry and 

Boelter (1975) observed, 'this is contrary to popular belief which states that mires have a 

regulating influence on discharge. Bay (1969) also concluded that the mires in his study of 

Minnesota catchments had no regulating effect on observed discharge. The formation of 

raised mires by terrestrialisation of open water bodies means that open water areas in 

undisturbed bogs tend to be relatively shallow and occupy a small proportion of total mire 

area. The storage potential of the peat body however is high, with potential volumetric 

water content of up to 0.97 in saturated, undisturbed peat (lvanov, 198 1). 

The profile of an intact mire is described by the concept of diplotelmy (Ingram, 1982, 

Ingram and Bragg, 1984). The upper layer within the zone of fluctuation of the water table 

is referred to as the acrotelm, or living layer of vegetation dominated by Sphagnum moss 

species and their slightly humified remains. Below the water table anaerobic peat of greater 

hurnification and bulk density is referred to as the catotelm, the boundary between the two 

layers being determined by the minimum phreatic level (Ivanov, 1953, cited in Ingram, 

1978). The accepted generalisations concerning the morphology and hydraulic 
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characteristics of undisturbed mires are that degree of hurnification and bulk density 

increase with depth below surface, whilst hydraulic conductivity and specific yield fall 

(Boelter, 1965, Romanov, 1968, Rycroft et A, 1975, Ingram, 1978, van der Schaaf, 1999). 

The phenomenon of 'peat piping' (subsurface preferential flow paths within peat) could be 

considered an exception to this rule (Holden, 2000). Given that storage potential is high 

and ground water flow is slow (see Section 4.2, Table 3) it should not be surprising that an 

undisturbed mire will respond to recharge in a similar way to contained open water: it is 

effectively a reservoir overflowing. The surface and near surface flow mechanisms of 

intact mires, though less well understood, point to a rapid succession to saturation-excess 

overland flow regimes (Burt et A, 1990, Holden, 2000). The microtopography of inter- 

linking hummocks (ridges) and hollows (pools-channels) created by the ongoing 

Sphagnum moss species succession is indicative of such flow processes over extended 

periods. 

The flow processes of mires that have been drained artificially are more difficult to define. 

When a mire is utilised for peat removal the acrotelm is removed, exposing catotelm peat, 

which is 'dried' by employing open drains at varying intervals to lower the watertable. 

Very few mires remain undisturbed in the UK and in most cases artificial drainage 

influences flow processes in some way. Many sites have been reduced in area by 

peripheral drainage enabling agriculture to encroach upon the mire body, whilst in 

Northern Europe and North America mire surfaces have been lowered extensively by the 

removal of peat for horticulture and fuel. The impacts on mire morphology and hydrology 

of such practices are wide ranging. The rate at which recharge is removed from the site 

will increase and can be observed in stream discharge following a storm (Klove & 

Bengtsson, 1999). Watertable draw-down adjacent to drains results in desiccation of peat, 
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shrinkage, extensive cracking and subsidence, exacerbated where peat mining operations 

have meant the removal of the acrotelm and the exposure of bare, highly humified, 

catotelm peat. Considering the low hydraulic conductivity of such peat, the extent of draw- 

down may be limited to regions close to the drains, with the phreatic level remaining 

relatively high. However, given the high degree of exposure, potential evaporation 

(Brooks, 1988) and propensity for near surface and overland flow at such sites, the 

likelihood of increased erosion and slumping becomes the greatest concern. Under such 

conditions the establishment of vegetation communities with the potential to ameliorate 

such processes is extremely difficult. 

This chapter examines the ecohydrological. characteristics of a raised mire complex, 

Wedholme Flow, Cumbria (National Nature Reserve, Site of Special Scientific Interest, 

candidate Special Area of Conservation - European designation), and attempts to identify 

the key differences in observed behaviour in areas having varying degrees of 

anthropogenic disturbance. The lasting influence of abandoned peat cuttings as reflected in 

the current hydrology and vegetation assemblages is examined and the influence of 

ongoing adjacent peat mining activity is considered. The reserve managers, English 

Nature, aim to restore damaged areas to functioning mire and would benefit from a 

hydrological model capable of predictive assessments of the effect of different 

interventions. The long term aim of this project has been to provide such a model and the 

ecohydrological investigation has focused on acquiring the site data necessary to achieve 

this goal. 

The main characteristics of Wedholme Flow, its history and management strategies at the 

site are introduced in Section 2. In order to formulate a monitoring strategy for the site, it 
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was necessary to define different zones, in ternis of disturbance with associated hydrology 

and vegetation. An initial visual assessment of the main mire surface conditions in terms of 

vegetation assemblages and level of disturbance was made and compared with groups 

identified in the site conservation management plan. The groupings identified are described 

in Section 2. 

New monitoring programs were initiated within the different zones identified. Because of 

the large areas involved and the need to define hydrological boundaries for modelling 

purposes, transects intersecting different zones were employed. Survey and hydrometry 

was focused in these areas. In some cases a series of parallel transects formed a grid over 

limited areas. As indicated watertables have been monitored at Wedholme previously, and 

where possible existing transects and data were incorporated as monitoring was extended. 

In all, three consecutive study programs were instigated at the site, and data from all of 

these projects are combined in this paper. Existing topographical data are included and 

combined with manual levelling and 3-dimensional digital co-ordinates, so that vegetation 

and hydrological data are represented in relative co-ordinates, slope and a common 

(ordnance) datum across the site. 

The data utilised are the combination of three monitoring programs at Wedholme Flow 

over the last decade: 

1. Long-term hydrological monitoring (1990 - 1996) of water tables and precipitation by 

the site managers, English Nature. 

2. A three year (1997 - 2000) intensive monitoring program of 'intact' site hydrology, 

vegetation and microtopography in order to develop modelling techniques for raised 

mires, carried out by the University of Newcastle in collaboration with English Nature. 
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3. An investigation into short term hydrological differences (October 2000) between two 

areas of abandoned peat cuttings adjacent to active peat removal activity, by the 

University of Newcastle in collaboration with the Universities of Central Lancashire, 

and Nottingham-Trent, commissioned by English Nature. 

1.1 Objectives 

An objective of the program was to characterise the ecohydrology of the site in order to 

create a dynamic model of its functioning hydrology. For the purpose of this paper the 

monitoring methodology and results for each of the identified ecohydrological components 

of the system are outlined individually. With the site divided into zones according to 

disturbance, the vegetation communities along a transect were surveyed and classified in 

terns of the National Vegetation Classification (NVC). The survey and data analysis 

methodology, along with results are described in Section 3. In addition to intra-site 

hydrological characteristics, it is necessary to approximate a water balance for the mire and 

so meteorological data collected at and close to the site during the last decade are presented 

in Section 4. The meteorological components of the site water balance have been recorded 

in increasing detail and the progression in methodology is described. Long and short-term 

patterns are discussed and on site, short-terrn data collection methods and results are 

described, including the use of an automatic weather station, estimation of 
I 

evapotranspiration by lysimetry and by calculation. The hydrology of the different zones 

within the mire are explored in terms of watertable fluctuations in the long and short-term, 

along selected transects across the bog and described in Section 5. The section is 

subdivided to incorporate the data collected in the three different monitoring programs on 

different temporal and spatial scales, at different regions within the mire. The flow and 
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storage characteristics examined within the different site zones and within the diplotelmic 

mire structure are outlined in terms of methodology and results in Section 6. Comparison 

of topogaphic survey data for the site revealed potential evidence of subsidence at the site 

and this is discussed in Section 7. Finally, the main conclusions of the ecohydrological 

study are outlined in Section 8. 

It is intended that data collected during this extensive monitoring program are utilised in 

the modelling exercise described in Chapter 4, which explores the effects of different 

management scenarios at the bog using MODFLOW (Harbaugh and McDonald, 1996) 

simulations of disturbed and intact mire areas from this study. 
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2. Study area 

A designated Site of Special Scientific Interest (SSSI), Wedholme Flow (NY220530) 

(Figure 1), is the largest of the lowland raised mires that comprise the South Solway 

Mosses National Nature Reserve (NNR), and was recently designated as candidate Special 

Area of Conservation (cSAC). The mire reserve is managed by English Nature, the 

statutory conservation body for England. Aims of site management are to maintain 

hydrological and ecological integrity of intact mire areas and to restore disturbed areas to 

active mire (peat accumulating systems with highly specialised flora and fauna) by re- 

establishment of stable hydrological conditions comparable to intact zones. The site ranges 

from 10 to 18m above ordnance datum, with peat accumulation of 1 to 12m over boulder 

clay deposited during the Scottish re-advance glaciation (Jarvis et aL, 1984). The original 

peat dome is now much reduced due to direct peat removal, desiccation and slumping. 

Alluvium and marine deposits are present locally and may underlie some parts of the bog. 

The site is bounded by drumlins to the west, south and east. The bog drains to the R. 

Waver to the south and west, flowing into Moricambe Bay, 2km to the west. To the north 

and east (via Monk's Dike) Wedholme drains to the Wampool Estuary and Moricambe 

Bay by the R. Wampool. The topographical situation of the site and its underlying geology 

mean that it is ombrotrophic, receiving recharge in the form of precipitation only. The 10- 

year mean precipitation for the site is 896mm, with considerable variation including 

567mm in 1996 and 1003mm in 1999 (Section 4). 
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Figure 1. Main: Boundaries, cutting areas and intact mire surface at Wedholme. 
Inset: Location of Wedholme Flow (NY220530). 
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The area has a long history of peat cutting and parts of the 780ha site are still referred to as 

'Awards', made to local parishes for peat-fuel and utilised until the middle of the twentieth 

century (Mawby, 1995). As a result land ownership across the site is complicated with 

many small 'mineral rights', purchased where possible by English Nature (English Nature, 

1995). In areas where peat has been cut within the last century for domestic use, including 

the Kirkbride Awards to the north east, Newton Arlosh Awards to the north and Moss side 

Awards to the north west, small-landholdings account for between 50-90% of ownership 

(Mawby, pers. com., 2001). During the nineteenth century drains were also used by 

landowners and Parishes to define boundaries within the bog. The current extent of 

today's site boundary is largely the result of drainage at the periphery during agricultural 
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development. With improvements in technology enabling mechanised drainage, intensive 

peat extraction began around 1945, utilising around 60% of the remaining mire. Arterial 

drains between 2-2.5m deep were cut, with peat cutting areas delineated by 1.5m drains. In 

addition to active cutting areas, new areas were marked out using 0.3-0.5m narrow slot 

drains. Many of these areas were never worked. The restoration program of English Nature 

has focused largely on reversing the effects of drainage across the site by infilling and 

damming channels using peat, plastic piling and corrugated metal sheets. This program is 

in contrast to the ongoing drainage over 20% of the site to enable the commercial removal 

of peat. 

The current mire area can be divided into primary undisturbed mire (16.5%), regenerating 

abandoned peat cuttings (39.7%), active peat workings (20.5%), and marginal habitats 

including wet heath, wet grassland and wooded lag fen (23.7%). Open water also occupies 

large areas of the site, in the form of both seasonal pools (in the intact mire) and blocked 

drainage networks (old peat workings). Figure 1 illustrates the current differences in mire 

surface condition and drainage regimes, revealed by aerial photography (some clarity is 

lost in reduction of the map). The digital data used to produce figure 1, were provided by 

the English Nature Mapping Unit and created by photogrammetric mapping from 1: 5000 

aerial photographs. At the end of September 1994, when these photographs were taken, the 

abandoned cutting areas appeared largely as open water - individual drains are not visible 

as in the maintained drainage regime. This reveals the extent of the permanent pools 

produced by drain blocking and the subsequent inundation of lower lying areas between 

peat ridges. Ridges are created when vegetation is cleared in preparation for mechanised 

sod-cutting, made increasingly effectively by the use of a screw levelling machine (Cooper 

& McCann, 1995). The low areas in between the ridges are exposed catotelm peat of 
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higher humification and bulk density. The maintained drainage network of the active peat 

cutting area appears in distinct contrast to the largely isolated areas of intact mire to the 

north and south-west and the farmland occupying the high ground north-west of the 

weather station (figure 8). The farmland is isolated hydrologically from the mire reserve by 

boundary interceptor drains, roughly 1.5m deep. 

The differing physical condition of the mire surface can be attributed to the pattern and 

time scale of disturbance at Wedholme including period of and time since cutting, in 

addition to the removal mechanism, depth and extent of peat cutting. In the most southerly 

part of the southwest lobe, ancient peat cuttings dating from the early 1800's (EN, 1995) 

removed a thin layer of surface peat that has now entirely re-vegetated naturally. 

Mechanised peat cutting occurred between 1976 and 1985 in the northern arm and eastern 

part of the southern lobe. English Nature did not gain control of this area until 1993, at 

which point remedial measures to prevent its further deterioration were instigated. Peat 

removal in the area between the Wedholme House farmland and Newton Arlosh Awards 

continued until 1990, at which point English Nature took control of the abandoned cuttings 

and began a program of drain blocking. The main boundaries and cutting phases of 

Wedholme are illustrated by figure 1. 

The differences in hydrological condition across the mire can be defined largely by the 

vegetation assemblages and simple observations of the physical condition of the surface, 

for example apparently wet and stable with standing water, or dry and cracking. A general 

assessment of this type is necessary before any detailed monitoring or survey work can be 

engaged. A monitoring strategy can then be determined. 

97 



English Nature's management plan (EN, 1995) for Wedholme Flow notes three surface 

conditions. A visual assessment was made of these groups and their main features are 

described in brief below as: intact raised mire; abandoned peat cuttings (of which 3 sub- 

groups can be identified); and intact but moribund mire. In addition, currently active 

commercial peat cuttings outside of the control of EN should be included. 

Intact raised mire: vegetation assemblages in this continuously wet zone are typical of 

active raised mire communities. The surface of the zone is characterised by a 

pattern of hummocks and hollows (micro-ridges and pools) (Sj6rs, 1948, Masing, 

1982, Lindsay et aL, 1985, van der Molen, 1992) with a gradation of Sphagnum 

species from S. cuspidatum in the pools of the hollows, through S. tenellum, S. 

subnitens, and S. capillifolium in the low hummock and lawn, to S. magellanicum, 

S. rubellum S. pallustre and S. papillosum in the mid to high hummock. The drier 

hummock tops are home to cricoid sub-shrubs and several species of Cladonia. 

Rhyncospora alba, Andromeda polifolia, and Vaccinium oxycoccus are widespread 

across the hummocks and Sphagnum lawns, while Drosera rotundifolia and D. 

anglica are locally abundant on pool edges and micro-channels where Narthecium 

ossifragum can also found in small patches. Hollows remain moist throughout the 

year, with Sphagna bleached by dehydration, reducing evaporation in drought 

periods across the entire surface. Early summer vistas of this surface are dominated 

by the seed heads of Eriophorum vaginatum (which is not sufficiently abundant to 

be tussock fon-ning) and E. angustifolium, found in more permanent water tracks, 

such as hound and deer trails. This species rich (only a few of the plants found are 

mentioned here), stable wet community would be the target of management efforts 
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in an ideal situation. It also supports a wide range of vertebrate and invertebrate 

fauna (EN, 1995). 

The surface here is not entirely untouched, being intersected in some areas by old 

parish boundary and marker drains in both the southern lobe and the Awards (Moss 

side, Newton Arlosh and Kirkbride) (figure 1). It is clearly differentiated from the 

moribund zones close to current, maintained boundary drains. 

Abandoned peat cuttings (1) 'ancient' 18001s, southern lobe: entirely re-vegetated 

surface with communities ranging from Calluna dominated dry baulks (ridges), 

including small, stunted patches of Betula nana (separating old cuttings), Molina 

flushes, wet ericoid sub-shrub/sedge complexes and well developed mire 

indistinguishable from intact surfaces. 

Abandoned peat cuttings (11) cut 1976-1985, southern lobe: the ground surface here is 

markedly different to any 'intact' zone. The level of disturbance is severe, and 

changes to topography are clearly evident. A ridge and cutting pattern oriented 

down relatively steep slopes, toward deep arterial channels, mean that the cuttings 

are still draining today. Whilst cutting ceased in 1985, EN did not gain control over 

the area until 1993, at which point a program of drain blocking was instigated in an 

attempt to halt further dehydration of the peat. This has had some degree of success 

in lower lying areas (the cuttings), which appear wetter, and where flow has been 

impeded sufficiently for shallow pools to form, Sphagnum cuspidatum is 

colonising. Down-slope in the deeper pools created by blocking arterial channels, 

large rafts of S. cuspidatum have formed and lawn Sphagna (S. capillifolium, S. 
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papillosum) are beginning to appear at pool edges. The sides of these permanent 

pools are populated by Eriophorum sp. and occasional Juncus sp. The higher 

intercepting ridges remain dry, with dominant Calluna, Molinia, some sedges and 

stunted Betula. 

Management impeded drainage in this region is obviously encouraging the re- 

growth of mire species, but bare peat areas remain and evidence of dehydration and 

cracking can be seen at the surface. Erosion of the bare peat by run-off is also 

evident in the low areas between the balks. Areas of old cuttings bounding the 

intact region of the south-west lobe, where the slope is much smaller, are clearly 

wetter and more stable. Here communities are difficult to distinguish from any 

found in the intact region. 

Abandoned peat cuttings (111) cut 1976-1990, north and north-west : cuttings here 

were abandoned in 1990 at which time EN gained access and began remedial drain 

blocking immediately. In contrast to the cuttings of the southern lobe, the slope 

here is small and the ground surface is quite flat. Ridge-cutting patterns still occur 

but are much less marked. The slope increases close to the arterial drains of the 

active cutting zone, where erosion of the bare peat surface by surface flow is 

evident. There remains a considerable area of bare peat in this cutting zone 

(approximately 30%) but there is a greater area of open water, which is being 

colonised by Sphagnum cuspidatum and Eriophorum sp. at pool edges. In some wet 

areas Juncus effusus appears, possibly as a result of bird use of the large, shallow 

pools created in the cuttings by drain blocking, flooding and over-topping. Dry 
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areas occur on higher baulks between cuttings and these are dominated largely by 

Calluna and Molinia. 

Commercial peat cutting area: peat is currently extracted from this area using a 'milling' 

technique, which creates large, flat 'fields' of bare peat intersected by a network of 

deep (>2m) arterial drains. The cutting face is outside of the scope of this 

investigation, but its surface can easily be described as bare, dry, catotelm peat. 

Moribund bog: in addition to the marginal, 'non-mire', habitats not addressed by this 

study, some physically intact areas of mire are effected by adjacent activities. Close 

to boundary drains the mire surface may remain intact while the vegetation is 

changed considerably by lowered watertables. In this lag region, considerably more 

vascular species are found and bryophytes may be entirely absent. Typical vascular 

species seem to include Molinia caerulea, Holcus mollis, Anthoxanthum odoratum, 

Potentilla erecta, Myrica gale, in addition to many other herbs. These communities 

tend to transform gradually into Calluna dominated stands within around 25m and 

then into more typical intact mire, with Sphagna based populations as the water 

table reaches the surface, and the influence of the drain is reduced. 
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3. Vegetation Monitoring Methods 

The vegetation of the intact southern lobe and its cut-over northern ann were surveyed in 

more detail in the summer of 1998 as part of the 3-year intensive monitoring program. The 

survey encompassed all of the mire surface types identified at the site: intact-moribund, 

intact, preliminary drainage but no cutting, cut until 1986 and cut until 1990 (Figure 1). 

Transects were devised, along which vegetation, invertebrates and hydrological functions 

could be monitored for all of these surface types. The aim of the survey was to identify the 

range of vegetation communities, particularly in relation to restoration management and 

hydrological characteristics monitored in the same region (Section 5). Species percentage 

cover was recorded in Im2 quadrats, with three replicates, at varying intervals along the 

transects determined by dipwell spacing. 

A full list of vegetation species found in the survey is included in Appendix I. The quadrat 

data for each survey point were classified according to the National Vegetation 

Classification scheme (NVC) (Rodwell, 1991) using TABLEFIT (Hill, 1992). The 

TABLEFIT program classifies vegetation assemblages by measuring the goodness-of-fit of 

survey data to association tables. An indication of goodness-of-fit of the NVC 

communities determined by TABLEFIT is given in Appendix I. Table I outlines the NVC 

communities found along the survey transects at Wedholme. The changes in vegetation 

with surface condition are illustrated in Figure 2. 
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Figure 2. Distribution of 
National Vegetation 
Communities (NVC) surveyed 
in the Southern Lobe and 
abandoned cuttings of 
Wedholme Flow. 

3.1 Classification of vegetation communities. 

Descriptions of the NVC groupings of survey data distinguished by TABLEFIT, confirm 

the visual assessment of cover types across the changing mire surface. The moribund mire 

adjacent to the intercepting drain with Wedholme House farmland, is classified as M25 and 

M25b, Molinia-Potentilla erecla mire fringe, into a band of HI Calluna dominated heath, 

on high, dry ground. On the flat wet, intact mire surface beyond, classes M2b bog pool-wet 

hollow patterned mire and MI 8a Sphagna dominated raised mire with extensive 

microtopographical differentiation, are distinguished. These classes extend to the edge of 

the plateau into the area previously marked out by preliminary drains, at which point slope 

and disturbance increases. Over this more freely draining abandoned cutting area, the 

communities are described as closed canopy, Calluna dominated heath (HI) and species 

poor Eriophorum dominated degenerate ombrogenous blanket and raised mire (M20). 
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Moving north through the cuttings abandoned in 1986 into those abandoned in 1990, 

classes distinguished are almost exclusively moderate to free draining, dry heath 

communities HI and H9 and their sub groups, differentiated only by the extent of Calluna 

canopy and limited associations with ericoid sub-shrubs, lichens and occasional grasses. 

The exception in this area are the pools created by the flooding of old drain channels and 

adjacent areas which have subsequently been colonised by wet Sphagna, largely S 

cuspidatum and S. recurvum. As such, they are classified as M2 bog-pool and wet hollow 

with ill-defined microtopography. 

In his study of Irish raised mires, van der Molen (1992) observed that hummock-hollow 

complexes (close to M 18 with M2) are found in plateau areas where the rate of water flow 

is reduced, and this is clearly apparent in the surveyed areas of Wedholme Flow. In the 

abandoned cutting areas the dehydration of the surface due to previous drainage, the 

removal of acrotelm vegetation and exposure of humified catotelm peat, and increase in 

slope by both peat shrinkage, slumping towards deeper cuttings and the mechanical 

removal of the surface peat, makes re-wetting and re-colonisation by mire vegetation 

extremely difficult. 

105 



4. Meteorological components of the site water balance at Wedholme Flow: existing 

data and collection of additional parameters. 

4.1 Long term monitoring. 

Monitoring methods over 10-year period. 

Wedholme Flow falls with the Ministry of Food and Fisheries (MAFF) agro-climatic zone 

3, prescribing a mean annual total rainfall of 1045mm (P), and annual potential 

evapotranspiration of 444mm (PE), hence a potential recharge or net precipitation (Pnet) Of 

601mm (Smith and Trafford, 1976). There are several auxiliary Meteorological Office 

recording stations within a small distance of Wedholme Flow, the nearest station being 

Drumburgh, 6km to the north-east of the bog boundary. However no stations record 

sufficient data for the calculation of evaporation. English Nature have recorded 

precipitation fortnightly using a standard manual rain gauge in the central area of the bog 

since April 1990, though data are missing for some periods. Precipitation was recorded 

consecutively at Wedholme and Drumburgh in 1995 and no significant difference was 

found between the two data sets (Pearson correlation value = 0.812, P-Value = 0.001). 

Although the auxiliary station is approximately 9kin from the manual Wedholme gauge, it 

was considered reasonable to supplement missing precipitation data with P recorded at 

Drumburgh. In 1999 an automated weather station with data logger was installed at the 

edge of the southern lobe, in order to collect net recharge data on a short time scale, 

synchronised with water level measurements (see also Section 5, Figure 8). 
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Figure 3. Total annual precipitation (mm) 1990-2000: Wedholme Flow manual gauge 
(Wm), Drumburgh Auxilary Station (Da) & Wedholme Automatic station (Wa). 
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Long-term data set analysis. 

Figure 3 shows the monthly and annual total precipitation from 1990 - 2000, combining 

data from the Wedholme manual gauge, Drumburgh auxiliary station and the Wedholme 

automatic station. The precipitation data collected using the automatic MET station were 

integrated with existing weekly and fortnightly totals. The 1999 monthly totals can be seen 

to fall well within the range of values collected in the previous decade (Figure 4). They 

were highly positively correlated with both the I 0-year mean monthly totals (Pearson 

correlation value = 0.732, P-Value = 0.007) and the Drumburgh monthly totals for 1999 

(Pearson correlation value = 0.899, P-Value = 0.000). 

Initial observations of the data set reveal a relatively even spread of rainfall throughout the 

year, with annual totals generally ranging between 800-1050mm, close to the agro-climatic 

zone total of 1050mm. The years 1995 and 1996 are exceptions to this rule having annual 

totals below 800mm, with 1996 representing a particularly dry year. While total rainfall is 

fairly evenly spread throughout the year, plotting mean monthly temperature (Figure 4, y- 

axis 2) along side monthly precipitation totals reveals that evapotranspiration, and hence 

net recharge is likely to be strictly uni-modal. 

Until the installation of the automatic weather station the only net recharge values 

calculated for the site applied MORECS (Met Office Rainfall and Evaporation Calculation 

System) potential evapotranspiration (PET) values for 'upland grass cover and medium 

soil water capacity'. In previous studies of Wedholme hydrology (MacAlister, 1996) this 

proved not entirely suitable given site specific conditions such as extensive open water. 
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Figure 5 illustrates annual recorded precipitation and MORECS PET for Wedholme from 

1990-1996, where the non-overlapping section of each bar represents net recharge. At 

approximately 500mm per annum, the MORECS estimate of potential ET is much lower 

than the MAFF agro-climatic zone figure of 600mm. This can possibly be explained by tile 

cover type and altitude applied in the MORECS calculation, which in this case was upland- 

grassland, both likely to produce less evaporation. 

Figure 5. Annual total precipitation, P, potential evapotranspiration, PET, (MORECS) and 
net precipitation, P,,, t, (mrn) at Wedholme Flow, 1990-1996. 
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4.2 Short term parameter monitoring. 

Methods: estimating evapotranspiration 

The installation of the weather station' recording precipitation, humidity, air temperature, 

wind speed and direction, and net solar radiation allowed PET to be calculated for the site 

using a Penman type equation. It also made possible the examination of diurnal 

fluctuations in micro-climatic regime and storm flow events (Section 4.2). Data were 

collected from the automatic MET station from March 1999 until December 2000, initially 

at hourly intervals then at 20 minute intervals from August 1999. The program Ref ET 

(Allen, 1999) was then employed to calculate Penman-Monteith values for potential 

evapotranspiration using onsite data. For additional comparison, in June and July 2000 a 

set of six mini-lysimeters and three pans were constructed and installed adjacent to a 

dipwell transect 2 (Panda, 2000). MORECS PET values for soil, grass and open water were 

acquired for this period so that a direct comparison could be made between the methods 

and estimations of evapotranspiration. A further method of calculating ET from nocturnal 

recovery rates of the watertable was also considered 3. 

'Chapter 2, Section 3.3.1 
'Chapter 2, Section 3.3.2 
'Chapter 2, Section 3.3.3 
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Short term data set analysis: potential evapotranspiration 

Table 2 includes weekly totals for precipitation, actual and potential evapotranspiration 

estimates at Wedholme for a ten week period during summer 2000. Actual 

evapotranspiration is calculated from measurements using micro-lysimeters and micro- 

pans, and from observations of watertable fluctuation in an adjacent dipwell. Potential 

evapotranspiration is calculated by the American Society of Civil Engineers Penman- 

Monteith equation (Allen et aL, 1998) within the Ref-ET program (Allen, 2000) using 

weather data collected on site from the automatic weather station. The values given are 

based on a vegetation cover values of 72% Sphagna, 20% ericoid sub-shrubs, and 8% 

graminoids (mean cover type for the six lysimeters). Potential ET estimates given by the 

UK Meteorological Office MORECS calculation are included for three different surfaces: 

bare soil, grass, and open-water (O-W). 

Table 2. Weekly recorded P, ET, estimated PET totals (mm), Wedholme Flow, UK. 

Recorded on site: Ref ET MOREC's VALUES: 
3 I-May till total P Lysimeter Pan Dipwell (model) PE Soil PE grass PE O-W 
06-Jun 44.40 31.22 3.64 10.10 13.40 13.50 
13-Jun 22.00 24.15 - - 9.73 15.11 17.50 21.80 
20-Jun 0.60 10.68 6.09 8.10 14.97 21.10 21.20 25.70 
27-Jun 2.40 6.93 5.95 19.00 11.22 15.90 17.30 20.50 
04-Jul 0.80 5.53 6.16 7.68 12.88 16.70 16.80 19.90 
11 -Jul 26.40 21.42 23.59 7.74 10.08 14.10 16.70 18.80 
18-Jul 0.80 6.58 5.88 - 12.53 16.70 16.30 19.90 
25-Jul 0.00 7.00 5.74 - 12.04 17.10 16.90 21.30 
01-Aug 10.60 27.72 28.07 - 10.43 16.90 17.10 19.40 
08-Aug 20.80 12.39 12.60 - 8.12 14.40 14.70 17.30 
Total 128.80 153.62 94.08* 42.52** 105.64 1 158.11 167.90 198.10 

- data not available 
*94.08 total recorded ET in 8 weeks - using weekly mean, 10 week total = 117.6nim 
**42.52 total recorded ET in 4 weeks - using weekly mean, 10 week total = 106.3mm 
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Table 3 illustrates the net precipitation or recharge (total P- ET) calculated from the 

different potential evapotranspiration totals. The recharge values for the pan and dipwell 

having missing information are estimated using the 8-week and 4-week mean 

evapotranspiration respectively and should only be considered a rough approximation. 

Table 3. The estimated net precipitation (P,, t =P- ET) for the period 31 May -8 August 
2000, according to different methods of recording and calculating evapotranspiration. 
Italicised figures are estimates from table 2. 

Net precipitation (nim) - negative values indicate a deficit: 
31 -May till Total P MOREC's VALUES: 

Lysimeter Pan Dipwell ref ET PE Soil PE grass PE O-W 

06-Jun 44.4 13.2 32.6 33.8 40.8 34.3 31.0 30.9 
13-Jun 22.0 -2.2 10.2 11.4 12.3 6.9 4.5 0.2 
20-Jun 0.6 -10.1 -5.5 -7.5 -14.4 -20.5 -20.6 -25.1 
27-Jun 2.4 4.5 -3.6 -16.6 -8.8 -13.5 -14.9 -18.1 
04-Jul 0.8 -4.7 -5.4 -6.9 -12.1 -15.9 -16.0 -19.1 
11 -Jul 26.4 5.0 2.8 18.7 16.3 12.3 9.7 7.6 
18-Jul 0.8 -5.8 -5.1 -9.8 -11.7 -15.9 -15.5 -19.1 
25-Jul 0.0 -7.0 -5.7 -10.6 -12.0 -17.1 -16.9 -21.3 
01-Aug 10.6 -17.1 -17.5 0.0 0.2 -6.3 -6.5 -8.8 
08-Aug 20.8 8.4 8 10.2 12.7 6.4 6.1 35 
Total 128.8 -24.8 11.2 22.5 23.2 -29.3 -39.1 -6 

During the recording period outlined in Table 2 (31 May -8 August 2000), the lysimeter 

measurement was closest to the mean of all methods employed, with the lowest estimate 

being the Ref-ET model output and the highest being MOREC's open water value. Half of 

the methods employed imply a moisture deficit during this recording period which was 

actually mid-summer (Table 3). 
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The pan and dipwell estimates of ET were low, but should be treated with caution being 

composite values of recorded and mean ET. Both methods are also subject to potentially 

high levels of error'. The pans employed were smaller than standard pans and as such 

subject to proportionally greater inaccuracies. Great care should also be taken when 

calculating evapotranspiration from watertable fluctuations, and such estimates should not 

be considered in isolation from other methods. The capacity for lateral flow should not be 

underestimated, and this is especially the case in high watertable environments with the 

capacity for rapid near-surface exchanges typical in mires. Figure 6 illustrates how rainfall 

and lateral flow can influence ET estimates made from groundwater measurements using 

actual daily data (missing records are not represented). The watertable falls steadily during 

from the 14'h to the 19'h, then on the 20'h it rises following rainfall. Rainfall occurs again on 

the 21" and the watertable continues to recover. It rises without further rain the following 

day, so that we can surmise it is recovering due to lateral redistribution of ground water 

within the mire catchment. The same pattern is apparent on the 24th and 25th. The 

possibility that ET may be higher following rainfall should not be dismissed as erroneous - 

if the watertable is closer to the surface the potential for ET will increase as a more shallow 

unsaturated zone will result in a reduction in the matrix forces limiting soil water 

movement. Interception and low infiltration rates will also increase the volume of surface 

water available for evaporation. Any open water that has not been accounted for may 

increase the potential ET to a values closer to the MORECS open water estimate. 

In figure 7 the recorded midday temperature (C) and humidity (%) are compared to daily 

actual ET recorded using the mini-lysimeters, pans and dipwell measurements, and 

potential ET calculated using Ref-ET. Not surprisingly, the Ref-ET potential ET values are 

'Chapter 2, Sections 3.3.2 & 3.3.3 
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highly positively correlated with temperature (P=0.04) and negatively with humidity 

(P=O). This should be expected as these values are used to calculate ET in the Pemnan- 

Monteith equation (Allen et aL, 1998). Evapotranspiration recorded by the mini-lysimeters 

was significantly correlated with temperature (P=0.06) and ET recorded in the mini-pans 

fell within the 90% confidence interval when correlated with mini-lysimeter values 

(P=0.08). Temperature and humidity are not of course the only factors contributing to 

evapotranspiration, some of which are included in potential ET calculations, whilst it is the 

aim of lysimetry that they are represented in actual ET estimates with minimum error'. No 

evapotranspiration value can be considered absolute and a comparison of several estimates 

should always be made. 

'Chapter 2, Section 3.3.1 
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Figure 6. Watertable fluctuation and total daily precipitation recorded daily (at 12: 00) (y- 
axis 2) and total daily evapotranspiration calculated from mini-lysimeters, mini-pans, 
watertable records & potential Ref-ET program (y-axis 1), 16/06/00 - 27/06/00. 
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5. Monitoring hydraulic behaviour at Wedholme Flow from watertable fluctuations 

5.1 Long-term watertable fluctuations from weekly readings in Newton Arlosh 

Awards and adjacent abandoned cuttings. 

Monitoring Methods 

In 1990 English Nature began a water level monitoring program to assess the success of 

attemps to restore water levels at the site by blocking drainage networks in the abandoned 

peat cuttings. The program began with the installation of 70 'shallow' dipwells in three 

transects, with perforated 40mm tubing installed to a depth of 0.85m (lm lengths with 

0.15m above ground)'. Problems with disturbance by animals and humans, and due to peat 

swell and shrink, meant that these had to be replaced in 1992. Forty-one new wells were 

inserted to the full depth of the peat and into the underlying mineral sub-soil. Eight peat 

anchors were also distributed throughout the transects in an attempt to monitor any change 

in the mire surface level'. The ground elevation, dipwell tops and anchors were levelled 

manually by English Nature to a common, false datum at the edge of the mire, allowing 

direct comparison between all water levels recorded across the site. Depth to water table 

was recorded manually at fortnightly intervals between 1990 and 1996. 

By the end of the monitoring program in 1996 transects 2 and 3 had been abandoned. Only 

transect I remained operable, with 13 wells over 260m of intact mire in Newton Arlosh 

Awards, and 13 wells extending over 230m of flooded, abandoned cuttings (Figure 8, 

transect 1). Peat depth across the transect 1 ranged from 4m deep in the abandoned 

cuttings, to 7m in the centre of the Newton Arlosh 'dome, with a slope at the mire surface 

' (Chapter 2, S ection 3.1.1). 
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of 1: 1100 and 1: 150 respectively. The abandoned cutting surface was left relatively level 

by the peat removal process, whilst a considerable slope exists in the 'intact' mire, 

particularly in the 50m zone adjacent to the blocked drain where the gradient increases 

from 1: 150 to 1: 50 (Figure 23 k& 1). 

Data from this program were analysed previously in White and Butcher (1994) who 

examined data collected to that date, and by MacAlister (1996) in particular reference to 

their replicability by the MODFLOW hydrological model. Hydraulic conductivity of peat 

at different depths and distance from the drain was also recorded during the 1996 study 

(Section 5). 

Figure 8. Hydrological monitoring network at Wedholme Flow including dipwell transects 
and meteorological equipment. 
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Results 

Figure 9 shows the observed watertable recorded for the two years preceding and the years 

following the blocking of the main drain central to transect 1. The program of damming 

and drain blocking over the abandoned cutting area including the main drain which bisects 

transect 1, began in January 1992, so that 1992-5 can be considered post-restoration years 

whilst drainage was active during 1990 and 1991. The watertable response to drain 

blocking is clear in the cut-over area, where the October watertable is considerably and 

consistently higher in the years 1992-5. During the monitoring period net precipitation was 

lowest in 1995 (figure 3) and this is reflected in the 1995 watertable in the intact (north) 

and cut-over (south) sections of the transect. At the scale displayed in figure 9, there is 

little obvious change in intact zone behaviour following drain blocking, with the water 

table remaining close to the surface throughout, with the exception of two points on the 

4 shoulder' of the dome. Examination in the field does not explain why the watertable is 

lower in these areas, but this may be elucidated by a more detailed survey. 

Figure 9. Transect 1, dipwelIsN13-S13, autumn groundwater levels: I st week of October 
1990-95. 
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5.2 Short-term watertable fluctuations from automatic logging dipwells and weekly 

readings in the Southern Lobe 

Methods 

In July 1998, in a joint program between English Nature and CLUWRR, two new dipwell 

transects were installed in the southern lobe(Figure 8, transects 4& 5), the largest intact 

area of mire, in which little previous investigation had taken place. The aim of the program 

was to collect data in order to validate a hydrological model for raised mires that could be 

used in the future as a management tool. Twenty-one dipwells were installed in two 

perpendicular transects, with a total length ofjust under lkm. Transect 4 consists of 11 

wells distributed over 480m, extending across 460m of intact mire and 20m of mire with 

preliminary drainage (both NVC communities M2,2b & MI 8a). Transect 5 shares its 8h 

well with transect 4 at their intersection, and extends across 390m of intact mire (NVC M2, 

2b & M18a), although its first 50m cover a marginal surface adjacent to the Wedholme 

House farm interceptor drain (NVC H1a& M25,25b). The topography of the area was 

surveyed using an automatic level so that well levels could be recorded relative to 

ordnance datum. Transect 4 has a slope of around 1: 500, falling away either side of the 

intersection, while transect 5 is almost flat, sloping gently into the southern lobe (1: 2500). 

Within the immediate influence of the boundary drain the first 37m of transect 5 are 

steeper (1: 50). Peat depths along transect 5 were recorded ranging from 2.35m close to the 

drain to 9m in the central region, and in transect 4 from 8.8m in the area of preparatory 

drainage to 6.7m at the western extent. 

Perforated, 40mm dipwell tubes were installed to the full depth of the peat and anchored in 

the underlying mineral soil, which could also be related to ordnance datum. Water levels 
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were read manually on a weekly basis, and pressure transducers with data loggers were 

installed in dipwells at different locations across the transects. Pressure transducers (Druck 

model PTX530) were employed with multi-channel data loggers (Technolog model 

Newlog Universal logging Module and 2 Channel Interface Unit). Five transducers and 3 

loggers were available. These were moved between wells in an attempt to best characterise 

short-term fluctuations across the area under different rainfall intensities. Moving the 

equipment was both difficult and labour intensive, and so moves had to be limited. The 

strategy most likely to yield useful results was judged to be spacing the transducers along 

one of the transects. The outputs could then be applied easily to model transects. An 

automatic weather station (Environmental Measurements) was installed at the edge of the 

mire close to transect 5. During monitoring periods of short-term water level fluctuation, 

all data loggers recorded on 20-minute intervals. Within the monitoring program hydraulic 

conductivity (Section 5), vegetation assemblages, microtopographical variation and 

invertebrate populations were also surveyed across this area. 

Results 

The extensive data sets collected during this 3-year monitoring scheme have been 

summarised in a series of charts: 

Figures 10-15 utilise weekly water level data, displayed as watertable above ordnance 

datum, which can be compared to the surveyed ground level also plotted. Figures 10 and 

12 show the summer (late July) watertable in the intact southern lobe in three successive 

years. Figures II and 13 show the winter watertable (end of December) in this area for 

1998 and 1999. Figures 14 and 15 indicate the seasonal watertable trends throughout 1999 

in transect 4 and 5. 
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Figure 16 illustrates the watertable distance from the ground surface, from weekly readings 

throughout 1999 and columns represent the monthly rainfall totals. The water levels were 

recorded in four dipwells, two each from transects 4 and 5. Dipwell 4.3 is 31m from the 

blocked slit drain which crosses transect 4. Dipwell 4.9 is a large distance from any active 

drain (306m from the slit drain and roughly equidistant to Wedholme House boundary). 

Dipwells 5.3 and 5.9 are 17m and 287m from the Wedholme House Farm boundary drain 

respectively. 

Figure 17 plots the standard deviation from the mean level of all weekly watertable 

measurements in the period 29/7/98 - 6/9/00, for all wells in transects 4 and 5. 

Figure 18 plots the watertable response to rainfall, recorded by pressure transducers in 

transect 5 dipwells 5.1,5.2,5.3,5.6 and 5.7 being 2m, 7m, 17m, 137m, and 187m from the 

boundary drain respectively, for the period 00: 00 16th May till 00: 00 19th May 2000. Figure 

19 plots the watertable response to rainfall, recorded by pressure transducers in transect 4 

dipwells 20m, 6m, 31m, 5 6m, and 106m away from the blocked drain channel, over 48 

hours from 00: 00 25h till 00: 00 27h April 2000. 

Figures 20a-e demonstrate diurnal fluctuations in watertable, observed over 72 hours, 

logged on a 20-minute interval, in five adjacent wells (4.1-4.5), between 00: 00 28/04/00 

and 00: 00 0 1105100. Figures 21 a-e demonstrate watertable fluctuation in the same wells 

logged at 20-minute intervals over five days from 4h till 8h May 2000. The logged water 

level data are plotted directly, as m above datum, and the 2-hourly mean level has been 

plotted as a trend line for each dipwell level. No rainfall was recorded for either period. 
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Figure 10. Summer watertables recorded in transect 4 dipwells, last week in July 1998- 
2000. 
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Figure 12. Summer watertables recorded in transect 5 dipwells, last week in July 1998- 
2000. 
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Figure 13. Winter watertables recorded in transect 5 dipwells, last week in December 
1998-1999. 
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Figure 14. Seasonal watertable fluctuation, transect 4 dipwells, 1999. 
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Figure 16. Watertable fluctuation 1999, as distance above and below the ground surface 
(m), in wells 5.3,5.9,4.3 and 4.9 and total monthly rainfall (mm). 
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Figure 17. Standard deviation from the mean watertable, weekly-recorded dipwell levels, 
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Figure 18. Watertable fluctuations in dipwells 5.1,5.2,5.3,5.6 & 5.7 (in above ordnance 
datum) and rainfall (mm), recorded at 20-minute logging intervals from 00: 00 16/05/00 to 
00-. 00 19/5/00. 
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Figure 20a-e Diurnal fluctuations in watertable logged on a 20-minute interval over 72 
hours, in five adjacent wells (4.1-4,5), between 00: 00 28/04/00 and 00: 00 01/05/00. Trend 
line: 2-hourly mean level. 
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Figure 21 a-e Diurnal fluctuations in watertable logged on a 20-minute interval over 72 
hours, in five adjacent wells (4.1-4.5), between 00: 00 04/05/oo and 00: 00 08/05/00. Trend 
line: 2-hourly mean level. 
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c. Dipwell 4.3 
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The summer watertable of July 2000 in transects 4 and 5, shown in figures 10 and 12, is 

the lowest of the three monitoring years, however figure 3 does not indicate that rainfall for 

the six preceding months is any lower than other recorded years. Water levels have been 

recorded for only two winters in this area and figures 11 and 13 reveal that the watertable 

is at or above the surface across much of the intact mire surface and clearly higher than the 

summer level. Figures 14 and 15 indicate that in 1999 the watertable followed a similar 

trend throughout the whole year, with both transects having some surface water even 

during the summer months. The first 40m of transect 5 show clear evidence of the draw- 

down influence of the main boundary drain channel and the watertable consistently lowest 

here throughout the year. Beyond the topographic high at 50m, the influence of the 

drainage channel is less obvious, with watertable fluctuation from the mean showing no 

clear trend beyond this point. The standard deviation from mean watertable of all well 

levels in transects 4 and 5, plotted in Figure 17, do not indicate any narrowing of range in 

the watertable beyond this point. However this does not mean that the local drainage, in 

particular the removal of surface water was not effected. 

The influence of the boundary drain on the water level recorded in dipwell 5.3 is clearly 

illustrated in figure 16, and it is obvious that this area, with its rapidly fluctuating 

watertable could not support the same vegetation as the rest of the intact zone. The water 

level in dipwell 5.9 within the consistently intact mire surface, 287m from the Wedholme 

House Farm boundary drain, remains well above the surface with the exception of two 

weeks in July and August. There is also an apparent influence of adjacent drainage in the 

plot of water levels in dipwell 4.3, despite the fact that the nearest slit drain, and more 

distant main drains were blocked several years previously. The water level fluctuation in 

wells 4.3,4.9 and 5.9 show a very similar response to rainfall, although the magnitude of 
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the fluctuation is much greater in well 4.3. There appears to be an anomalous result in 

dipwell 4.9 during November 1999. This is inconsistent with all other data and in then 

most probably due to a manual recording error. 

Following the trend observed in figure 16 of increased watertable fluctuation close to the 

drain, figure 17 illustrates the standard deviations from the mean level of all weekly 

watertable measurements in the period 29/7/98 - 6/9/00, for all wells in transects 4 and 5. 

Deviation from the mean level appears quite obviously higher closest to the drain and 

remains fairly constant beyond 50m. The range of fluctuation in watertable is clearly a 

defining factor in the hydrological character of the mire surface, and will largely determine 

the vegetation assemblage at any location. 

The watertable response to rainfall, recorded by pressure transducers in transect 5 and 

plotted in figure 18 follows rainfall in the preceding month (April 2000) close to the 10 

year mean, whilst May 2000 was relatively dry at 20mm below the 10 year May-mean 

(figure 4). Despite the apparently low monthly total, a significant storm was recorded in 

the evening of the 16'h May 2000. The three wells closest to the drain appear to respond 

rapidly to increased through-flow, whilst wells furthest from the drain seem hardly to 

respond to the 17mm of rain falling over 10 hours. The depth below surface of antecedent 

watertables, not illustrated on the graph, go someway to explaining this. The watertable 

close to the drain is very low initially being -0.483m, -0.798m, -0.1 74m in wells 5.1,5.2, 

and 5.3 2m, 7m, and 17m from the drain respectively. The draw-down influence of the 

adjacent drain is greatest in well 5.2 and least in 5.3, while the watertable recorded in well 

5.1 reflects the water level in the drain. Following rainfall over the I 0-hour period, water 

levels in wells 5.1-3 rise by 0.1 78m, 0.629m and 0.1 75m to -0.305m, -0.1 69m below 
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ground and +0.00lm above ground respectively. The recorded watertable before rainfall 

was +0.02m above ground in wells 5.6 and 5.7,137m and 187m from the drain. The level 

continued to rise over the ten hours, increasing by 0.05m and +0.03m to +0.07m and 

+0.05m above ground respectively. Given such depths of surface water it is likely that 

overland flow processes would eventually be instigated even in this low surface gradient 

area. Such processes are confirmed by the vegetation assemblages in this area (M2b, M 19), 

which are typical of wet pool and hummock-hollow microtopography indicative of surface 

water activity. The high watertable in this flat region provides a positive feedback 

mechanism for these vegetative features, which in turn develop microtopography in which 

trap and retain surface water. It is unlikely that this type of micro-landscape could develop 

over a steeper surface gradient, even if the watertable were not lowered by drawn-down 

and high recharge maintained a saturated near surface zone, as increased through flow rates 

would prevent the establishment of the hummock-hollow communities. 

The increased standard deviation in watertable in dipwells close to the drain shown in 

figure 17, is also confirmed in figure 18, as the initially low watertable in wells 5.1 and 5.2 

rise rapidly following rainfall and also fall more steeply than watertable recorded further 

form the drain. These typical responses have further implications for the storage potential 

of the peat and its capacity for rewetting (Section 5). 

The watertable response to rainfall in transect 4 dipwells, plotted in figure 19, over 48 

hours during 25-27 April 2000, is less marked than that of transect 5 dipwells during a 

similar period. In the 10 hour period from 10: 00 to 22: 00 26/04/00, during which time 

10mm of rain fell, watertables rose by 0.023m, 0.033m, 0.028m, 0.021m and 0.022m, in 

wells 4.1,4.2,4.3,4.4 and 4.5 respectively, to -0.007m, +0.032m, -0.023m, -0.023m and 
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-0.044m below the surface, with surface water at 4.2. Unlike watertable observations from 

transect 5, there is no clear trend of increased watertable response close to the drain 

channel. Whilst the well closest to the drain channel, 4.2, did show the greatest rise, this is 

likely to result from altered soil storage conditions during the period when the drain was 

active, previous to the restoration program. During this time, this hydraulic properties of 

the peat close to the drain would have changed due aeration and hence accelerated 

humification processes. Cracks and macro pores in the peat may have occurred in the peat 

within the draw-down region. These processes can be observed in the peat at the mire 

surface, close to the active peat cutting face (transects A, B&C- Section 3). 

During the logging period outlined by figures 20a-e, no rainfall occurred; therefore the 

diurnal fluctuations in watertable must be due to other factors. Falling watertables 

illustrated in the plots must be due to evapotranspiration and any rise must be explained by 

lateral redistribution of groundwater. In all of the five observed dipwells (4.1-4.5) the 

watertable falls most rapidly between midday and midnight, and in all cases this rate slows 

in the following twelve hours until midday. On the third day (30 April '00) outlined in 

figures 20a-e, the watertable actually recovers considerably in all five wells, whilst no rain 

was recorded. In figures 21 a-e, showing watertable fluctuation in the same wells from 4th 

till 8th May, this trend can be observed more strongly. Again, no rainfall occurred during 

this five-day logging period, however the water level in all the dipwells show strong 

recovery patterns in the first 12 hours of each day. Dipwell 4.3 exhibits the weakest 

recovery during the period, but still ceases to fall in the morning of each logged day. 

All dipwells were logged on 20-minute interval, however wells 4.2 and 4.3, in both figures 

20 and 21, do not appear to fluctuate as rapidly as compared to wells 4.1,4.4 and 4.5. This 
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may be a result of immediate local conditions but given the wells are close to well 4.1, 

which does appear to fluctuate rapidly, it is possible that the recorded level may have been 

effected by the sensitivity of logging equipment. Dipwells 4.2 and 4.3 were instrumented 

with individual pressure transducers but shared a multi-channel data logger. The same 

applied to wells 4.4 and 4.5. The water level in dipwell 4.1 was logged by individual units. 

Instrumental error cannot be confirmed and certainly the overall pattern of fluctuation for 

all wells seems consistent, so a local factor may be responsible as the wells are within a 

previously drained region. Neither theory can be discounted. 

136 



5.3 Short-term watertable fluctuations from daily manual readings 

Methods 

In autumn 2000, investigation began into the observation that abandoned peat cuttings to 

the north of the current cutting area (around NY217527) appeared to be re-wetting more 

successfully than those to the west (around NY218534). Both areas had been subject to a 

program of drain blocking for a similar length of time but land to the north appears wetter 

and more stable (no vegetation data), whilst land to the west is dry and shows signs of 

cracking and slumping (H I e, MI 9a, M20, bare peat). Time and resources for the program 

were limited and so an intensive investigation into short-term hydrological differences 

began in October 2000. Three locations were selected, two typical of the damaged mire 

surface in question, and one re-wetting quite successfully. Location A is north of the 

current cutting area (NY217527); B is west of the current cutting area (NY218534); C 

extends from B across abandoned cuttings and into intact mire (Figure 8). 

At location A, eighteen dipwells were installed in three transects, Al. 1- 1.6, A2.1-2.6, 

A3.1-3.6,172m, 173.5m and 162m long respectively. The transects extend from the main 

arterial drain bounding the cutting face, over a surface which is largely bare peat and small 

patches of Calluna vulgaris, into a very wet and inaccessible area of flooded cuttings 

(NVC approximated to M2, M 19). In comparison to the intact surface of the southern lobe, 

the slope in area A is considerably steeper (1: 110-1: 130 entire A transects), whilst in 

common with transect 5, the slope increases sharply close to the main drain (1: 25-1: 65 A 

transects over 20m). The recorded peat depth was greater than 2m deep in the area around 

A transects, with a fall of approximately Im in the surface level to the adjacent active 

cutting face, over the main arterial drain. Transect Al joins the old transect 1, to form an 

137 



extended line spanning 260m of intact mire (Newton Arlosh Awards) and 465m of 

abandoned cuttings, with 27 accessible dipwells. 

At location B, 23 wells were installed in three transects, B 1.0- 1.7, B2.0-2.7, B3.0-3.6, 

240m, 239m 187m long respectively. Each transect stretches from a small area of bare 

peat, isolated from the active and abandoned cuttings by arterial drains, up-slope through 

the dry and slumping abandoned cuttings, to the heath-like (roughly HIe, H9e) ground 

adjacent to Wedholme House farm. Low ground between ridges left by cutting, exhibits 

signs of erosion by overland flow, and is largely bare peat. In the 20m zone adjacent to the 

main drain, locally steep gradients (1: 13-1: 88) were comparable to those at A (1: 25-1: 66). 

The transect area covers a relatively flat area (slope 1: 210) compared to area A (1: 130), at 

the base of a much steeper slope (1: 60) leading to the mineral outcrop of Wedholme 

House. Peat depths were found to decline slightly up the slope away from the cutting area, 

from around 7.2m to 6.8m. 

A third area was traversed by transect C, extending 415m across cuttings abandoned in 

1985 from well B3.0 in seven additional wells, the last of which is within the area subject 

to only preliminary drainage. Transect C joins transect 4 at well 4.1, so that the extended 

892m transect encompasses abandoned cuttings (bare peat, HIe, H9e, M20a), regenerating 

and intact mire (M2, M1 8a). The slope of the first 17m of the transect, from B3.0 to C2 is 

relatively steep (1: 70), becoming less so in the following 400m (1: 200). Peat depths range 

from 7.2m close to the cutting face, to 9m where transect C joins transect 4. 

The wells of transects A, B and C were installed by fully inserting (minus a short above- 

ground section) 3m lengths of perforated 40mm tubing, capped at the submerged end. 
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Where the peat was less than 3m deep (in area A), pipes were inserted to the mineral 

subsoil and the excess was then cut off. The wells were spaced at intervals of 

approximately 2m, 5m, 10m, 25m and then 50m where possible. In some cases, such as the 

A transects, open water made access treacherous and spacing was necessarily irregular. 

Dipwell co-ordinates, in the x, y, and z dimensions, were surveyed using GPS instruments 

(Trimble Pathfinder Pro W as both base station and rover. Data were subject to post- 

processed differential correction (DGPS) for further accuracy (Trimble, 1997). Several 

areas were re-surveyed using traditional automatic levels to confirm the accuracy of the 

GPS data. Transects 1 and 4 were also re-surveyed to ensure they shared a common datum 

with transects A-C, and could be compared directly. Spot heights were taken and the peat 

anchors of Newton Arlosh awards were levelled to tie in original 1990-1996 ground 

surface to present day mire surface (Section 7). 

Well levels were recorded manually between I Oam and l2am daily throughout October 

2000 using an open circuit water level sensor. 
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Results 

The daily fluctuations in watertable with precipitation, recorded in individual dipwells 

from transects Al -3, B 1-3, C, 4,5, and transect I (N-north & S-south), are illustrated in 

figures 22 a-k as distance, in metres, above/below ground level. 

Figures 23 a-1, show the manually read watertable records taken daily throughout October 

2000 and the beginning on November 2000. Watertable and surveyed ground surface are 

plotted as metres above datum along each transect. As all daily records could not be shown 

on one plot, and plots are numerous, readings taken four days apart are illustrated. 

Figures 23 a-f show the entire dipwell transects Al-3 (165-175m) and BI-3 (185-235m) of 

the abandoned cutting areas. Figure 23g illustrates the extended transect from well BI and 

the whole of the C transect, extending into the intact mire of the southern lobe and 

continuing along the whole of transect 4 (total length 900m). Figure 23h shows transect C, 

wells 1-5, plus well B1 only (200m). Figures 23 i&j plot the intact transects 4 (plus well 

C7) (500m) and 5 (400m) of the southern lobe. Figure 23k shows the watertable and 

ground surface across transect 1, Newton Arlosh awards, and up to dipwell S8, south of the 

blocked main drain which separates the awards from the abandoned cuttings (total length 

370m). The true ground surface of the drain channel is not illustrated, and so the ground 

appears to rise at '0', where in fact, there is a channel 2m deep. This can be seen more 

clearly in Figure 231, which shows the zone extending 50m from either side of the blocked 

drain. The vertical scale, given on the Y-axis in m above ordnance datum, varies on each 

graph. 
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Figures 24 a&b plot the mean recorded watertable (above and below ground level) and 

the recorded range for each of the 91 dipwells throughout the October 2000 monitoring 

period. The mean and range in watertable for each dipwell are plotted against to distance 

from the nearest drain channel. 

In general, the watertable further from drains apparently fluctuates less in response to 

rainfall, in both intact and disturbed areas. The trend observed in plots of intact mire 

transects in figure 22 (transect 1 northern section, transects 4 and 5) is for well water levels 

to fluctuate very little in response to rainfall, except for those closest to a defined drain 

(within 20m). Plots of intact transect 4 watertables (figure 22h), appear to fluctuate more 

than the intersecting intact transect 5 dipwell levels (figures 22 h, i). However if the 

vertical scale on the y-axis is compared, fluctuations are within a comparable range. 

Watertable fluctuations in transect 4 are not explained by the proximity to adjacent 

drainage as is clearly the case in transect 5, where the watertable beyond 25m from the 

drain does not fluctuate more than 5cm. The largest fluctuations follow the considerable 

storm event on the 25/10/00 when nearly 2 8mm of rain fell over less than 15 hours. Here 

the watertable recorded in dipwell 4.5 within the intact mire surface, increased by 0.075m 

to a surface water depth of 0.08m, then falling by 0.145m over 48 hours to a depth of 

-0.065m. Close examination of the local topography of transect 4 (figure 23i) reveals that 

dipwell 4.5 is sited within a shallow topographic low, on the 'shoulder' of the intact mire, 

to the east of which the drained mire surface falls away rapidly with increasing surface 

gradient. Transects of the watertable plotted alongside the ground surface confirm the 

propensity for fluctuation between ground and surface water at this point during the 

monitoring period. It is likely that the adjacent slope accelerates surface water removal at 

this point, and draw-down beyond the shoulder also increases acrotelm flux. A similar 
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lowering of watertable on the shoulder of the Newton Arlosh dome was observed in 

transect 1 dipwell records. 

Fluctuation in water level closest to defined drainage channels can be observed in many of 

the disturbed locations, though the immediate effect of adjacent drainage is not always 

apparent. Actual drains can be difficult to define and fluctuation must be due to other 

forms of disturbance in several cases: well A3.5, most of transect B3 and C wells (figures 

22c, f, g) are not close to maintained drains. The uneven topography of the abandoned 

cuttings means that effectively broad, shallow channels, approximately 5m wide and over 

100m long are created between the higher (by 0.25-0.75m), dry ridge ways, or baulks. 

When orientated down slope, these features act effectively as shallow drains. 

Comparing the water table profiles from disturbed transects A (Figure 23a-c), B (Figure 

23d-f), and C (Figure 23g-h), leading from the active cutting area, with profiles from the 

intact South West lobe surface, transect 4.1-4.11 (extending from transect C) (Figure 23g 

& i), and transect 5.1-5.11 (Figure 23j), one difference is immediately apparent: whilst 

water table profiles fluctuate very little on the landscape scale, in the intact region this 

means it remains close to the ground surface throughout the monitoring period regardless 

of small topographical discontinuities (with the exception of well 4.5). The watertable 

shape in adjacent transects in the disturbed mire surface (Al-3, B1-3) also remains fairly 

consistent. However the unevenness of the topography means that the water table is above 

ground in topographical lows, and below in higher ground, so that the old cuttings are wet 

and the intercepting ridges are dry. Conversely, transect A 3.1-3.6 (Fig. 7-9), is relatively 

flat through strongly eroded area and exhibiting evidence of considerable surface flow 

activity, with discharge overflowing into the drain channel. 
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It can be seen quite clearly from the spread of mean October watertable plotted in figure 

24a, that water levels recorded in dipwells in intact areas remain closer to the ground 

surface, whilst mean water levels lie at a greater distance above or below ground in 

disturbed areas. This is also confirmed by the fluctuation in watertables across the site, 

indicated by the range (max - min) in water levels recorded in individual wells during the 

monitoring period. A clear difference in range between wells in intact and cut regions can 

be observed in figure 24b, with the majority of dipwells levels in the intact mire 

maintaining a range of less than 0.05m throughout the monitoring period, whilst the range 

of disturbed sites is considerably higher. The distribution is slightly skewed as there are 

more wells located in disturbed mire locations, due to the focus of the hydrological 

investigations and the nature of the disturbed mire, which means that most dipwells must 

be close to a drainage channel. That does not however invalidate the findings, as it is clear 

from figures 24a and b, that the mean watertable is deeper and the range of fluctuation is 

greater in dipwells closest to drains in the disturbed mire. 
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Figure 22 a-k. October daily watertable fluctuations with precipitation, recorded in 
individual wells from transects 1, AI-3, BI-3, C, 4 and 5 (m above/below ground level). 
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Figures 23 a-l. Daily watertable records from dipwell transects M-3, BI-3, C and 4 
(combined and separate), Transect 5 and selected wells from transect 1,06/10/00 - 
03/11/00, presented at 4-da. v intervals 
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Figure 24 a&b. (a) Mean (m from ground surface) and (b) range in recorded watertable 
(m), October'00: 'Disturbed' wells x 55, transects A, B, C and SI-8, VIntact'wells x 36, 
transects 4.1 -11,5.1 -11, NI- 13. 
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Table 4. Pearson correlation coefficients and P-values for test of linearity between distance 
from drain of dipwell location, peat depth, watertable mean and range, and recorded high 
and low watertable for the period (most significant correlations in bold type). 

Watertable Distance from drain Total peat depth 
All wells Mean_ 0.123 0.247 0.109 0.306 

Range -0.299 0.004 -0.325 0.002 
Mean 0.273 0.113 0.561 0.000 
Range -0 . 132 0.450 -0.416 0.013 Intact wells High 0.268 0.120 0.512 0.002 
Low 0.264 0.125 0.567 0.000 
Mean 0.203 0.137 0.012 0.931 
Range -0.304 0.024 -0.195 0.154 

Disturbed High 0.128 0.351 0.029 0.833 
wells Low 0.255 0.060 0.124 0.366 

Correlation 
coefficient 

P-value Correlation 
coefflicient 

P-value 

Statistical tests were carried out to examine the relationship between the range in observed 

water table, and both peat depth and distance from the drain, as indicators of disturbance. 

Initially all dipwells were included in a Pearson test of linearity. The result (shown in 

Table 4) was that both distance from the drain and peat depth were strongly negatively 

correlated with water table fluctuation range (P = 0.004 & 0.002 respectively). That is, 

there is a negative linear relationship between watertable fluctuation and both increasing 

distance from the drain and increasing peat depth, confinning that the watertable is more 

stable further from the drain. It is also more stable in deeper peat. This is not surprising as 

peat is deeper in the stable intact mire and it increases in depth with distance from drains 

and cuttings. When dipwell data from intact sites only (36 wells) were tested separately, 

peat depth was very strongly negatively correlated with range (P = 0.0 13), again indicating 

that the deeper the peat, the smaller the range in water table fluctuation during the 

monitoring period. Mean watertable at these sites was most highly positively correlated 

with peat depth (P = 0.000), confinning that the average watertable was highest in the 

deepest peat. The fact that peat depth and distance from the drain are strongly positively 
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correlated (P = 0) indicates that water table range will also decrease as distance from the 

drain increases. When the analysis was repeated for cut-over areas (55 wells), again 

distance from the drain was strongly negatively correlated with range in water table (P 

0.024), whilst peat depth was found to have a weaker negative correlation (P = 0.154). 

The minimum and maximum recorded watertable in each dipwell was tested for linearity 

with drain proximity and peat depth. In the case of intact sites, both the highest and lowest 

recorded watertable, were positively correlated with peat depth (P = 0.002 & 0.000 

respectively), so that as peat depth falls so does the watertable and higher watertables are 

consistently higher in deeper peat. In disturbed sites the lowest recorded watertable was 

positively correlated to proximity to drain (P = 0.06). 

In most dipwells in the intact mire, when the watertable is within O. Olrn of the ground 

surface, any rise in response to rainfall is not obvious. This is because there is very little 

scope here for storage and recharge must be stored in shallow pools (hollows), or must run- 

off via transient hollow-channel networks. The surface of the cut-over mire is generally 

different, with the natural vegetation and microtopography removed, and the quick-flow 

response to rainfall locally variable. It is possible for the initially lower watertable to rise 

considerably before surface water and rapid overland flow occurs, whilst an adjacent low 

bare peat area may respond immediately with very little storage occurring. The structure of 

the peat in such zones is considerably different due to dehydration during periods of 

intensive drainage, whilst the surface gradient may be much steeper due to peat removal. It 

is likely that through flow mechanisms have been altered considerable by these activities. 

Examination of the storage potential of different parts of the mire acrotelm may confirm 

such processes (Section 6.2). 
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6. Flow and storage potential in the diplotelmic mire 

6.1 Catotelm hydraulic conductivity and storage potential 

In order to estimate the potential flux of groundwater through the catotelm peat of a mire, 

it is necessary to establish some basic measurement of its hydrophysical properties. 

Hydraulic conductivity (K) is effectively a bulk estimate of the capacity of peat to transmit 

liquid, determined by its physical state (antecedent moisture content, density and porosity) 

at the time of measurement and the hydraulic head or suction imposed by adjacent areas. It 

is normally attributed the dimensions depth/time, but when applied across a sub-surface 

layer and referred to as transmissivity, it is multiplied by the layer thickness and has the 

units length2/time. In a simulation of mire hydrology the transmissivity of model layers is a 

state variable. Given the accumulation processes of peat formation over extended time 

periods, it is accepted that K is likely to be highly variable over extended areas of 

heterogeneous mire peat, in both horizontal and vertical dimensions. In the acrotelm of 

uneven thickness, where a pool may be found in close proximity to a mound of barely 

decomposed moss (hummock), the spatial and temporal variability of K is likely to 

increase accordingly. 

The difficulty and time-consuming nature of K measurement (PAivdnen, 1973, MacAlister, 

1996, Holden, 2000) means that data are often limited, however caution should be taken 

when generalising or up-scaling from limited measurements in estimations or simulations. 

In the analytical 'Groundwater Water Mound' model proposed by Ingram (1982) K is 

assumed to be constant throughout the catotelm. This does not truly represent the 

heterogeneous nature of peat. In multi-layer numerical schemes different transmissivity 
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can normally be applied in both the horizontal and vertical axes. The application of a bulk 

measure of hydraulic properties requires the acceptance of a small degree of error and 

simulations should be checked for sensitivity to changes in transmissivity. 

Within the catotelm below the fluctuating phreatic zone, the specific yield (Sy) (strictly the 

amount of water that can be freely drained under the influence of gravity against the water 

retention capacity of the soil, expressed as a proportion of total volume), can be determined 

in laboratory experiments. Such tests are inherently erroneous as the removal of intact peat 

cores from depth and imposition of realistic surrounding conditions within a laboratory 

setting is difficult without considerable resources. Boelter (1965) recorded the specific 

yield of 0.1 m extracted peat cores taken from 0-0.8m below the surface and varying in 

degrees of humification from living Sphagnum to well decomposed herbaceous peat. (The 

specific yield values he obtained are listed in Table 7, p. 169). 

The specific yield can also be described as the effective porosity, as it is a measure of the 

proportion of the total volume of the peat available for water storage. The relationship 

between the storage potential of the peat, as effective porosity, and hydraulic conductivity 

is described by the Kozeny-Carman Equation (Carman, 1939, Ahuja et aL, 1985, ) 

(Equation 1) for calculating soil hydraulic properties from limited data sets: 

Ký. t =B 0' Equation I 

where K,. t = saturated hydraulic conductivity; 0= effective porosity; B= 1058 and n=4 

when K,, t has the units cm/h. 
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Rearranging Equation 1, the effective porosity can be estimated from hydraulic 

conductivity: 

0=4 ",, 
f(Ksat / B) Equation 2 

This method introduces several sources of error including: 

1. assumes the accuracy of hydraulic conductivity or porosity measurements; 

2. introduces constants (B and n) which may differ according to soil type and condition. 

3. assumes uniformity of parameters throughout the peat body. 

Field method for recording of hydraulic conductivity 

Hydraulic conductivity was recorded across the site within the main transect locations, 

using the variable head piezometer method and calculation (Kirkham, 1946, Frevert and 

Kirkham, 1948, Luthin and Kirham, 1949, and Reeve and Kirkham, 195 1) 1. Briefly, an 

augered. cavity is lined with tubing and the water refilling the empty pipe is removed 

several times to flush-out incoming peat. The steady state rate of refill is then recorded and 

conductivity, moderated by the position of the watertable and dimensions of the tube, is 

calculated according to the empirical formula2: 

Kr,. t ` 7ErD2 ln(hi/li7l Equation 3 
C (t2-tl) 

where, h= distance to datum of the water surface at time t; C= shape factor. 

1 described in detail in Chapter 2, Section 3.4.1. 
2 see also Chapter 2, Section 3.4.1 Equation 6. 
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This method has been applied in several previous studies of mire hydrology and the 

reported values are compared to Wedholme values in the discussion. 

PAM= (1973) stated that 'it is meaningless to study the hydraulic conductivity without 

relating it to the quality and structure of peat'. As time and resources were limited, only K 

measurements were performed in situ, however a note has been made of observed peat 

conditions. 

Tests at 5,25,135m along transect 1, carried out in June 1997, employed the standardised 

Luthin-Kirkharn methodology (Luthin & Kirkham, 1949), using open-ended piezometers 

of 30mm internal diameter above Urn open cavities. Tests carried out in June 2000, at 5m 

from the drain at transect 5, involved modified 30-35mm piezometers with Urn mesh 

lined cavities to prevent collapse. In later tests carried out in November 2000,10-15m from 

the cutting boundary drain in transects A-C, the method was further modified with an 

increased 50mm diameter piezometer tube to accommodate pressure transducers, which 

attached to data loggers, recorded the rate of refill of the cavities automatically. The cavity 

depth was also increased in the automated piezometers to 0.2m. Conductivity was recorded 

between 0.3-0.5m (automated piezometers), 0.4-0.5m, 0.8-1. Orn (automated piezometers) 

and 0.9-1.0m depths, whilst in the deeper peat of the intact mire surface of transect 1, it 

was also recorded at depths 1.4-1.5m and 1.9-2.0m. Tests were repeated a minimum of 

three times in each piezometer and the refill rate was found to be non-linear in all cases. 

This confirms previous field observations (Galvin and Hanrahan, 1967, Dai and Sparling, 

1973, Ingram, 1974, van der Schaaf, 1999) that conductivity is affected by falling head and 
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also by the potential compressibility of the peat. For this reason conductivities were 

calculated from the steady state part of a plot of piezometer refill rate. 

Results 

The range in recorded hydraulic conductivity and mean of replicated tests from each 

piezometer at varying depths below the mire surface are displayed in Table 5. The range 

and mean effective porosity values calculated by the Kozeny-Carman equation are given as 

a proportion, for each test depth. The changes in mean recorded K at the piezometer test 

depths for each test location are illustrated in figures 25 a-g. Potential linearity between the 

recorded K, the piezometer test depth and the distance between the test location and the 

nearest drain channel has been examined and the Pearson product moment correlation 

coefficients and respective P-values are given in Table 6. 
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Table 5. Peat condition, range and mean recorded hydraulic conductivity (K md") and 
calculated effective porosity (dimensionless) for each location and test depth. 

Test site: m from 
drain 

Test depth 
(m) 

*Peat 
condition 

Recorded range in Y,, 
(md7) 

Mean K 
(md-1) 

Effective 
Porosity 

Transect A 10 0.3-0.5 4 0.06135 - 0.29205 0.11750 0.149 
10 0.8-1.0 3 0.00377 - 0.00403 0.00390 0.063 

Transect B 15 0.3-0.5 4 0.04199- 0.14096 0.07694 0.133 
15 0.8-1.0 3 0.00870 - 0.07562 0.02565 0.104 

Transect C 15 0.3-0.5 4 0.01232 - 0.02057 0.01780 0.092 
15 0.8-1.0 2 0.02344 - 0.16540 0.04850 0.120 

Transect 5 5 0.4-0.5 4 0.01142 - 1.04321 0.08809 0.149 
5 0.9-1.0 2 0.00621 - 0.05465 0.01887 0.095 

W lobe 5 1.4-1.5 2 0.03014 - 0.06726 0.04502 0.116 

ransectl ' 5 0.4-0.5 4 0.00692 - 0.01200 0.00912 0.078 
5 0.9-1.0 2 0.01541- 0.10994 0.04116 0.116 

ewton ew 

[ 

5 1.4-1.5 3 0.02831 - 0.08170 0.04809 0.118 
losh 10 

d 
5 1.9-2.0 3 0.00115 - 0.00564 0.00255 0.057 

w ar s 25 0.4-0.5 1 0.00056 - 0.02804 0.00396 0.071 
25 0.9-1.0 2 0.00366 - 0.21855 0.08937 0.140 
25 1.4-1.5 2 0.00669 - 0.01260 0.00918 0.078 
25 1.9-2.0 2 0.00380- 0.00407 0.00393 0.063 
135 0.4-0.5 1 0.49611- 0.90344 0.66950 0.227 
135 0.9-1.0 2 0.00426- 0.00531 0.00475 0.066 
135 1.4-1.5 2 0.01886 - 0.01978 0.01900 0.093 
135 1.9-2.0 2 0.00619 - 0.02742 0.01300 0.086 

*Visual assessment of peat condition: 
1. moderately decomposed moss - approximate von Post hurnification 5-6 
2. well decomposed moss - approximate von Post hurnification 7-9 
3. well decomposed moss, woody inclusions 
4. desiccated, well decomposed moss - approximate von Post hurnification 4-5 

Table 6. Pearson correlation coefficients and P-values for test of linearity between 
recorded hydraulic conductivity, K-test depth and distance from drain of test location. 

Hydraulic conductivities Test depth Distance from drain 

Disturbed test sites -0.177 0.496 -0.245 0.343 

Intact test sites -0.376 0.029 0.179 0.310 

I 
Correlation 

I 
Co lent P-value Correlation 

I 
coe fficient P-value I 

Pearson product moment correlation coefficient indicates a strong negative correlation 

(P-value = 0.029 i. e. there is only a 2.9% chance that test depth and K will not observe a 

linear relationship) between sample depth and recorded hydraulic conductivities from test 

performed at 'intact' sites. 
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Figure 25 a-g. Change in mean recorded hydraulic conductivity (Kmd-1) over deepening test depths for five 
test locations including intact (transect 1: 25 and 135m from drain) and disturbed mire surface (transects A, 
B, C, transect 1: 5m from drain and transect 5: 5m from drain). 
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Figure 25 a-g. Continued 
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Discussion 

Table 7 lists peat hydraulic conductivities recorded in the field in previous investigations at 

different sites, using the same piezometer method and Luthin-Kirkham justification as the 

Wedholme tests. In disturbed site transect A, recorded hydraulic conductivity at 0.3-5m 

depth (Table 5) is similar to that recorded by Boelter (1965) at the same depth in moss peat 

with woody inclusions and at a depth of 0.8m in herbaceous peat of moderate 

decomposition. The K-values recorded in transects B and C are of the same order of 

magnitude as Boelter's figures for woody, herbaceous and amorphous peats. Hydraulic 

conductivity recorded at 0.4-5m depth in the dehydrated and compacted peat of transect 5, 

5m from the main drainage channel, is close to the sedge peat value recorded by Paivanen 

(1976) at 0.35m depth. The recorded K at these sites does not appear to follow an 

identifiable pattern (figure 25) and in test for linearity (Table 6) recorded conductivity was 

not correlated with depth of test or distance from drainage channel. Ideally more values are 

needed to confirm or dispute this pattern. 

In general, the intact peats of transect 1 appear to decrease with depth (figure 25), although 

recorded K in the upper catotelm (0.5m deep) is anomalous. Recorded K was highly 

negatively correlated (P-value: 0.029) with depth for intact test locations (table 4). That is, 

a linear relationship exists between increasing depth and decreasing hydraulic conductivity 

at these locations. Insufficient data points are available to reveal any clear relationship 

between lowered watertable by proximity to drain channels and hydraulic conductivity. 

Tests performed at 135m from the blocked channel, in the central area of Newton Arlosh 

awards, exhibit a more typical scenario of conductivity, decreasing with depth, but 

exponentially higher in the uppermost layers (table 7: Paiviinen, Boelter). Recorded K 
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here, at O. Sm depth, was close to the Paivanen figure for Sphagnum peat between 0.35- 

0.45m depth. Below this depth transect I recorded K-values were close to Boelter's values 

for amorphous peat. 

Reported literature values of specific yield are limited and the calculated effective 

porosityies in table 5 are dependent on the recorded K-values, however there are some 

similarities between Boelter's laboratory values for woody, herbaceous and amorphous 

peats at 0.5-0.8m depth and the calculated values for test sites of similar depths. 

One reason for lower recorded K-values in disturbed sites at Wedholme compared to 

reported values from intact sites and apparent similarities between woody and herbaceous 

peats normally found at lower depths, is that the peat now occurring at the surface in 

disturbed sites is not within its natural accumulation sequence. It was previously 

submerged and has been compressed by overlying layers of moss peat subsequently 

removed during peat excavation. It cannot be compared directly to the upper layers of 

intact catotelm peat, or indeed to acrotelm. peat of intact sites. It would be useful in future 

investigations to record the bulk density of peats from the sites of K-test to compare with 

adjacent surfaces, as an indication of previous level within the original mire structure. 
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Table 7. Previously reported hydraulic conductivity values for piezometer field tests 
(Luthin-Kirkham method) and specific yields (laboratory tests) where available. 

Peat description provided: Depth (m) K (md-1) Sy 
Boelter (1965) Moss - undecomposed 0.15-0.25 32.91840 0.52 

Moss - undecomposed 0.45-0.55 0.89856 0.33 
Moss & woody inclusions - moderately 
decomposed 0.35-0.45 0.12010 0.22 
Woody - moderately decomposed 0.35-0.45 4.28544 0.27 
Woody - well decomposed 0.60-0.70 0.48211 0.19 
Herbaceous - moderately decomposed 0.70-0.80 0.00648 0.15 
Well decomposed Loresumably amorphous] 0.50-0.60 0.00959 0.1 

Ingram (1967) Blanket bog - water track, amorphous 0.50 0.00017 
1.00 0.00026 

Mire expanse - pseudofibrous 0.50 0.00008 
1.00 0.00005 

Sturges (1968) ell decomposed [presumably amorphousl 0.46 1 0.00024 
0.91 0.00016 

Irwin (1970) Reclaimed no value 1.55520 
Yamamoto 
(1970) Undisturbed peat bog no value 0.00864 
Dai & Sparling 
(1973) Ornbrotrophic Sphagnum 0.50 5.18400 
PAivAnen (1973) Sphagnum 0.25 2.63952 

Sphagnum 0.35 0.56074 
Spha. znum 0.45 0.49766 
Sedge 0.25 1.27872 
Sedge 0.35 0.14947 
Sedge 0.45 1.51286 
[Woody 0.25 2.86589 
ýYOOL- 0.35 2.61619 
Woody 0.45 1 1.22429 
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6.2 Acrotelm conductivity and storage potential 

Calculating acrotelm storage coefficients from field data 

Within the upper layer of the mire, the potentially high storage capacity of the acrotelm 

exerts a controlling mechanism over the transmission of water. The storage coefficient (S) 

of the acrotelm, given in Equation 4, may be estimated from fluctuations in the phreatic 

level following rainfall events' (for example figures 16,18,19 & 22). Again, the 

coefficient is determined by bulk soil properties including both peat and living vegetation 

in this case, and by both adjacent and localised heads increasing due to precipitation. 

S =P/Ah Equation 4 

where P= total precipitation over the recording interval and Ah = change in phreatic level 

over the same period. 

Recording the change in stored water by fluctuation in the watertable due to precipitation 

over a detennined interval, where the watertable is pennanently close to the surface is 

subject to several sources of error: 

1. interception and evaporative losses; 

2. storage in the unsaturated peat zone; 

3. open water storage and lateral flow exacerbated by high phreatic level. 

1 See also Chapter 2 Section 3.1.3 
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Errors 1 and 2 are likely to increase in shorter recording intervals with lower precipitation. 

Error 3 will increase proportionally over longer periods with higher rainfall, when the 

watertable may reach the surface causing both overland flow and storage in temporary 

pools within the hummock-hollow network can occur. Where surface gradients are higher, 

overland flow will be accelerated with the potential for local preferential flows. An average 

of multiple estimates from different length monitoring intervals is preferable to reduce 

errors. 

Storage coefficients within the acrotelm have been calculated at dipwell locations across 

the site. Within the intact mire surface of the southern lobe (transects 4& 5) the storage 

coefficient could be calculated using precipitation data from the automatic weather station 

and watertable fluctuations recorded simultaneously in the automated dipwells. Storage 

coefficients for these locations were calculated from ten rainfall events of varying length 

and precipitation depth. In all other locations, only daily watertable data were available so 

that estimations here are coarser. Again the mean of ten storage coefficients, based on daily 

watertable records and daily rainfall totals calculated from weather station data were used. 

Results 

The dimensionless mean acrotelm storage coefficients estimated from daily watertable 

fluctuations and aggregated rainfall data for all ninety dipwell locations within both intact 

and disturbed mire surface are plotted in figure 26 relative to distance from the nearest 

drainage channel. A complete table of the plotted storage coefficient values is presented in 

Appendix II (table A2). 
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The mean acrotelm storage coefficients calculated from automated dipwell levels and rain 

gauge data (at 20-minute logging intervals) for dipwells 5.1-3,5.6-7 and 4.1-5 are plotted 

in the bar chart, figure 27. For comparison, the storage coefficients calculated from daily 

data for the same wells are also included. Error bars represent the standard deviations from 

the presented means. A table of the storage coefficient values for logged wells versus the 

daily-calculated values for the same well is given in Appendix II (table A3). The Pearson 

correlation coefficients and P-values for calculated acrotelm storage coefficients from daily 

and automated dipwell readings, distance from drain of each dipwell and the peat depth at 

each dipwell location are given in Table 8. 

Table 8. Pearson correlation coefficients and P-values for test of linearity between 
calculated acrotelm storage coefficients, from daily and automated dipwell readings, 
distance from drain of dipwell and total peat depth at dipwell location. 

Storage coefficients Distance from drain Total peat depth 

Daily readings 0.423 0.000 0.269 0.012 

Automated dipwell 0.938 0.000 0.754 0.012 
Correlation 
coefficient 

P-value Correlation 
coefficient 

P-value 

Figure 26 indicates a clear trend of increasing storage potential at increasing distances 

from drain channels. This is also apparent in figure 27, although not given as an axis, 

distance from the drain increases with dipwell number so that 5.1 is 2m from the main 

drain channel and 5.7 is 190m from the same channel in an undisturbed area of the 

southern lobe. This relationship is confinned by the Pearson correlation coefficients and 

P-values (table 8), which indicate a very strong linear trend between increasing distance 

from drain and increasing storage potential. 
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Figure 26. Acrotelm storage coefficients calculated from daily rainfall totals and watertable 
fluctuations in all 90 dipwells (dimensionless). 
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Figure 27. Comparative chart of mean acrotelm storage coefficients for dipwells 5.1-3,5.5- 
6 and 4.1-5: calculated from daily rainfall and watertable fluctuations (clear bars) and 20- 
minute data logger records (filled bars) - error bars represent standard deviation from mean 
value in sample. 
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Discussion 

Calculating the storage coefficients from both daily and short-term automatically logged 

data give similar results as indicated in figure 27, and both are considered reliable. The 

storage coefficients calculated in this way are very similar to the specific yield values 

reported by Boelter (1965) (Table 7) for undecomposed moss. 

The lower storage potential recorded in the disturbed sites is likely to be due to several 

reasons: 

1. The peat at the surface here has an increased bulk density being from lower catotelm; 

2. In exposed aerated peat decomposition is accelerated; 

3. The exposed peat is sparsely vegetated and easily eroded; 

4. The eroded peat becomes easily dehydrated in dry periods and subsequent rewetting 

results in accelerated flows in the newly created macro pores. 

As a result the watertable may rise rapidly in this degraded zone but it is likely to fall as 

rapidly. 

The proposition that the peat at the surface of the disturbed mire is from the catotelm, and 

therefore physically different to newly forming acrotelm. peat in structure and hydraulic 

properties, is compounded by the linear relationship observed between accumulated peat 

depth and increasing storage potential. It is not surprising that these factors are very highly 

positively correlated, as by its nature, the intact mire surface with active acrotelm has not 

been reduced in depth by peat removal. If this is taken to a conclusion, the accumulated 

peat depth is reduced by removal of the acrotelm and successive layers of catotelm. peat, 

leaving compressed, poorly structured deep peat exposed at the surface. 
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The intact acrotelm clearly plays a critical role in the storage potential of the mire and the 

buffering of through flow during rainfall events. 
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7. Ground level change and potential subsidence at Wedholme 

During the most recent hydrological investigation at Wedholme (Section 5.3), ground 

surface and well-top levels were surveyed and previous levels were resurveyed across the 

site. English Nature had surveyed the Newton Arlosh Awards area previously in 1990, 

with levels taken from a false datum at the edge of the mire (4.3.1). 

Figure 28 shows the ground surface surveyed in 1990, with the peat dome to the north of 

the then active main drain and the newly abandoned cutting face with a ridge-cutting 

pattem to the south. 

Figure 29 illustrates the 2000 survey ground level across transect 1. The vertical scale of 

both the y-axes exaggerate the surface gradient. Despite this, the 2000 survey shows a 

distinct slope to the south toward the cutting face, over land made relatively flat during 

previous peat removal activities. 

It was considered useful to try to relate watertables and mire surface in the early 1990's to 

current levels, given that peat cutting has continued over the last decade in the adjacent 

area. This required levels to be related to a common datum. Unfortunately the temporary 

benchmark used in the original 1990 survey could not be relocated, and so it was necessary 

to find a fixed feature within the Awards that could be resurveyed. During the early 

monitoring scheme, peat anchorsi were installed across the northern area and were levelled 

to the false datum. These were re-levelled in the 2000 manual survey, and the difference 

calculated. With a small error, the differences between the two sets of levels were 

'Chapter 2, Section 3.1.1 
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considered an acceptable correction factor, and the 1990 levels were converted to metres 

above ordnance datum. 

Figure 30 combines the corrected 1990 levels with the surveyed 2000 surface. If the survey 

is accurate, the dome of the 'intact' region of the Newton Arlosh Awards has subsided 

considerably. Some reduction in surface elevation may be due to summer dehydration 

(mooratamung or mire breathing, Ingram, 1983), but the apparent change in shape of the 

dome, particularly between 80 and 21 Om from the drain, is consistent with slumping in a 

low watertable zone. In figure 23k, the watertable recorded during the period 6/10/00- 

3/11/00 was plotted relative to ordnance datum. In the area where sluniping is apparent, 

between 15 0-220m from the drain channel, the watertable is consistently up to 0.1 m below 

the ground surface. To the south of this point and to the north beyond 220m from the drain, 

the watertable remains at or above ground surface throughout the monitoring period. 

Slumping also appears to have occurred on the 'shoulder' of the dome, up to 80m from the 

drain channel. Along the 'intact' transect subsidence of up to 0.3m, or nearly 5% of the 

1990 surveyed peat depth appears to have occurred. Figure 231 shows that although the 

drain had been blocked for almost a decade, it is still exerting a draw-down influence on 

the ad acent watertable. This may have a very limited zone of influence, and does not 

explain apparent slumping beyond the watershed of the central dome, but it is still clearly a 

sink. 

Beyond the drain to the south, slumping is also apparent. The lateral extent of corrected 

transect levels is limited by the position of accessible peat anchors, however within the 

11 Orn of transect which have been adjusted to ordnance datum there appears to be a 

maximum fall of 0.2m. in the surface level. It is not inconceivable that continued peat 
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removal in the active cutting area 460m to the south, over the last decade, could have 

resulted in slumping of this magnitude. There are no available data on the 1990 and 2000 

surface levels in the active peat cutting area, but it is likely that the continued removal of 

peat from the surface will have been accelerated by improved milling techniques and 

therefore the surface will have been lowered over the last 10 years. 

Figure 31 illustrates the current surface level and the recorded peat base across the Newton 

Arlosh Awards and adjacent abandoned cuttings using the 2000 survey data only. This 

indicates a fall of more than 3m from the dome to the active cutting face. The depth of the 

peat across the transect also reduces from 7m at the peak of the dome to 1.2m at Im from 

the boundary drain of the cutting face. If peat-cutting operations continue to the south of 

Newton Arlosh Awards then it is likely that this gradient will increase, further contributing 

to water loss and dehydration of the area. 

Further investigation into apparent subsidence of the mire surface is necessary to validate 

the survey data, with more detailed re-survey and confirmation of the 1990 levels. Some 

natural re-establishment of surface gradients will occur where over-steepening of mire 

areas has resulted from peat removal. However, the implications of ground level change of 

this magnitude are extremely serious for both the remaining intact mire and regenerating 

areas, and for flow processes within the entire mire catchment. 
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Figure 28. Surveyed Ground Surface, 1990, Transect 1, dipwells N1 3-S 13 (m above false 

datum). 
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Figure 29. Surveyed Ground Surface, 2000, Transect 1, dipwells NI 3-S 13 (m above 
ordnance datum). 
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Figure 30. Newton Arlosh Awards surveyed ground surface levels, 2000, and adjusted 
1990 ground surface levels (m above ordnance datum). 
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Figure 3 1. Transect I and A 1,2000 surface level and recorded peat base (m above 
ordnance datum). 
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8. Discussion and Conclusions 

This study was introduced with the observation made by Verry et al (1988), that intact 

mires respond to recharge in a similar way to unregulated reservoirs. It was not feasible to 

test this assumption at Wcdholmc by recording strearnflow, however from examination of 

watertable fluctuation, recorded in both intact and disturbed zones, the mire appears to act 

much like a reservoir at or close to capacity. Long-term dipwell records (Section 5.1) 

reveal a watertable at or close to the surface of the intact Newton Arlosh peat dome over a 

six-year period, including the I 0-year drought of 1995 (figure 9). The same can be said for 

the adjacent abandoned cuttings in the post-drain blocking period. Given that the peat 

hydraulic conductivity recorded at this intact site was so low (0.0 1 -0.1 m/d from surface to 

Im deep) (Section 6.1), it is likely that a significant proportion of recharge will not enter 

the peat to instigate sub-surface exchange in storage and form the delayed flow portion of 

the storm hydrograph. Instead it will remain above ground forcing rapid surface run-off 

and near-surface exchange, forming a quick-flow response from the site. Fojt's (1983) 

investigation of the ecohydrology of Gors Goch, Mid Wales, discriminated between two 

types of hydrograph response: true peaks 'represent a maximum watertable maintained for 

a short period' during which rapid 'near surface saturated exchange divert further 

groundwater increases towards the runoff strearn'; flattenedpeaks were observed when the 

hydrograph formed an extended plateau which 'most often occurs when the watertable 

emerges at the surface' and 'inputs equal outputs'. The falling limb of the hydrograph is 

governed by 'the propensity of the peat to release moisture'. 

Where local topography confines potential run-off, surface water will accumulate. This 

process is observed in the abandoned cutting intersected by transect 1. The generally low 
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surface gradient and locally uneven topography created by past peat cutting practices, 

results in the impounding of surface water following the prevention of artificial drainage 

by blocking and damming the channels. This cutover area has effectively become a 

reservoir. 

The abandoned cutting area of transect I corresponds to area A (figure 8), of the intensive 

study area described in Section 5.3. Comparison of transects installed in area A with those 

in area B, to the west of the active cutting fields, reveals a much more irregular surface 

pattern at B, with some obvious pool features. However, with the exception of the 

immediate area of these pools, area B is both drier in general, and has a more rapidly 

fluctuating watertable. Both areas have locally steep surface gradients adjacent to the 

boundary drain and active cutting face (A = 1: 66, B=1: 80), while the extended A 

transects cover a slightly steeper surface than those at B (A = 1: 110-1: 130, B=1: 120- 

1: 385). The hydraulic gradients across both areas are clearly orientated towards the cutting 

area. Peat removal in area A has been more extensive than at B, so that it may be 

anticipated the deeper and more intact mire at B would have remained wetter than the 

heavily exploited A. However monitoring in both areas (Section 5.3) confirmed anecdotal 

evidence that area A is actually much wetter. Alternative explanations for the dehydration 

of area B include subsurface factors that cannot be easily observed such as contiguous 

subsurface weaknesses allowing preferential discharge - the 'peat-pipes' observed by 

Holden (2000) in North Pennine blanket peat - and differences in the pattern of 

disturbance. The dry ridge-wet cutting surface pattern and similarities in the regularity of 

watertable fluctuations compared to the other areas, do not point specifically to preferential 

subsurface flow at B. Therefore it is more likely that the pattern of disturbance, in 

particular the orientation of the abandoned cuttings down slope towards the active cutting 
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area, which explains the apparent dehydration at B. There is no doubt that this will increase 

runoff in the low-lying areas where surface water has been seen to accumulate (figure 23), 

and where erosion features have been observed in the field. Fojt (1983) also observed 

erosion features at Gors Goch, and identified such erosion and subsidence due to 

dehydration as the main threats to the upland mire. 

The hydrology of the abandoned cutting areas are in stark contrast to the stability of the 

intact mire, which barely fluctuates throughout the year, the exception of extreme storm 

events that produce surface water and must result in overland flow. This response was 

examined in detail in the intensive monitoring program described in Section 5.2, where the 

watertable response to rainfall was recorded on weekly basis in transect bisecting the 

southern lobe and a 20-minute basis in selected wells, over a three-year period. The weekly 

dipwell readings from the intersecting transects 4 and 5, crossing the intact southern lobe 

indicate very little seasonal fluctuation. Watertable readings show that all wells more than 

50m from the boundary drain fluctuated less than I lcm during the entire monitoring period 

(figure 17). The records also indicate that during this period the watertable was at or above 

the mire surface for the majority of transect 4 and a large portion of transect 5. The wells 

within 50m of the boundary drain channel have a deeper watertable (up to 0.7m below 

ground) and fluctuate more in response to rainfall (up to 0.5m annually), reflecting both 

greater through-flow and draw-down influence of the drain itself (figure 16). This 

corresponds to the fluctuation observed by van de Schaaf (1999) at Raheemnore and Clara 

Bog, where the watertable in the central areas had a maximum fluctuation of 0.2m rising to 

0.5m in marginal and disturbed areas. The almost instantaneous response of the watertable 

recorded using pressure transducers at Wedholme confirms this pattern and indicates that 

dipwell water levels in the southern lobe influenced by drainage can be clearly identified 
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(figure 18). Again, away from the drain, the combination of low hydraulic conductivity 

(Section 6.1), lack of fluctuation and a watertable position at the surface indicates near 

surface processes and runoff must account for the redistribution of recharge (Section 6.2). 

Fojt (1983) observed a similar response to recharge in areas of differential disturbance at 

Gors Goch. The maximum watertable response to rainfall was recorded in the disturbed 

areas (specifically the areas 'eroded' and 'front') with a hydrograph characterised by 

'peaks', whilst the watertable fluctuation in intact areas (referred to as 'back acid' and 

'back carex') was much reduced and produced 'plateau' hydrographs. This was explained 

by wetter antecedent conditions and a lower available storage capacity that was 'quickly 

exhausted' during recharge, producing prolonged near surface and overland flow. 

Once the watertable has reached the surface and effective 'overflow' has been instigated, 

further rise cannot be easily recorded, and although water may continue to pond at the 

surface, runoff will be instigated but not recorded. This was a feature of acrotelm 

monitoring at Trough End (Chapters 5 and 6). In the disturbed location dipwells of 

Wedholme, especially those in dry ridge features, the antecedent watertable is likely to be 

so low that it is possible to record continuous rise in responses to rainfall for some time 

before storage potential is exceeded. 

Fine temporal scale monitoring of water levels also highlights the contribution of 

evapotranspiration to the water balance. The diurnal fluctuations observed during dry 

periods (figures 20 &2 1) indicate a watertable fall of up to I cm in 24 hours (similar to that 

recorded by Fojt, (1983)). Potential evapotranspiration estimates for the mire, calculated 

for early summer, range from approximately 0. l5cm, to 0.25 cm per day and so could not 

account for the entire observed fall in water table for such a period. The fall may also be 
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due to redistribution of water stored in the peat matrix. Hydraulic conductivities recorded 

in the intact mire below 0.5m (figure 250 are around ten times smaller than this fall, so 

that any redistribution is likely to occur above this depth where conductivities of up to 

70cm per day were recorded. 

Redistribution of recharge at the site, whether as surface water flow or subsurface 

exchange is certainly influenced by the mire form and slope of the existing surface. The 

surface gradient is much steeper in the abandoned cuttings (1: 110-1: 385 in A& B) than in 

the intact mire (1: 2500 in the southern lobe). As the watertable remains close to the surface 

along the transects observed, if follows that the hydraulic gradient will be of a similar 

order, so that according to the Darcy equation, potential discharge will be greatly increased 

in the abandoned cuttings. This difference in water holding capacity of intact versus 

disturbed mire goes some way to accounting for the disparity in wetness of sites receiving 

equivalent recharge. 

The aim of restoration is to return abandoned peat cuttings and drained areas to a similar 

condition to that of the intact mire. In most simple terms this is achieved by attempting to 

make the disturbed area as continuously wet as is possible to halt the general trend of 

dehydration of the mire instigated by drainage and peat removal. If this can be reversed it 

is supposed that vegetation communities approaching those of the intact mire will become 

established, and eventually peat formation will recommence. The initial exploratory survey 

of Wedholme vegetation assemblages, carried out to identify different levels of disturbance 

and regeneration revealed distinct zones. These were confin--ned when species were 

grouped according to the National Vegetation Classification (NVC) of mire communities 

described by Rodwell (199 1). The almost flat intact area of the southern lobe emerged 
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effectively as a mire plateau, in the form described by van der Molen (1992), as found in 

Irish raised mires. In this area the hummock-hollow complexes (M 18) with clear 

microtopographical differentiation of Sphagnum species were interspersed with wet 

hollows (M2b) where the microtopographical range was less well defined. These 

assemblages can be identified as the 'target' vegetation communities for mire restoration. 

They are found at Wedholme in a typically stable hydrological environment, with a 

permanently high watertable, limited fluctuation and low hydraulic gradient. Similar 

communities were found to be characteristic of intact mire areas of Raheenmore and Clara 

Bog by van der Schaaf (1999) The contrast in hydrology of the abandoned cutting areas 

produces two distinct vegetation types. Firstly dry heath communities (HI, H9) typical of 

free draining sites and distinguished by the extent of the Calluna canopy and diversity of 

additional ericoid shrubs, occasional grasses and sedges. Van der Schaaf (1999) also 

describes Talluna vulgaris dominated margin sites with deep phreatic levels and large 

fluctuations'. At Wedholme, the other extreme of the disturbed site hydrology, the deep 

pools created in the blocked drainage channels have been colonised by Sphagnum 

cuspidatum, in some cases by propagation, creating M2 bog pools. 

The communities surveyed in the 'regenerating' cutover mire, whilst sharing some species, 

are quite different to those found at the intact sites. Whilst a great deal has been achieved 

in the colonisation of large abandoned cutting areas, it is doubtful given the existing 

hydrological differences, that many of the regenerating areas can form the target 

communities. The intermediate zones between abandoned peat cuttings and intact mire, 

where only preliminary drainage was instigated show more promise, and have largely 

returned to the target communities, as observed in the upper region of transect C. Some 

isolated areas within the extensive abandoned cuttings have maintained poor raised mire 
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(M19) and blanket bog (M20) communities, in many cases occurring on the ridges between 

cuttings. These areas offer hope for the improvement of the surrounding cuttings if wetness 

can be maintained through the dry periods, which otherwise benefit heath communities. 

The key differences between these areas have to be the speed of water removal and the 

potential for removal created by both structural weakness in the remnant peats, and the 

relatively high surface and hydraulic gradients. In the remaining bare peat areas there is 

clear evidence of surface water flow with obvious erosion features. The combination of 

exposed low conductivity catotelm peat and locally high surface gradients must exacerbate 

runoff and will prevent the establishment of all but the least desirable vegetation species 

(such as Molinia caerulea). These factors must be controlled or removed if the chances of 

mire regeneration in these most disturbed areas are to improve. In many cases, such as the 

reversal of subsidence, this is likely to involve considerable input and expense. 

Topographical survey data suggests that the 'intact' surface of the Newton Arlosh Awards 

has subsided by up to 0.3m over the last decade, equivalent to nearly 5% of the 1991- 

surveyed peat depth. It has been stated that confirmation of the survey data is critical to 

future management of this area, however according to data presented by van der Molen 

(1975), Egglesmann (in van der Schaaf, 1999) and van der Schaaf (1999), this is not an 

unprecedented fall. In 'thick peat layers' van der Molen (1975), observed subsidence due 

to mire drainage of 0.5-Im within 10 years. Although the drain bounding the Awards and 

adjacent abandoned cutting was blocked in 1992, watertable records show it is still 

effectively acting as a sink. (Section 5.1). Schothorst (1982) reported high levels of 

shrinkage in the upper layer of cultivated Dutch peatlands, with watertable lowering by 

drainage of around 0.5m resulting in subsidence of 1.4m over ten years. In grazed fen peats 

with watertables at 0.2m below ground, Schothorst reported a subsidence rate of 0.002m a 
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year and 0.005ni/year where the watertable was between 0.05-1m below ground. 

Egglesmann (cited in van der Schaaf, 1999) gives subsistence values of 20-35% of the 

original peat thickness from a range of German sites. Recent levelling data (1982-199 1) 

reported by van der Schaaf (1999) for Clara bog, in the Irish Midlands, a site with many 

similarities to Wedholme Flow, indicates a differential rate of subsidence between central 

mire (Clara West) and marginal areas (Clara East) of 0.0 1 5m/year and 0.04m/year 

respectively. At a maximum of 0.3m in areas of lowest watertable, the apparent 

subsidence of the Newton Arlosh Awards falls well within the reported range for similar 

sites. This must not be dismissed as a survey error and should be prioritised in any further 

research program at the site. 

In conclusion: 

* The intact areas of Wedholme react to recharge in a similar manner to an overflowing 

reservoir, produced by a moderated quick-flow process within the mire acrotelm. This was 

confinned by dipwell records. 

* The role of the acrotelm is critical to both storage and quick-flow in the intact mire. 

# The acrotelm is largely absent from the disturbed zone and flow processes here are 

much more localised. 

# Some form of acrotelm, either natural or artificial must be established before mire 

function can begin, with peat formation and the associated vegetation. 

# Shrinkage and cracking features are present in the disturbed areas adjacent to current 

peat cutting face and indicate structural weakness in the peat. 

# Exposure of low conductivity catotelm peat and artificially high gradients have resulted 

in erosive overland flow in the abandoned cutting areas, particularly close to the boundary 
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drain. Regeneration of these highly disturbed areas can only be successful with reversal of 

these processes. This would entail intervention to reduce the gradient and limit overland 

flow, potentially by re-profiling and bunding. 

* Water loss to the cutting area must be reduced in order for desirable vegetation 

communities to establish. 

* Continued peat extraction and associated intensive drainage of adjacent areas can only 

exacerbate water loss and mire dehydration. 

* The observed potential subsidence of the mire surface, both intact and disturbed, has 

serious consequences for both restoration and catchment management. 

The data collected throughout this monitoring program have been employed in a 

hydrological model for the site. Chapter 4 describes this process. 

189 



References 

Ahuja, LR, Naney, JW, Williams, RD, 1985, 'Estimating Soil Water Characteristics from 

Simpler Properties or Limited Data'. Soil Science, vol. 49, pp. 1100-1105. 

Allen, RG, Pereira, LS, Raes, D, Smith, M, (1998) Crop Evapotranspiration: Guidelines for 

computing crop water requirements. FAO Irrigation and Drainage Paper 56. FAO, 

Rome. 

Allen, RG, (2000) REF-ET: Reference Evapotranspiration Software for FAO and ASCE 

Standardized Equations. Version 2.0 for Windows. University of Idaho. 

Boelter, DH, (1965) The Hydraulic Conductivity of Peats. Soil Science. 100(4): 227-23 1. 

Bay, RR, (1969) Runoff from small peatland watersheds. Journal of Hydrology. 9: 90-102. 

Brooks, KN, (1988) Hydrological impacts of peat mining. Chapter 18, pp. 160-169. In: 

Hook, DD, (Ed. ) The Ecological Management of Wetlands. Vol. 2: Management, 

Use and Value of Wetlands. Croorn Helm/Timber Press, Oregon. 

Burt, TP, Heathwaite, AL, Labadz, JC, (1990) Runoff production in peat-covered 

catchments. In: Anderson, MG, Burt, TP, (Eds. ) Process Studies in Hillslope 

Hydrology. Wiley, Chichester. pp. 463-500. 

Carman, PC, (1939) Permeability of saturated sands soils and clays. Journal of Agricultural 

Science. 29: 262-273. 

Cooper, A, McCann, T, (1995) Machine cutting and land-use change on blanket bog in 

Northern Ireland. Journal of Environmental Management, 43: 153-170. 

Dai, TS, Sparling, JH, (1973) Measurement of hydraulic conductivity in peats. Canadian 

Journal of Soil Science, 53: 21-6. 

English Nature (1995) South Solway Mosses National Nature Reserves Management Plan: 

Wedholme Flow. English Nature. 

190 



Fojt, WJ, (1983) Investigations into the Vegetation and Hydrology of Gors Goch, an 

Upland Mire in Mid Wales. PhD Thesis, Department of Geography, Kings College, 

University of London. 

Frevert, RK, Kirkham, D, (1948) A field method for measuring the permeability of soil 

below the water table. Proc. Highways Research Board, 28: 433-42. 

Galvin, LF, Hanrahan, ET, (1967) Steady state drainage flow in peat. National Research 

Council, Proc. Highways Research Board, 230: 77-90. 

Hill, MO, (1992) TABLEFIT: a program to identify types of vegetation by measuring 

goodness-of-fit to association tables. Version 0.0. Institute of Terrestrial Ecology. 

Holden, J, (2000) Runoff production in blanket peat hydrology. PhD Thesis, University of 

Durham, UK. 

Ingram, HAP, (1967) Problems of hydrology and plant distribution in mires. Journal of 

Ecology. 55: 711-724. 

Ingram, HAP, (1978) Soil layers in mires: function and terminology. Journal of Soil 

Science. 29: 224-227. 

Ingram, HAP, (1982) Size and Shape in Raised Mire Ecosystems: a geophysical model. 

Nature. 297: 300-303. 

Ingram, HAP, (1983) Hydrology. In: Gore, AJP, (ed) 'Mires: Swamp, Bog, Fen and Moor. 

General Studies. Elsevier, Oxford. 

Ingram, HAP, Bragg, OM, (1984) The diplotelmic mire: some hydrological consequences 

reviewed. Proceedings of the International Peat Congress, Dublin, June 1984, 

Volume 1: 220-234. International Peat Society, Helsinki, Finland. 

Irwin, RW, (1970) Soil water characteristics of some Ontario peats. Proc. of Yd Inter. Peat 

Congress, Quebec, 1968. p. 219-23. 

191 



Ivanov, KE, (19 8 1) Water Movement in Mirelands. Academic Press. pp. 276. In translation 

from original: (1975) Vodoobmen v bolotnykh landshaftakh. Gidrometeoizdat, 

Leningrad. 

Jarvis, RA, Bendlow, VC, Bradley, RI, Carroll, DM, Furness, RR, Kilgour, INL, King, SJ, 

(1984) Soils and their use in Northern England. Soil Survey of England and Wales, 

Bulletin No. 10. Harpenden. 

Kirkham, D, (1946) Proposed method for field measurement of permeability of soil below 

the water table. Soil Science Society of America Proceedings. 10: 58-68. 

Move, B, Bengtsson, L, (1999) Runoff generation in a plough-drained cutover fen in 

Central Finland. Journal of Hydrology. 218: 157-168. 

Lindsay, RA, Rigall, J, Burd, F, (1985) The use of small scale surface patterns in the 

classification of British Peatlands. Aquillo, Seria Botanica, 21,69-79. 

MacAlister, CR, (1996) Hydrological Assessment and Modelling of Raised Mires. Case 

Study: Wedholme Flow, Cumbria. MSc Thesis, University of Newcastle upon 

Tyne. 

Masing, V, (1982) The plant cover of Estonian bogs: a structural analysis. In: Frey, T, 

(Ed. ) Peatland Ecosystems. Estonian Contributions to the International Biological 

Programme, No. 9, Tallinn, Academy of Sciences of the Estonian SSR. 

Mawby, F, (1995) Effects of Damming Peat Cuttings on Glasson Moss and Wedholme 

Flow, Two Lowland Raised Bogs in North-West England. In: Wheeler, BD, Shaw, 

SC, Fojt, WJ, Robertson, RA, (Eds. ) Restoration of Temperate Wetlands. Wiley, 

Chichester. 

Mawby, pers. com., 2001 - Warden, South Solway Reserves, English Nature. 

Luthin, JN, Kirkham, D, (1949) A piezometer method for measuring permeability of soil in 

situ below a water table. Soil Science. 68: 349-358 

192 



Pdivdnen, J, (1973) Hydraulic conductivity and water retention in peat soils. Acta 

Forestalia Fennica, Helsinki. Volume 129. 

Panda, S, (2000) Measurement of evaporation from a lowland peat bog. MSc Dissertation, 

University of Newcastle upon Tyne. 

Reeve, RC, Kirkham, D, (195 1) Soil anisotropy and some field methods for measuring soil 

permeability. Trans. Amer. Geophys. Union, 32: 582-590. 

Rodwell, JS, (Ed. ) (1991) British Plant Communities. Volume 2: Mires and Heaths. JNCC, 

Cambridge University Press. 

Romanov, VV, (1968) Hydrophysics of Bogs. Translated from Russian by Israel 

Programme for Scientific Translation, Jerusalem. pp. 299. Original text, 

'Gidrofizika bolot', Gidrometeorologicheskoe Izdatel'stvo, Leningrad, 1961. 

Rycroft, DW, Williams, JA, Ingram, HAP, (1975) The transmission of water through peat. 

I. Review. Joumal of Ecology, 63: 535-555. 

Schothorst, CJ, (1982) Drainage and behaviour of peat soils. In: de Bakker, H, van der 

Berg, MW, (Ed. s) Proceeding of Symposium on Peatlands Below Sea Level. ILRI 

Publication, Wageningen. 30: 130-163. 

Smith, LP, Trafford, BD, (1976) Climate and Drainage. MAFF Technical Bulletin 34. 

HMSO, London. 

Sturges, DL, (1968) Hydrologic properties of peat form a Wyoming mountain bog. Soil 

Science. 106: 262-64. 

6rs, H, (1948) Mire vegetation in Bergslagen, Sweden. Acta Phytogeogr. Suec. 21: 1- 

299. 

Trimble (1997) Characterizing Accuracy of Trimble Pathfinder Mapping Receivers. 

Trimble Navigation Limited, Sunnyvale USA. 

193 



van der Molen, PC, (1992) Hummock-hollow complexes on hish raised bogs. A palaeo- 

actio ecological approach of environmental and climatic change. PhD Thesis. 

University of Amsterdam. 

van der Molen, WH, (1975) Subsidence of peat soils after drainage. In: Hydrology of 

marsh-ridden areas. Proceedings of Minsk Symposium, June 1972. Unesco Press, 

LARS, Paris. p183-186. 

van der Schaaf, S, (1999) Analysis of the hydrology of the raised bogs of the Irish 

Midlands. A case study of Raheemnore Bog and Clara Bog. Doctoral Thesis, 

Wageningen Agricultural University, Netherlands. 375pp. 

Verry, ES, Boelter, DH, (1975) The influence of bogs on the distribution of stream flow 

from small bog-upland catchments. Hydrology of Marsh-ridden areas. Proceedings 

of the Minsk Symposium, June 1972. UNESCO Press, IAHS, Paris. 

Verry, ES, Brooks, KN, Barten, PK, (1988) Strearnflow response from an ombrotrophic 

mire. Symposium on the Hydrology of Wetlands in Temperate and Cold Regions- 

Vol. 1. The Publications of the Academy of Finland. Helsinki. pp. 52-59. 

White, P, and Butcher, DP, (1994) Hydrological monitoring of rehabilitation work on 

lowland peatland NNRs: an evaluation. English Mature Research Report no 72. 

English Nature, Peterborough. 

Yamamoto, S, (1970) Study on permeability of soils. Memoirs of the Faculty of 

Agriculture Hokkaido University, 7: 307-411. 

194 



p endices Pp 

195 



Appendix I 

List of Vegetation Surveyed at Wedholme Flow. 

Sub-shrubs/trees/other: 
Andromeda polifolia 
Betula nana 
Calluna vulgaris 
Chamaenerion angustifolium 
Drosera anglica 
Drosera rotundifolia 
Erica tetralix 
Lotus pedunculatus 
Myrica gale 
Narthecium ossifragum 
Potentilla erecta 
Pteridium aquilinum 
Rubusfruticosus 
Rumex acetosa 
Stellaria holostea 
Faccinium oxycoccus 

Grasses: 
Agrostis capillaris 
Anthoxanthum odoratum 
Holcus mollis 
Molinia caerulea 

Bryophytes: 
Atrichum crispum 
Cladonia ciliata 
Cladonia coccifera 
Cladoniafimbriata 
Cladoniafurcata 
Cladonia portentosa 
Cladonia - other 
Hypnumjutlanticum 
Liverwort Spp. 
Sphagnum capillifolium 
Sphagnum cuspidatum 
Sphagnum magellanicum 
Sphagnum palustre 
Sphagnum papillosum 
Sphagnum recurvum 
Sphagnum rubellum 
Sphagnum tenellum 

Sedges/Rushes: 
Eriophorum angustifolium 
Eriophorum vaginatum 
Juncus effusus 
Rhynchospora alba 
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Appendix I 

Table A. I. Goodness-of-fit (%) to predetermined NVC communities calculated using 
TABLEFIT 

. - (D 
-C3 -0 
(U E 

NVC community 
mmm0 (0 -0 CM m Co m CD u3 U) LO C, 4 m- Co Co , C, 4 C: ) CD C, 4 

5.1 60 44 64 
5.2 69 63 671 
5.3 80 70 77 1 
5.4 60 83 64 60 
5.5 1 55 58 52 
5.6 58 56 73 1 
5.7 59 63 52 
5.8 62 70 62 
5.9 56 51 71 
5.10 70 79 59 
5.11 63 71 75 63 
4.1 50 65 43 
4.2 52 64 57 
4.3 64 60 174 47 1 
4.4 61 61 85 1 92 69 
4.5 72 170 61 
4.6 65 65 61 
4.7 73 75 178 83 66 
4.8 61 73 76 64 1 
4.9 59 75 82 63 
A 48 59 51 62 54 
B 170 60 74 1 
C 51 57 53 54 155 49 45 
D 54 49 50 47 
E 39 60 73 52 52 
F 

_ - 
76 83 60 51 

G I 1 72 1 173 186 63 1 
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Appendix 11 

Table A 3. Comparison of mean acrotelm storage coefficients calculated from both daily 
manual records and logged dipwell water level fluctuations with rainfall and water level 
recorded at 20-minute intervals. A minimum of ten periods was used to obtain the each 
mean value. 

Dipwell Daily records Logged levels 

5.1 0.248 0.184252 

5.2 0.227 0.238164 

5.3 0.367 0.05177 

5.6 0.641 0.369747 

5.7 0.574 0.335588 

4.1 0.951 0.570404 

4.2 0.627 0.575421 

4.3 0.693 0.561984 

4.4 0.771 0.816317 

4.5 1.100 0.761355 

199 



Chapter 4. Modelling hydrological processes in a lowland raised mire: 
implications for restoration management. 
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Modelling hydrological processes in a lowland raised mire: 

implications for restoration management. 

Charlotte R. MacAlister', John W. Gowing 
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NEI 7RU, UK. 1 corresponding author: charlotte. macalister rcincl. ac. uk 

Abstract 

Mire restoration management relies largely on the manipulation of groundwater levels - in 

practice drain blocking. In many cases understanding of hydrological fluxes within the system 

may be limited and so the outcome of water level management both for acrotelm (near 

surface) hydrology and adjacent land use may be uncertain. Clearly the ability to predict the 

potential impacts of hydrological manipulation, not apparent in the short term, would be an 

advantage to site managers particularly where adjacent sites are subject to conflicting 

management practices such as conservation and peat cutting. This requires site data at a range 

of temporal and spatial scales, and a model capable of reproducing site hydrological 

behaviour to a good degree of accuracy. 

The hydrological practices generally applied in mire restoration management are outlined and 

several hydrological models previously applied to mire systems are considered, including the 

3-D groundwater model, MODFLOW (USGS). The applicability of MODFLOW to raised 

mire hydrology is tested using hydrological, meteorological and topographical data collected 
from the field site, Wedholme Flow (SSSI, NNR, cSAC), a lowland raised mire nature reserve 
in NW Cumbria, subject to both restoration management and peat mining. It is established 

that the model outputs provide a good fit (>95%) to observed hydraulic heads from both intact 

and cut over mire areas. The model is then applied to two areas of mire, both adjacent to an 

active peat cutting face but each exhibiting a different response to re-wetting practices. The 

implications of model simulations for mire restoration of different cutting regimes and 

management scenarios are examined. 
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1. Introduction 

Within the UK peatlands cover more than 1.5 million hectares or 6.5% of the total area, of 

which raised mires represent a small portion (Taylor, 1983). Despite their proportionally 

small surface area within the UK, mires influence flow patterns in the catchments of most 

major British rivers (Burt et al., 1990). Raised mires are largely terrestrial ecosystems 
(although they may contain areas of open water) in which high watertables maintain an 

anaerobic environment close to the surface allowing partially decomposed plant material to 

accumulate. As this material (peat) accumulates over time the surface of the mire is raised 
following the convex watertable. The gradient of the watertable steepens towards the edge of 

the mire as recharge to the high porosity, low conductivity peat continues over time. The 

large volumes of peat contained in mires provide an easily extractable and extensively 

exploited carbon source utilised as a fuel and a horticultural substrate. Estimates of the 

remaining UK mire area vary widely though all indicate a severe decline in functional mires. 
Joosten and Clarke (200 1) estimate that in the UK existing mires represent only 10% of their 

former extent. The National Peat Resource Inventory (NPRI) states that 6% of near natural, 

primary raised bog remains of an original 70,000ha (Lindsay & Immirzi, 1996). The Royal 

Society for Nature Conservation estimate that only 5% of the 1850 total of 85,000 ha remain 
intact (RNSC, 1990). Whilst raised mires are now widely recognised as a valued habitat for 

many threatened species of flora and fauna, they are themselves in severe decline. 

The recognition of the ecological value of wetlands around the world, along with the 
designation and protection of 1060 sites under the Rarnsar Convention, of which 35% are 

peatlands (current to April 2001), has lead to extensive 'restoration programs'. Raised mire 

restoration management practices have relied largely on the crude manipulation of ground 

water levels. The imposition of a high ground water level by drain blocking, effectively 
impounding water in some areas whilst reducing inputs to others, is in many cases undertaken 

with inadequate understanding of hydrological fluxes within the system. In most cases the 
frequency and depth of open water features increases with drain blocking (MacAlister & 

Parkin, 1998)1. Primary data collection may include periodic monitoring of groundwater 
levels (within the catotelm) but in most cases very little is known about near surface 
hydrology within the ecologically active, periodically aerobic zone or (the acrotelm). The 

1 Chapter I 
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recharge-discharge function of the system is rarely investigated. Whilst many intensive and 

often expensive 'wetland restoration' programs are motivated by ecological concerns they 

may result in widespread and potentially unforeseen consequences for wetland ecosystem 
dynainics. 

In many cases, mire sites managed for conservation purposes are also adjacent to actively 
drained areas such as peat cutting faces, which are essentially peat quarries. The continued 

existence and hydrological function of mires depend on the maintenance of a positive water 
balance. The foremost hydrological features and contributing functions of both ombotrophic 

mires in a natural state and mires that have been disturbed by peat mining are summarised in 

Table 1. An extensive review of the hydrological processes of intact mires is provided by 

Ingram (1983) and by van der Schaaf (1999), and the hydrological impacts of peat mining are 
described by Brooks (1988). Ombotrophic mires differ from minerotrophic peatlands, such as 
fens, by virtue of their isolation from regional aquifers, receiving only atmospheric inputs. 

The hydrological features of other types of peatland have been described by previous studies, 
for example forested swamps (Devito et al, 1996). 

Table 1. Hydrological features of intact and cut-over mires. 
Feature: Intact mires: Actively mined mires: 
Watertable High watertable with flooding of topographical Watertable shallow but lowered by drainage - 

lows no flooding 
Interception Densely vegetated surface layer - high All vegetation removed - zero interception 

interception 
Stream length Highly variable n-dcro-topography created by Extensive drainage channel network with long 

living vegetation and its accumulating remains stream length intersecting bare peat surfaces 
- short and irregular stream length in tortuous 
but extensive temporary networks 

Surface Lack of macro-topographic relief - low surface Surface gradients increased with peat surface 
gradient gradients re-profiled to increase hydraulic efficiency of 

water removal to drainage network 
Evapo- Annual evapotranspiration totals greater than Evapotranspiration much reduced by lack of 
transpiration stream-flow discharge vegetatio and lowered watertable 
Surface flow Flow limited in low conductivity, low Surface layer removed and catotelm. flow 

hydraulic gradient peat mass (catotehn) - induced by increased hydraulic gradients 
discharge routed via aerobic surface layer within intensive drainage network 
(acrotelm) 

Low flow Low flow virtually absent when watertable Low flow maintained by pumping if necessary 
reduced by evapotranspiration 

Storm flow Storm flow determined by watertable depth Storm flow determined by watertable depth 
with overland flow in microtopographical and overland flow increased by profiling of the 
network when watertable high - time to storm soil surface to facilitate runoff 
peak increased by depressional storage II 
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A third class of mire hydrology can be identified where peat removal at a previously mined 

mire surface has ceased and the drainage network is no longer maintained. In the case that site 

management aims to re-establish the hydrological functions of an intact mire for conservation 

purposes, it must first overcome the hydrological features developed by peat cutting practices. 
A rejuvenating site will inherit hydrological functions designed to desiccate peat and without 
the intervention in the mechanisms of these processes, for example re-profiling to reduce the 

gradient of a previously steepened surface, rewetting of the peat and re-establishment of a 
functioning acrotelm will prove difficult. The principals of restoration of damaged mires are 

reviewed Section 2. 

The ability to predict the potential impacts of hydrological manipulation of a mire zoned for 

restoration would certainly increase the likelihood of success of rewetting programs and may 
also reduce site management costs. This requires a model capable of reproducing site 
hydrological behaviour within the heterogeneous, anisotropic peat, to a good degree of 

accuracy. Along with model formulation, the accuracy of model outputs will depend on the 

quality of real site data input into the model. Validation of the spatial and temporal model 

predictions requires site data of equivalent scales. It should also be noted that the scale on 
which hydrological phenomena are reported is often quite different to ecological 'behaviour'. 

Therefore where attempts to draw functional links between hydrology and ecology are 
anticipated, scale issues should be considered closely. 

This paper outlines the principals of hydrological restoration of damaged mires. The models 
currently available for use as predictive tools by mire mangers are reviewed. The numerical 
model MODFLOW (McDonald and Harbaugh, 1988) is selected and tested at the field site 
Wedholme Flow. The validated model is applied to two areas of the mire previously subject 
to peat extraction and currently under restoration management, largely in the form of drain 
blocking. The disparity in recovery rate between the sites is explained in terms of 
groundwater discharge from the two areas to the adjacent cutting area. The model is also used 
to examine the potential impact on the mire reserve of continued peat extraction from the 

current cutting area. 
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2. Principals of mire restoration management 

The designation of Wedholme Flow as a Special Area of Conservation (SAC) under the 

European Habitats Directive requires English Nature, as the conservation body of the UK 

government, to maintain the ecological integrity of the site and to prevent adjacent activities 
from j eopardising this aim. The maintenance of the raised mire complex includes areas 

previously utilised for peat extraction and now abandoned. These cut-over areas must be 

managed to prevent both their own further degradation and that of the surrounding intact 

mire. 

Hydrologically, cut-over mires more closely resemble active peat cutting areas (Table 1). 

Management intervention must reverse the trend of dehydration to prevent its inevitable 

spread to surrounding intact areas. This applies especially to the degenerate vegetation 

communities that colonise the abandoned cuttings. These invasive species often have higher 

water use than ombotrophic mire species and represent a threat to the both the ecological and 
hydrological integrity of the intact mire. Restoration management attempts to reverse these 

trends by rewetting the peat body, by the establishment of raised mire vegetation 

communities, and by essentially recreating a regenerating acrotelm in which peat can 

accumulate. As with any severely damaged habitat, it is rarely possible to return it to its 

original condition. Wheeler and Shaw (1995) state 'in the case of a bog damaged by peat 

extraction, it may be possible to repair or regenerate a bog by restoring conditions similar to 

those under which it originally developed and hence to encourage the return of typical raised- 
bog species'. This is the aim of restoration management. 

Restoration of degraded raised mires requires management action to: 

1. improve the retention of acidic, nutrient poor precipitation; 
2. encourage water-logging; 
3. stabilise water levels and reduce watertable fluctuation; 

4. reduce erosion by surface runoff; 
5. prevent contamination by inputs of potentially mineral enriched water; 
6. aid establishment of desirable bog plants particularly Sphagnum moss species. 
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This paper uses numerical modelling to examine the processes that determine the success of 

points 1-4. The practices generally employed to achieve these aims include: 

* ditch blocking and damming to elevate watertables 

# bunding to reduce runoff, inundate the surface and elevate the watertable 

4 designation of buffer zones, within or external to the mire, in which the watertable is 

managed 

* redistribution of water within the site 

* mechanical re-profiling of the peat surface to reduce the surface and hydraulic gradients 

and discourage structural failure of the peat body 

The last two practices listed are less common. Redistribution of water around the site, or the 

provision of a supplementary water source may be expensive and non-sustainable often 
involving the use of diesel pumps. This practice has been employed at degenerate raised mire 
in the UK (for example at Thorne and Hatfield Moores Reserve), to force rewetting and allow 

preferred vegetation communities to establish. Where this process is necessary to initiate 

rewetting, fossil fuel energy sources can be substituted with non-consumptive methods such 

as wind pumps. Re-profiling is increasingly recognised as a valuable way to establish good 

starting conditions for restoration (MacAlistcr & Mawby, 2001), although removing 

vegetation and moving large volumes of peat may be seen as controversial within nature 

reserves already subject to widespread disturbance. It also raises concerns over the 
disturbance of the paleoarchive, even in highly disturbed aread. The wetting of buffer zones 

and the potential for flooding of adjacent land may also cause conflict and must be carefully 

managed. 
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3. Review of existing models 

Several attempts have been made to model mire hydrology in the past. These have included 

(though not exclusively) the Groundwater Mound Model developed by Ingram (1982); the 

application by Schouwenaars (1990) of the one-dimensional agrohydrological model 
SWATRE (Belmans et al, 1983) to wetlands and the later addition of a surface inundation 

component (Spieksma & Schouwenaars, 1997); and the application of MODFLOW (Bromley 

& Robinson, 1995). 

The Groundwater Mound Model (Ingram, 1982) makes steady state predictions using an 

analytical solution. It equates the geometry of the groundwater mound (described by the 

equation for an ellipse) to the ratio of net recharge to hydraulic conductivity, effectively 

giving a solution to the Laplace equation (Freeze & Cherry, 1979, Bear & Verruijt, 1990). It 

was validated by approximating the surface dimensions of Dun Moss, Tayside, where the 

'surface' was taken to be the upper limit of the watertable, and makes several simplifying 

assumptions: 

1. The mire boundaries must conform to predetermined geometric dimensions, where 
boundary conditions are continuous fixed heads. 

2. The mire must be entirely independent of regional ground and surface hydrology. 

3. Vertical and horizontal hydraulic conductivity must be homogenous. 

As the model provides a steady state simulation all inputs must equal outputs, not allowing for 

any depression or surface storage. The upper limit of the model is the groundwater table, 

effectively modelling only the catotelm, so that surface water and evapotranspiration must be 

accounted for by adjusting the net recharge (MacAlister & Parkin, 1998). 

The numerical transient state, agrohydrological model SWATRE (Belmans et al, 1983) 

calculates interception, evaporation and transpiration using crop factors and outputs the 
distribution of soil water within a soil profile calculated using the equations for saturated and 

unsaturated groundwater flow. In the application of SWATRE to wetlands Schouwenaars 

(1990) noted that open water, particularly ditch levels, could not be included and that once the 

storage capacity of each cell had been reached, surplus was lost immediately over estimating 
discharge. Consequently Spieksma and Schouwenaars (1996) developed a 'quasi two- 
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dimensional' surface inundation component allowing horizontal flux between the soil profile 

and open water, so that water can accumulate in drainage channels. They conclude that the 

quasi 2-D approach improves upon SWATRE outputs, with the inclusion of the capacity of 

areas of surface inundation to buffer of groundwater fluctuations, whilst the estimation of 
discharge still remains a problem. 

The US Geological Survey modular finite-difference groundwater flow model, MODFLOW- 

88 (McDonald & Harbaugh, 1988), was applied to Thorne Moors (NNR), Yorkshire, by 

Bromley and Robinson (1995) in an attempt to predict the effect of peat cutting on the 

hydrology of the adjacent nature reserve. The model, written in Fortran code, simulates three- 

dimensional groundwater flow through heterogeneous, anisotropic material. As the model 

applies a finite difference solution, the principal axis of hydraulic gradient must be aligned 

with the co-ordinate axis (Bear & Verruijt, 1990), whilst the geometry of the model region 
itself can be irregular in all three dimensions. The accuracy of the model representation of 
irregular geometry will depend on the grid dimensions and the constraints of numerical 

stability. Bromley and Robinson (1995) used MODFLOW to produce a range of head 

distributions at different distances from a peat cutting face, but they did not evaluate the 

modelled heads in relation to observed heads at the site. It is therefore difficult to assess the 

accuracy of the model predictions. MODFLOW-88 was also applied to an area of Wedholme 

Flow (MacAlister, 1996), using the pre- and post-processor graphical user interface (GUI), 

Processing MODFLOW (Chaing & Kinzelbach, 1993). However transient model 

convergence proved troublesome and heads produced during steady state simulations were 

unrealistic. 

In 1996 the USGS released an upgraded version, MODFLOW-96, with additional numerical 
flexibility, and software manufacturers subsequently released several extended GUI's. Given 

a degree of past success, and a greatly extended data set, it was decided to persevere with the 

application of MODFLOW to Wedholme Flow using the Waterloo Hydrogeologic interface, 

Visual MODFLOW (Waterloo Hydrogeologic, 1999). This package includes an additional 
numerical solution, and integrates easily with several GIS packages. 
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4. The field site 

A designated Site of Special Scientific Interest (SSSI), Wedholme Flow (NY220530) (Figure 

1), is the largest of the lowland raised mires which comprise the South Solway Mosses 

National Nature Reserve (NNR - UK), and recently designated as a Special Area of 
Conservation (SAC) hence requiring in statute, proactive restorative management. The area 
has a long history of peat cutting and parts of the 780ha site are still referred to as 'Awards', 

made to local parishes for peat-fuel which and utilised until the middle of the twentieth 

century (Mawby, 1995). During the nineteenth century landowners used drains to define 

boundaries within the bog. The current extent of today's site boundary is largely the result of 
drainage at the periphery during agricultural development. The current mire can be divided 

into primary, undisturbed mire (16.5%), regenerating, abandoned peat cuttings (39.7%), 

active peat workings, operated by Levington Horticulture, a subsidiary of the US based Scotts 

(20.5%), and marginal habitats including wet grassland and wooded fen (23.7%). In addition 

open water occupies large areas of the site, in the form of both seasonal pools (in the intact 

mire) and flooded, old drainage networks (abandoned peat workings). The site ranges from 

10 - 18m above ordnance datum. The 10year mean precipitation for the site is 896mm, with 

considerable variation including 567mm in 1996 and 1003mm. in 1999. 

Figure I was produced using digital data from photogrammetric maps of 1: 5000 aerial 

photographs. The differences in mire surface conditions and drainage regimes are clearly 
revealed by aerial photography (though clarity is lost in reduction of maps). At the end of 
September 1994 when photographs were taken, the abandoned cutting areas appear largely as 
open water. This reveals the extent of the deep pools produced by drain blocking and the 

subsequent inundation of lower lying areas between peat ridges, created by the screw 
levelling machine, which clears vegetation in preparation for mechanised sod-cutting (Cooper 
& McCann, 1995). The maintained drainage network of the peat cutting (by milling) area 
appears in distinct contrast to the largely intact mire areas to the north and south-west and the 
farmland occupying the high ground north-west of the weather station. The farmland is 
isolated hydrologically from the mire reserve by boundary interceptor drains. 
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Figure 1. Inset: Location of Wedholmc Flow (NY220530). Main: Three main surface conditions. hydrological 

transects. and automatic MET station. 
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The conservation site managers, English Nature, have observed that flooded, abandoned 

cuttings in area A to the north of the active peat milling face, appear to be rewetting more 

successfully than those in area B, between the farmland and western cutting boundary drain. 

Peat cutting in area A was far more extensive and continued until 1990, leaving 

approximately 1.5 to 2m of peat above the mineral sub-soil, whilst intensive drainage of peat 

in area B occurred between 1976 and 1985, with peat removal leaving broadly 7m of peat 

above the drift. A program of drain-blocking in order to re-establish high watertables has been 

ongoing at both sites over the last decade. An aim of this study was to employ a numerical 

model of mire hydrology using real site data to investigate potential water loss in both of 

these areas and to examine the potential impacts on the mire reserve of continued peat 

removal across the adjacent milling fields. 
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5. Data collection at Wedholme Flow 

The application of MODFLOW, the model selected to recreate hydrological processes at 

Wedholme, and validation of model outputs requires an extensive range of site hydrological, 

meteorological and geophysical data. Ideally a hydrological budget for the site should be 

completed and the physical properties, hence transmissivity of the peat substrate, should be 

characterised. 

5.1 Hydrological monitoring 
The assumption that the mire is ombotrophic relies on its isolation from hydrological 

exchanges with the regional ground and surface water systems. Peat cores removed during 

dipwell installation confirmed the mire is underlain by dense boulder clay of unknown depth. 

In some areas a thin layer of alluvial deposit was observed to overlay the glacial deposits that 

form the main extent of the subsoil. It was considered that any seepage across this layer 

would be negligible. Regional topography isolates the mire from any input of surface waters. 

Therefore monitoring of the mire hydrology has focused on internal exchanges and out flow 

from the site. 

Groundwater levels have been monitored since 1990 in a dipwell transect crossing the 

northern intact mire (area 1) and extending into the abandoned cuttings to the south. Twenty 

of the original twenty-six wells in transect I are still operational. In July 1998 two new 
dipwell transects (numbers 4& 5) were installed in the south-west lobe, (figure 1). This is the 

largest undisturbed area and is bordered to the north, south and west by main drainage 

channels and to the east by the abandoned cutting area. Twenty-one dipwells were installed 

in two perpendicular transects, with a total length of just under Ilan. In October 2000, an 

additional 48 dipwells were installed in seven new transects in areas A, B and C, with 

transects 1 and 4 extended across the adjacent cutover areas up to the active cutting face. All 

areas were surveyed using both automatic levels and GPS instruments, as a base station and 

rover (Trimble GPS Pathfinder Pro XRS). Data were subject to post-processed differential 

correction (DGPS) for further accuracy (Trimble, 1997). Dipwell co-ordinates, in the x, y, and 

z dimensions, were recorded so that well levels could be recorded relative to ordnance datum. 
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Perforated, 40min dipwell tubes were installed to the full depth of the peat and anchored in 

the underlying misdeal subsoil, which could also be related to ordnance datum. Dipwell 

water levels were read manually on a weekly basis from their installation until November 

2000, when recording ceased. Pressure transducers with data loggers were also installed in 

dipwclls at different locations across transects 4 and 5 from July 1999. Pressure transducers 

(model Druck PTX530) were employed with multi-channel data loggers (model Technolog 

Newlog Universal logging Module and 2 Channel Interface Unit). Five transducers and 3 

loggers were available. These were moved between wells in an attempt to charactcrisc short- 

term fluctuations across the area under different rainfall intensities. Moving the equipment 

was both difficult and labour intensive, and so moves had to be limited. The strategy most 
likely to yield useful results was judged to be spacing the transducers along one of the 

transects. The outputs could then be applied easily to model transects. 

No records are available for ditch water levels or flow rates. 

5.2 Meteorological Monitoring 

Precipitation has been recorded on-site (figure 1) in a manual rain gauge since 1990. In order 

to estimate evapotranspiration (ET), precipitation, net solar radiation, air temperature, 

humidity, and wind speed were recorded from March 1999, using an automatic weather 

station (Environmental Measurements) installed close to transect 5. The program, Ref-ET 

(Allen, 1999), was then employed to calculate Penman-Monteith values for potential 

evapotranspiration calculated according to the methodology outlined by Allen et al (1998). In 

an additional study, the ET values calculated using the program were compared with those 

produced using mini-lysimeters' and examination of watertable fluctuations (Panda, 2000). 

Recorded precipitation and Ref-ET calculated as net recharge for two periods are plotted in 

Figure 5a-b. 

During monitoring periods of short-term water level fluctuation, all data loggers recorded on 
20-minute intervals. 

1 Chapter 3, Section 4.2 

214 



5.3 Geophysical properties 
For the purpose of this study the mineral sub-soil that underlays the peat was considered to be 

impermeable. The hydraulic conductivity of peat within the catotelm was measured in the 

field at the main transect locations, by the Piezometer Method (Luthin and Kirham, 1949, 

Reeve and Kirkham, 1951, Dielman & Trafford, 1984), at depths of 0.5m, lm, 1.5m, and 2m. 

Below 2m, catotelm peat appeared homogenous. These depths were used to determine initial 

model layers and peat morphology within each layer was compared to the von Post scale of 

hurnification. The effective porosity of layers below 0.25m was estimated by the Kozeny- 

Carman Equation (AhuJa et al, 1985) for calculating soil hydraulic properties from limited 

data sets. The calculated values were comparable to values presented in associated literature 

(Boelter, 1965, Pdivdnen, 1973, Ingram, 1983). Given the similarity of the humification 

observations and the hydraulic conductivities, the literature values of total porosity were 

considered a likely approximation of the field situation. Approximations and estimated values 

were then examined and adjusted using sensitivity analysis during model calibration. 
Conductivity and storage coefficients applied during the model application are listed in Table 

2. 

The specific yield of the uppermost layer, the acrotelm, was estimated from the ratio of rise in 

watertable to net precipitation per rainfall event (Gilman, 1994, van der Schaaf, 1999). The 

storage values for the surface layer at various distances from the nearest drain channel are 
listed in Table 3. Within the model transect the (saturated) infiltration capacity of the 

acrotelm, defined as surface to -0.25m, and was measured in the field using a double ring 
infiltrometer. 
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6. The model transects and MODFLOW parameterisation 

Due to the intensive nature of data input required by MODFLOW and the need to characterise 
hydrological boundary conditions, three model zones were identified: 

1. Model transect 5 (Figure 2), encompasses the intact mire around dipwell transect 5 

and the interceptor drain bounding and farmland. This stable area of active mire was 

selected for the purpose of model testing and as a control to which disturbed mire 
hydrology could be compared. A model transect with dimensions 30m in 8 cells in the 

x-axis and 400m in 46 cells in the y-axis was delineated, making a total hydrologically 

active model surface area of 11610m 2. The z-axis has a minimum of zero representing 

ordnance datum, and a maximum of 14.5m AOD, divided into 7 model layers. Layers 

1-5 are of fixed dimensions determined by the levels at which soil properties were 

measured (Table 2). A sixth layer of equivalent properties to those from -2m was 

added to represent peat from -2m to the underlying mineral material. Layer 7, made 

up entirely of 'inactive' cells, representing the 'impermeable' layer of drift underlying 

the peat. No-flow boundaries were assigned to the south, east and west, of the model 

region. The drain bounding transect 5 to the north with the purpose of isolating it from 

the farmland, is roughly 1.5m. deep and 0.5m wide and largely vegetated. The 

Neumann boundary conditions imposed by the drain were best represented within the 

model as 'river' cells, where the riverbed and river stage elevation are specified along 
the full reach of the river. The thickness and hydraulic conductivity of the riverbed, 

and the width and reach of the river channel within each cell are represented by the 

conductance (leakage) of the riverbed. The eleven dipwells (5.1-5.11) within the 

transect area were included in the model as observation wells, with minimum screen 
depth at 0.5m below ground level (within the unconfined aquifer). 

2. Model transect A- IS (figure 3) extends from the blocked drain intersecting transect I 

(figure 1) over 460m of flooded abandoned cuttings of area A, across the arterial drain 

and over 400m of the active milling face, with 87 cells in the x-axis. The transect is 

30m wide, with 3 cells in the y-axis. Five layers were determined in the Z-dimension, 

with relatively shallow peat in the central region. No-flow boundaries were assigned 

around the entire model region, and with a river boundary representing the arterial 
drain separating the abandoned cuttings from the active milling surface. Given the 
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shallow peat at this point, the 2m arterial drain must intercept the mineral drift layer. 

The dipwells of transect 1 south and transect Al were included in the model transect 

as observation wells. Again, no data were available for the active peat cutting face and 
1994 topographic data were substituted, with observation wells assigned across the 

cutting face. 

3. Model zone B (Figure 4) was defined as the area of relatively dry, abandoned peat 

cuttings intersected by dipwell transects BI-3, and extending beyond the arterial 
drainage channel over 1 00m of active cutting face. No current data were available for 

the active cutting area but topographical data could be detennined from 1994 

photograrnmetric maps. The total hydrologically active area of the model was 
70000m2, with dimensions delineated as 350m in 41 cells in the x-axis and 200m in 20 

cells in the y-axis was delineated. Six layers were determined in the Z-dimension, 

from the 'inactive' drift layer to the acrotelm, of 0-0.25m depth. The 23 dipwells of 

transects B1 -3, were included in the model as observation wells and 3 additional wells 

were added to the active cutting area in order to observe potential heads created by the 

model. No-flow boundaries were assigned around the entire model region, with 'river' 

cells representing the maintained interceptor or arterial drains between the active and 

abandoned peat cuttings, which are approximately Im wide and 2m deep, with a bare 

peat surface. 
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Figure 2. Model transect 5 within tile intact southern lobe of the mire reserve. The dimensions shown are the 

model sub-region, with 0.1 ni contours. Dipwell transect 4 is also included, along with the location ofthc 

automatic weather station. 
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Figure 3. Model transect A in cross-section showing column 3 of the MODFLOW model region with a vertical 

exaggeration of x20 in the Z-dimension. The individual cells of the model transect are shown along with the 

'observation wells' which represent the field dipwells. The model region extends across the regenerating mire 

reserve into the simulated cutting face delineated from 1994 photogrammetric maps. 

Figure 4. Model area B with boundaries and dimensions corresponding to the MODFLOW model region. The 

'observation wells' which represent the field dipwells are shown including the 'simulated wells' within the 

cutting face delineated fi-orn 1994 photogrammetric maps, and the arterial drain which bounds the mire reserve. 
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The field recorded peat properties and estimated values assigned to each appropriate model 

cell are given in Tables 2 and 3. 

Table 2. Peat properties including saturated hydraulic conductivity, effective and total porosity at Wedholme 

Flow, for transect 5 (up to 25m from drain & more than 25m from drain); transects AI-3 and transects BI-3. 

Transect 5: Transects A1 -3: Transects B 1-3: 
Layer 

depth m 
< 25m 

r to drain 
ýat I 

K, 
at 

zzd 
> 25m 
to drain 
K, 

at ni/d 

Effective 
porosity 

Total 
porosity 

Kg 
rn/d 

Effective 
porosity 

Total 
porosity 

K, at m/d 
Effective 
porosity 

Total 
porosity 

0-0.25 0.800 0.600 *0.24 0.97 0.300 *0.170 0.95 0.150 *0.3 0.95 
0.25-0.5 0.055 0.020 0.15 0.95 0.090 0.053 0.94 0.070 0.047 0.94 
0.5-1.0 0.045 0.010 0.1 0.925 0.004 0.022 0.94 0.020 0.036 0.94 
1.0-1.5 0.030 0.002 0.08 0.9 0.004 0.022 0.94 0.020 0.036 0.94 
1.5-2.0 1 0.030 1 0.002 0.07 0.87 0.020 0.036 0.94 

2.0 - drift 1 0.030 1 0.002 , 0.06 1 0.85 

Table 3. Specific yield or storage coefficient of the acrotelm, estimated from watertable response to rainfall. 

Distance > drain, m 5 10 is 30 60 90 130 180 230 290 330 390 
Transect5 0.248 0.227 0.367 0.561 0.755 0.641 0,574 0.981 1.167 1.353 1.127 

Area B 0.30 0.60 0.80 0.90 0.70 0.40 
Area A 0.17 0.30 0.40 0.80 0.90 

In addition to the physical parameters recorded in the field the numerical characteristics of the 

properties must be specified within the model. Each model layer is effectively described as a 
discrete aquifer by the model, therefore status of each aquifer must be defined. 

Aquifer transmissivity categories are defined as (Waterloo Hydrogeologic, 1999): 

layer type 0: Confined Transmissivity and storage coefficients remain constant throughout 

simulation. 

layer type 1: Unconfined Variable transmissivity calculated from saturated thickness and 
hydraulic conductivity. 

layer type 3: Confined/ Can alternate between confined and unconfined with transmissivity 

unconfined calculated from saturated thickness and hydraulic conductivity. 

During model simulations, particularly of low flow periods, it is possible for the surface cells 
to become dry when the watertable effectively falls below the bottom cell boundary. This 

results in the problem of zcro-division and introduces numerical instability into head 
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calculation. Modflow-96 includes a 're-wetting' of dry cells, enabled with the WHS - 
Preconditioned Conjugate-Gradient Package solver. This numerical solution was employed in 

model simulations with 100 maximum outer iterations, 100 maximum inner iterations, head 

change and residual criterion of 0.001m for convergence. Enabling cell re-wetting may also 
introduce mathematical instability into simulations (Waterloo Hydrogeologic, 1999) but its 

omission was considered to reduce the accuracy of predictions. Discussion of iterative 

solution procedures can be found in McDonald & Harbaugh, (1988), Hill (1990), Anderson & 

Woessner (1992). 

In addition to head equipotentials and velocity distribution, MODFLOW also included mass 
transport or water balance exchanges between user specified zones within the model 
dimensions. In the three models, all layers of the intact mire prescribed zone 1, whilst the 
drain cells and all layers of the simulated cutting area were delineated zone 2. The zone 
budget facility of MODFLOW was then implemented to examine any potential simulated 
flow from the intact mire into the peat cutting and vice versa. 

6.1 Selected simulation periods and model testing 
Before MODFLOW could be applied to simulate potential flow scenarios within the model 

areas, it was necessary to establish the validity of the numerical model to recreate mire 
hydrological conditions. Two test periods were selected: one dry, low flow condition and one 

wet, storm flow period. The low flow period selected was July 1999, having a total rainfall of 
10.2mm with a mean daily potential evapotranspiration of 2mm/d. During this period weekly 

well readings were available for transect 5. Hydrological data for areas A and B were only 

available for October 2000, which coincidently, had the highest recorded rainfall of the II 

year record with a total rainfall of 130.4mm, well above the October 10-year mean of 
71.9mm. Daily watertable readings were collected from all dipwells from 6h October until the 
3 Td November 2000, and therefore this period provided the storm flow example. The daily 

precipitation and potential evapotranspiration were then prescribed for each model time step. 

The net recharge (Pt,, ml - ET) and watertable in two dipwells (one adjacent to a boundary drain 

and the other in undisturbed mire) during the low flow and storm flow periods are plotted in 
figures 5a & b. As only weekly watertable data were available for the dry period weekly totals 

are illustrated, while daily records are shown for the wet period. Negative recharge indicates 

net evapotranspiration. Where evapotranspiration continues to exceed precipitation a 
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watertable ET extinction depth can be assigned within the model to prevent, uncontrolled 

water loss. In the field ET is seen to fall considerably and even cease when the watertable 
falls below the acrotelm. In all three mire transects, the extinction depth was prescribed as 

-0.5m. The watertable recorded in two dipwells in the intact transect 5 is also illustrated in 

figures 5a & b. Dipwell 5.1 is 2m from the arterial drain channel and dipwell 5.8 is 237m 

away, in the central area of the southern lobe at the intersection of transects 4 and 5 (figure 1). 

The groundwater level is considerably lower in the low flow period being below ground in 

both wells, whilst during the storm flow period at the beginning of the autumn season, the 

watertable is above ground in the central area having also risen by a minimum of 0.2m 

adjacent to the drain. The groundwater level close to the drain can be seen to fluctuate much 

more rapidly in response to recharge. 

The observed dipwell levels on the first day of each simulation period were input to 

MODFLOW as initial head values in all three model areas. Recorded precipitation and 

calculated potential evapotranspiration were then applied on a daily basis. The recorded daily 

precipitation was applied to the highest active cell in the column throughout the simulation, 

and with the prescribed evapotranspiration extinction depth of 0.5m below the surface, 

preventing further ET if the watertable fell below that depth. Model calibration was 

performed and the two estimated variables of porosity and 'river' stage were adjusted 

accordingly. 

The simulated heads could then be compared with observed water levels throughout the 

simulation period. 
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Figure 5a. Observed weekly watertable readings in transect 5 dipwells 5.1 & 5.8 and cumulative weekly net 

precipitation, July 1999. 
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6.2 MODFLOW test period outputs 

MODFLOW was applied to transect 5, in the intact mire for a 30-day low flow simulation 

(July 1999) and a 29-day storm flow simulation (October 2000). The initial groundwater head 

was provided and the model generated groundwater heads were compared to field recorded 

values. MODFLOW was then applied to transect A and model area B in the cut-over mire for 

the stonn flow simulation only as no watertable records were available for the low flow 

period. Figures 6 and 7 plot the actual head recorded in the field versus the MODFLOW 

simulated head in each observation well of Transect 5 for the low and flood flow periods 

respectively. The straight line represents an exact match between model results and the 

recorded groundwater level. Deviation from this line is a measure of model or 

parameterisation error. 

Figure 6. MODFLOW simulated versus observed watertable in Transect 5 dipwells on days 7,14,2 1, & 28 of 

the low flow simulation (1/07/99-31/07/99). Boundary drain stage = O. Im and mean daily ET 0.002m/d. 
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Figure 7. MODFLOW simulated versus observed watertable in Transect 5 dipwells on days 1,10,20, & 29 of 

the storm flow simulation (6/10/00-3/11/00). Boundary drain stage = 0. Im and mean daily ET 0.0015m/d. 
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During the low flow period (1-31/07/99) the MODFLOW produced head values remain very 

close to the actual watertable records from dipwells 5.2 -5.11. There is clearly a small amount 

of deviation from the actual head value for dipwell 5.1, which is 2m from the boundary drain. 

It is certain that the level in this well, and hence the watertable at this point results from the 

draw-down influence of the adjacent 2m deep, arterial channel. The water level (stage) at this 

point was unknown and so fixed drain water levels were maintained throughout model 

simulations. During this simulation the stage was fixed as 0.1 in along the reach of the 

channel. This is clearly an unlikely scenario and will certainly introduce a source of error into 

the model calculation. The error observed for well 5.1 remains fairly constant throughout the 

simulation of the low flow period, as do the small observable errors of the other ten dipwells. 
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Simulation of the storm flow period (6/10/00-3/11/00) produced slightly different results: 

dipwell 5.1 continued to exhibit a higher degree of error than all other wells, whilst dipwell 

5.2,7m from the drain channel, exhibited increased deviation from the observed watertable. 

Unlike the simulation of low flow, the deviation of model head values from observed 

watertable increases as the simulation progresses, implying that the error is repeated and 

compounded in each model time step. 

Many model runs were completed during sensitivity analysis while the estimated model 

parameters or drain water stage and porosity were varied. All storm flow simulations 

predicted a head above the ground level at a distance of 30m or more from the drain of 

transect 5, for all drain water depths. This is concurrent with observed dipwell levels also 

reading a water level above ground, effectively indicated surface water flow. The model did 

not appear sensitive to changes in porosity. 

The predicted heads for intact mire transect 5 and recorded levels did not coincide on two 

counts: 

1. The predicted heads were consistently greater than the recorded water levels and remained 

at a relatively constant height above ground, increasing as the simulations progressed. 

2. The recorded water levels fluctuated across the transect being both above and below 

ground at different points whilst the simulated heads remained relatively constant, at or 

above the ground level. 

Both differences were small and are likely to be artefacts of the inability of MODFLOW to 

simulate surface water flow and of the microtopography of the site. All of the simulations 
indicate that the potential head is above the ground surface therefore indicating the presence 

of surface water. However the model does not include any calculation of surface water flow, 

so that changes in the level of water at the surface can only occur via flow in the near surface 

through layer 1. Observation of surface water processes on the site, reveals a complex pool 

and channel network on a sub-cell scale. The smallest cell included within the simulation is 

Ix5m, whilst there is considerable microtopographical variation at the mire surface within 
Im 2. With the watertable at or near the surface for a large part of the year, flow within 
hummock-hollow sequence becomes critical. 
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Figures 8 and 9 plot the goodness of fit of each 'model day' prediction to the observed 

processes within the mire, exhibited as groundwater heads within each dipwell. Results for 

the low and stonn flow periods are given for transect 5 on one plot (figure 8). 

The storm flow period outputs for model transect A and model area B are plotted for 

comparison along with daily precipitation totals (figures 9a & b). 

Figure 8. Goodness of fit of MODFLOW predictions of transect 5 watertables to the observed groundwater 
heads: days 7,14,2 1& 28 low flow (July 1999) and days 1-29 storm flow (Oct/Nov 2000) periods. 

100- 

99- 
98 

97 
m 

96 

.2 95 
"S 
C, -5 94 
0 
1 93 '8 E 92 

91 

90 

89 

88 

Transect 5 

Daily data - storm flow 
A Weekly data - low flowlj 

0123456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 
Model'day' 

227 



Figure 9a & b. Goodness of fit of MODFLOW predictions of groundwater heads to the observed watertables for 
days 1-29, storm flow (Oct/Nov 2000) periods: (9a) transect A; (9b) model area B. Total daily precipitation is 
included as columns (mrn/day). 
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The model predictions of low flow conditions can be compared within transect 5 on four 

occasions throughout the month long model period. During this period the fit of the model 

results to observed watertable elevation ranged from a best fit of 99% after one week to a 
94.87% match after 21 days. The accuracy of the prediction was fairly constant, rising after 
21 days to a 97.22% match after 28 days. The range in goodness of fit of the model was 

greater for the storm flow period the best fit being 99.4% after 2 days, and the worst fit being 

an 88.55% match after 29 days - the only occasion on which the model predictions fell below 

the 90% threshold. Twenty-one out of the twenty-nine day storm flow period head outputs for 

the whole of transect 5 had a minimum of 95% fit to observed watertable. In general whilst 

remaining high, the accuracy of the model appears to decline as the model period progresses. 
Again this suggests an error in the model calculation, which is compounded by repetition. The 

goodness of fit of MODFLOW predictions of transect A and Area B groundwater heads to the 

observed watertables show a similar trend of declining match as the 29-day simulation 

continues. The fit of the model to area B conditions appears by far the best of all three model 

zones, with the worst fit of the model being a modest 96.83% match on day 29 of the 

simulation, with all other days providing a 97% fit or better. Comparison of recorded versus 

simulated water levels reveals that differences are due to a trend of increasing watertable 

particularly in topographic lows. This is similar to the process observed in the intact mire 

simulation, and may be attributed to the absence of surface water flow simulation within the 

model, resulting in retention of potential 'surface water' within a modelled region. A 

conclusive trend cannot be delineated between precipitation and good fit of the model, though 

the dependency of the variables is apparent. 

On the whole it can be concluded that the model provides a good approximation of 

observations in the field though care should be taken when it is applied over longer periods, 

particularly within the intact mire. Simulations in the intact mire during the low flow 

conditions provided a good representation of field observed conditions. The decline in fit of 
the model to the observed hydrology as the storm flow simulation progressed suggests that the 

model has difficulties representing flow when the watertable is above ground and surface 
flow processes dominate. 

229 



7. Application of MODFLOW to potential site management scenarios 

The model is now applied to changes in mire management, particularly the management of 

the peat cutting, to determine potential effects on the adjacent regenerating mire within the 

protected area. Several potential scenarios have been identified and the resultant 
hydrophysical and structural changes have been applied to both transect A and area B within 
the dimensions of the model regions. The surface of the peat cutting area included in model 

regions A and B was derived from a 1994 photogrammetric map, and it is likely that even 

without active peat removal, the bare peat surface will have fallen subsequently due to 

humification and surface erosion. Continued peat removal from the site and the necessary 

regime of maintained watertable draw-down to allow vehicle access, would result in 

progressive reduction in the peat cutting surface. MODFLOW has been applied to examine 
the hydrological implications of such conditions. 

In order to maintain the established validity of the simulations the stonn flow model period 

used previously in model testing was maintained for meteorological inputs to the model along 

with the in situ hydrophysical peat properties recorded in the field, whilst the actual depth of 

peat at the cutting face was progressively reduced. Over this short model period it would not 

possible to observe a response in the watertable of the intact mire, however peat removal 

resulting in a reduction of the cutting face also increases the surface gradient at the reserve- 

cutting boundary. The maintenance of draw-down by the drainage network of the new cutting 

area surface will subsequently increase the hydraulic gradient at the boundary whilst all 

simulations assume a minimum draw-down of 0.5m. According to the Darcy law (Freeze and 
Cherry, 1979, Kruseman and Ridder, 1990), the steepening of the hydraulic gradient will 

result in increased groundwater discharge from the mire reserve. It is likely that both water 

yield and the timing of stream flow from both the mire reserve and cutting will change as a 
result of peat removal (Brooks, 1988). In the absence of stream flow data, MODFLOW 

produced head gradients can be used to calculate specific discharge and the model 
groundwater discharge outputs from delineated zones (using the zone budget facility) can be 

examined. 

Initially discharge and head gradients from the model validation tests were recorded without 
any control over the drainage regime of the cutting. Field recorded heads at 50m from the 
drain channel were selected, as these appear to indicate its maximum influence. A constant 
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head of 0.5m below the cutting surface was then imposed. In addition, the peat cutting surface 

was reduced progressively, in steps of Im, within the model region, whilst the imposed 

constant head was maintained at 0.5m below the cutting surface. The peat of the cutting face 

intersected by transect A was already shallow in 1994, so that the surface level could only be 

reduced by Im. Therefore results from simulations in which the drain stage was adjusted are 

also presented. In practice this may be due to increased pumping in other areas for example. 
The peat of the cutting face adjacent to area B was approximately 7m deep in 1994 and has 

been modelled at five progressively lower levels. 

The storm flow simulation was repeated for each new mire model whilst head gradients and 
discharge were recorded. 

7.1 Model Outputs 

Table 4 lists the changing hydraulic conditions for the model regions, calculated both 

manually and by MODFLOW, for the storm flow period under the different levels of imposed 

draw-down from 1994-survey cutting surface elevation, and gradual reduction of the face by 

simulated peat removal. The hydraulic gradient (dIVdx) in the 50m zone adjacent to the 
boundary drain is calculated from the MODFLOW produced groundwater heads. The specific 
discharge (m/d) is calculated for each scenario using (a) the head gradient estimated from 

MODFLOW produced heads and the mean hydraulic conductivity over the peat depth, and (b) 

the MODFLOW maximum daily discharge from each of the intact zones. The discharge rates 

of both regions can then be compared directly. An estimate of total daily groundwater 
discharge (in 3 /d) through the cutting-reserve interface is given, multiplying the head 

calculated specific discharge by cross-sectional area for both model regions. The maximum 
daily MODFLOW groundwater outputs from each model region to the cutting area are 

presented for each model scenario. The total groundwater discharge is presented as a 

percentage of total precipitation (Q/P) for the twenty-nine day period, along with the 
MODFLOW calculated evaporation as a percentage of total precipitation (E/P). 
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Table 4. Model regions A and B, 29-day storm-flow simulations: hydraulic gradient (dIVdx); specific discharge 
(m/d); maximum daily goundwater discharge (rr? /d); total groundwater discharge and total evaporation as a 
percentage of total precipitation for the period. 

Simulated peat Draw- 
Estimated from MODFLOW heads: MODFLOW calculated discharge: 

surface and drain 
water level (m) 

down 
from 
1994 

dlVdx 
Specific 

discharge 
(ni/d) 

Max daily 
discharge 

(rr? /d) 

Specific 
discharge 

(m/d) 

Max daily 
discharge 

(m3/d) 

29 day 
Q/Pul 

29 day 
E/Pwal 

Transect A 
1994 1.5 0 0.050 0.007 0.236 0.010 0.38 0.71 38.35 
1994 0.5 0 0.067 0.009 0.318 0.011 0.40 0.74 37.26 
1994 0.5 0.5 0.067 0.009 0.318 1 0.011 0.40 0.74 37.26 
1994-Im 0.5 1.5 0.097 0.013 0.457 0.011 0.41 0.76 37.26 
Area B 
1994 0.1 0 0.013 0.001 1.620 0.005 6.95 3.70 4.85 
1994 0.1 0.5 0.066 0.006 7.990 0.007 10.29 5.49 4.29 
1994-Im 0.1 1.5 0.160 0.014 19.379 1 0.011 15.42 8.18 4.65 
1994-2m 0.1 2.5 0.247 0.021 29.840 0.014 19.56 10.39 4.68 
1994-3m 0.1 3.5 0.346 0.029 41.827 0.014 19.98 10.60 4.67 
119944m 1 0.1 4.5 0.446 0.038 53.847 0.015 20.92 11.10 :: 4 . 

ý68 

Estimated groundwater discharge from MODFLOW simulated heads and groundwater output 
from the intact zone of transect A are closely correlated. A lm reduction in drain water level 

results in a small but significant increase in estimated hydraulic gradient and subsequent 

specific discharge rate. The additional imposition of head reduction of 0.5m, in the cutting 

area has no apparent effect, as it is equivalent to the specified drain water level. The same 

effect is observed in the MODFLOW outputs, although the actual increase in specific 
discharge (0.001 m/d) is half the estimated value (0.002), resulting in small differences in the 

maximum daily discharge. A Im reduction in the simulated peat cutting face produces the 

more significant increase in estimated discharge, and a small increase in the MODFLOW 

value. Examining the proportion of total groundwater discharge to total precipitation (Q/P) in 

model region A for the 29-day stormflow simulation, there is little apparent effect of 
increased draw-down. At less than I%, the proportion of Pt. tal apparently translated to 
discharge in the model simulation is insignificant when compared to evaporation, which 

accounts for 38% of the water balance. The MODFLOW simulated evaporation is fifty times 
the groundwater discharge from A, for the same period. 

In comparison to area A, changes in the B model region, in both estimated and simulated 
specific discharge are much greater. A 1.5m increase in draw-down, by the imposition of a 
constant head 0.5m below the Irn reduced adjacent peat cutting surface, results in an 
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estimated increase of 0.006m/d and a simulated increase of 0.001m/d from A, and respective 
increases of 0.0 1 3m/d and 0.006m/d from B. However the actual discharge rate for this same 

simulation period was equal at A and B. When the peat cutting face at B is reduced further to 

2m below the 1994 surface, the simulated specific discharge rate is doubled. Further 

reductions of the face beyond this depth have less apparent efficacy. 

The reason for the over estimation using the estimated head gradients is likely to arise from 

the assumption of a linear gradient between the two observed heads, when applying the Darcy 

law over the 50m drain boundary region. In reality the head does not follow a constant 

gradient between two points but is in profile, a curved if not irregular surface. It is also 

subject to surface and subsurface anisotropy. These factors are included in the MODFLOW 

simulation and this may be one reason for the lower predicted discharge. This effect is more 

pronounced as the watertable in the cutting falls and the head gradient becomes potentially 

steeper. In the field the increase in gradient may be counteracted, at least in the short term, by 

the low hydraulic conductivity of the peat. In the long term, the extreme gradient imposed is 

likely to produce cracking and subsidence at the boundary (processes not included in the 

model) resulting in the creation of accelerated flow routes. 

Comparison of the water balance of model regions for all simulation periods reveals the most 

significant differences between the areas. During area A simulations, evaporation accounts for 

nearly 40% of total precipitation, whilst total groundwater discharge is less than 1%. This 

varies very little with changing head conditions. In area B, evaporation accounts for less than 

5% of total precipitation, whilst groundwater discharge ranges from 3.7% to 11.1%, at the 

maximum drawn-down. A Im. reduction in the 1994 peat cutting surface at B, results in an 
increase of the proportion of precipitation translated to groundwater discharge to twice that 

leaving the region as evaporation. Whilst the same simulation conditions at A result in very 
little change with the proportion of evaporation to precipitation remaining approximately fifty 

times that of groundwater discharge. 

Disparity in the evaporation/precipitation proportions are probably due to differences in 

watertables during the simulations. Evaporation is calculated in MODFLOW according to 

availability of groundwater, and when the water level falls below the specified 'extinction 

depth' evaporation ceases until the level is exceeded by subsequent recharge. The generally 

wetter condition observed in area A, suggests more water available for evaporation, at or near 
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the surface. Compared to evaporation, groundwater discharge is insignificant at A, but 

represents a considerable drying effect at B. 

The MODFLOW daily discharge rates reported in Table 4 are the maximum daily rate 

produced during the storm flow period and are therefore 'extreme' values. However, when 

presented as a total volume for the 29 day period and compared to the total precipitation, even 

as an extreme storm event forecast, the percentage of total rainfall discharged from the model 

area represents a drying of the mire under all of the scenarios presented for area B. It should 

also be recognised that the model may under-estimate the total evaporation from any 

simulation as it is a very simplified calculation, based only on the user specified daily 

evapotranspiration. If vegetation physiological factors, such as rooting depth and water 

availability to plants, are not included in the user-specified evapotranspiration, they are 

omitted from subsequent MODFLOW simulations. This has increasingly serious implications 

when it is considered that the total rainfall for this storm period is nearly double the 10-year 

mean for the same month. All of these factors point to inevitable dehydration of the mire 

reserve. 

The minimum peat level reduction of Im from the 1994 cutting surface and associated fall in 

watertable results in an equivalent increase in hydraulic gradient at both the transect A 

boundary and the area B boundary. However the resultant increase in modelled maximum 
daily discharge is much smaller for A. The potential for increasing groundwater discharge is 
limited at boundary A by the remaining depth of peat left above the uneven sub-peat 
topography (figure 3). The underlying, effectively impermeable subsoil of this interface zone 
is likely to constrain subsurface flow at this point, forcing any discharge through a shallow 
layer of peat or over the mire surface. In reality this area is observed to be much wetter than 
its surroundings and exhibits a high degree of overland flow. The wetter conditions observed 
in the field, accompanied by higher groundwater levels in the dipwells, may be explained to 

some extent by this limitation in groundwater discharge to the cutting area. The remaining 
portion of the model water balance not included in Table 4 is accounted for by MODFLOW 

as storage exchanges. Surface flow is not included within MODFLOW and may account for 
both 'storage exchanges' and some overestimation of heads by the model. Longer-terin data 

collection and modelling is needed to consider the implication of these factors. 
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8. Conclusions 

The validation tests performed on low-flow and storm-flow data collected at Wedholme 

indicated a good level of model fit to observed processes. The success of the model in 

simulating observed behaviour increased considerably during the low-flow period. 

Unfortunately data for this period were only available for the intact mire region. This area 

demonstrates a high degree of surface water flow and depressional storage within the 

hummock-hollow microtopography of the mire surface during storm-flow conditions. This 

has been confirmed by dipwell data, which indicates a water level near the surface for the 

majority of the year and a rapid response to rainfall, with water levels above ground during 

storm events. MODFLOW is not able to reproduce this behaviour and this may explain the 

improved fit of the model during low flow conditions. 

The scale at which data are collected, both temporally and spatially should also be recognised 

as a possible source of error. Water level data used in this modelling process were collected 

on a daily basis whilst meteorological data were recorded continuously. The disparity in scale 

means that quick-flow or the immediate response to storm events were not registered in 

watertable data sets. The spatial scale of the topographic survey also tends to generalise the 

surface features that make the hydrology of both the intact and cut-over the mire unique. Both 

surfaces are uneven and capable of considerable depressional storage. The intensity of surface 

irregularities, whether anthropogenic or natural, are not easily represented within a large-scale 

model. Survey and mapping of topography on the scale used, and in fact of any practical 

scale, means that certain features are omitted. This applies to the pattern of abandoned 

cuttings, which are approximately 10m wide and separated by a ridge roughly 0.3-0.5m high 

and 5m wide. The cutting-ridge features at site A are orientated parallel to the boundary drain 

and hydraulic gradient, whilst at B they are orientated towards the cutting. This exacerbates 

the problem of water loss, effectively channelling any surface water flow towards the active 

cutting. This could not reasonably be included in the model. Issues of model form, in terms of 

transect (area A) or grid (area B), may also effect the accurate characterisation of the site as 
hydrological boundaries must be strictly defined in the model whilst they may be less 

permanent in the field. 

Some useful implications of the modelling process and outputs can be clearly identified. The 

lower hydraulic and surface gradients at area A go some way to explaining the better recovery 
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rate and increased success in re-wetting observed by site managers. Given the higher 

predicted discharge rates in area B, even a small adjacent reduction in groundwater level has 

the potential to greatly increase groundwater discharge and accelerate dehydration, making re- 

wetting impossible. Devito et al, (1996) reported head gradients of 0.002-0.005 in forested 

peatlands in the Canadian Shield, producing specific discharge rates of 8.64 x 10-6 _ 10-5 md-1, 

and whilst the gradients are only one order of magnitude lower, the velocities are two orders 
lower. They still report however, 'a rapid storm response and a predominance of saturated 

overland flow'. Better simulation of area A to include the surface water portion may enforce 
these findings and could be used to investigate potential re-wetting strategies for area B. 

Given that the surface gradient is higher in the drier regeneration zone B, further investigation 

of the issue of re-profiling the abandoned surface and the form that any buffer zone may take 
is advisable. Re-profiling of the cutting-ridge pattern should also be considered in further, in a 

more detailed modelling scheme. 

The main concluding points of this exercise are: 

* The high level of model head output fit for low flow simulation (above 94%), suggests 

potential application of the model to predict the sustainability of restoration measures 

under summer drought conditions. 

Low gradients, the restricted potential groundwater flow region of the minimum 

remaining peat depth, combined with restrictive sub-peat geology adjacent to the cutting 
boundary have contributed to the successful rewetting of area A. 

Higher discharge potential from area B, compared to A, explains to some extent dryer 

condition of this area. 

Continued high discharge and an increased gradient resulting from further peat removal is 

likely to result in accelerated dehydration of area B. 

Simulation of subsidence is not a feature of MODFLOW, however the mechanical failure 

of peat adjacent to the cutting boundary and area B would appear to be due to these 
factors. 

Extended simulation of all areas for extended storm and low flow periods, with the 
inclusion a surface water model component should confirm these findings. 
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The application of modelling techniques to the hydrological investigative processes has filled 

gaps in the available data, including discharge potential or estimated water loss from the 

reserve. It has also indicated constraints in the hydrological concept with which the system 

may be viewed, for example the role of surface water processes. Most valuable of all, the 

modelling process makes possible predictive assessments of the impact of potential site 

management strategies, concerning for example, drainage and peat removal. Whilst such 

predictions are tentative, they provide a baseline from which alternative programs can be 

developed. 
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Abstract 

An ecohydrological study was undertaken to determine influential hydrological processes of an upland valley 

mire in the North of England, scheduled for restoration. The ground and surface water monitoring programme 

described focuses on hydrological exchanges and runoff processes within the near surface region of the mire 

known as the acrotelrn. The design of a closed boundary Surface Water Monitoring Plot (SWaMP) is described 

and precipitation, runoff and groundwater fluctuations recorded within the plot are presented. Vegetation, micro- 

and macro-topographical data were collected at the site using standard and experimental techniques. These data 

provide the ecohydrological linkage used in the construction of a numerical model, described in Part B, in which 

hummock-hollow vegetation sequences determine friction coefficients and microtopographical slopes, depicting 

the complex, rapidly varying flow type. Such flows are moderated by submerged and emergent vegetation 

species, occurring at characteristic locations within the microtopographical sequence. It is suggested that these 

linkages require further investigation. 

The data collected support field experience of surface water activity during and after storm events at the site. 

Quickflow is well represented in runoff recorded in the SWaMP. It is concluded that enlargement of the plot in a 

nested-type scheme may better represent the field situation, including both interflow and surface flow within the 

acrotelm. Unknown storage potential in soil and vegetation make it difficult to establish an analytical rainfall- 

runoff relationship, and it is suggested that the modelling approach presented in Part B may provide a suitable 

alternative. Mire restoration management based on the re-imposition of high groundwater levels by drain 

blocking could result in flooding if the quickflow and interflow observed in this study are detained. The 

implications for favoured ecological processes should be considered in management plans. 

Keywords: mire, peatland, runoff, surface water, groundwater, rnicrotopography, retardance, acrotelm 
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1. Introduction 

In recent years appreciation of the ecological value and importance for catchment hydrology of mires has grown 

consistently. A mire is a peatland in which peat is being formed and is accumulating (Sj6rs, 1948). Throughout 

Northern Europe extensive areas of upland peatlands have been artificially drained to improve the quality of the 

sward for grazing livestock and to encourage forest growth, with varying degrees of success. In the lowlands, 

drainage has also been employed to enable the removal of peat for fuel and as a horticultural substrate, and to 

increase the potential productivity of agriculture and forestry. It is estimated that only 10% of the former UK 

mire area remains (Joosten, 1999). In response, many previously disturbed wetlands are now managed for 

reclamation and conservation objectives, the main aim being restoration of peat forming vegetation and 

associated animal communities. Understanding of the hydrological processes of naturally and artificially drained 

peatlands is a prerequisite to effective management of these habitats. 

In this paper we are largely concerned with low gradient ombrotrophic peatlands such as lowland raised mires, 

oligotrophic valley mires and fens having Ericoid-Sphagnum dominated communities typically found within 

blanket bog complexes. According to the diplotehnic model of these peat bodies (Ingram, 1978), we can 

differentiate between two hydromorphic: zones. The surface layer, or acrotelm, of living vegetation and partially 

decayed vegetation, is saturated periodically when the phreatic level reaches the ground surface. It is highly 

porous with recognisable plant remains having relatively high hydraulic conductivity and specific yield. Boelter 

(1965) quotes field measured hydraulic conductivity values of 381xlO-6ms-1 at 0.15-0.25m depth, 10.4xlO-6ms" 

at 0.45-0.55m depth, and specific yields of 0.52 and 0.33 respectively, for 'undecomposed mosses'. Below the 

watertable (Ivanov, 1953, cited in Ingram, 1978) the catotelm consists of permanently saturated, anaerobic peat 

in various degrees of humification and compaction, hence much reduced hydraulic conductivity. These 

properties have been discussed at length in the past (Boelter, 1965, Romanov, 1968, Rycroft et al, 1975, Ingram, 

1978). A recent and extensive review of the properties of mire peat is provided by van der Schaaf (1999). 

By these deftitions, there is a partitioning of flow between the acrotelm (extending to approximately 0.5m 

below the surface) and the catotelm (usually beyond 0.5m depth and up to 15m of peat depth in biologically 

productive zones). Hammer and Kadlec, (1986), state 'lateral subsurface flows in peatlands are generally 

insignificant compared to vertical movement of water in response to evapotranspiration demands or to recharge'. 
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Given that the watertable remains close to the surface throughout the year and responds rapidly to rainfall, the 

importance of the contribution of near surface flow, flow over the vegetated surface and through the 

characteristic microtopography of n-dni pool-channel networks or the hummock-hollow sequence, (Sj6rs, 1948, 

Masing, 1982, Lindsay et al., 1985, Lindsay, 1995) is critical to understanding of mire hydrology. 

Verry et al. (1988), examined the streamflow response from an ornbrotrophic mire and found the 

' watertable: discharge relation ... closely parallel to the stage: discharge of a level reservoir'. Burt et al. (1990) 

comment that the 'low gradient and near saturated state [of peatlands] make it likely that extensive saturation- 

excess overland flow may be produced'. Tension infiltrometer experiments carried out by Holden (Holden, 

2000) on similar peat soils in the North Pennines, UK, indicated that infiltration-excess overland flow is 

infrequent, and that in Sphagnum covered areas, macro-porosity within the upper 5-10cm make this unlikely. 

Fitzgibbon (1982) documented saturated overland flow in a bog-fen complex, observing that discharge was 

greatest when the watertable was at or above the surface. Move and Bengtsson (1999) identified three peatland 

runoff mechanisms: 

1. rain falling directly onto channels (frequent small runoff peaks); 

2. rain falling onto wet soil - antecedent surface saturation and rapid groundwater response (intermediate sized 

runoff peaks); 

3. flooding of the upper catchment due to prolonged rainfall (largest runoff peaks). 

Rain falling directly onto channels could also refer to shallow surface water networks within a hummock-hollow 

complex. Verry et al. (1988) conclude by suggesting the use of well-defined hydrological functional models to 

quantify these effects. Whilst many predictive numerical, three dimensional groundwater models of highly 

acceptable levels of accuracy exist, and some have been applied to the hydrology of mires (MacAlister and 

Parkin, 1998), none are capable of reproducing both the groundwater and complex surface water processes 

observed in wetlands. A spatially distributed numerical model of mire hydrology must incorporate near surface 

and overland flow at a resolution of sufficient detail to exclude the manifold simplifying assumptions regularly 

employed in hydrological modelling, such as large scale Darcian flow processes (Hemmond and Goldman, 

1985). Not only do assumptions introduce inaccuracies, they also cause numerical instability in solution schemes 

(MacAlister, 1996). Spatial scale must necessarily include microtopographical variation, bed roughness and 
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vegetation imposed friction. A suitable model should be capable of reproducing the rapidly varying and 

potentially discontinuous flow conditions likely with locally steep surface gradients, shallow flow depths and 

hence high velocity flow (Zhang and Cundy, 1989). 

The overall aim of this project has been to achieve better understanding of mire hydrological processes through 

investigation and numerical simulation, or modelling. These two objectives are represented in parts A and B of 

this paper. In part A, field processes are examined and discussed. In part B, the numerical model GSHAW5 

(Ground and SlIAllow Water equations solved be FInite Volume Equations) is described and tested using data 

from the field plot outlined in part A. 

A field site in the British uplands, likely to exhibit surface flow processes was selected and a programme of 

hydrological monitoring was undertaken to characterise the site hydrology. Having established the prevalence of 

near surface and surface water processes at the site, monitoring was intensified to include small scale, acrotelm 

processes. This paper describes the field site (Section 2) and the installation of its hydrometric network, using 

both established and experimental techniques (Section 4). The need to parameterise the key hydrological 

functions at field scale in order to reproduce them numerically was prevalent in monitoring strategy and is 

discussed in the methodology (Section 3). The design and operation of an experimental Surface Water 

Monitoring Plot (SWaMP) (Section 4) and the development of survey techniques for the vegetation and 

microtopography of a hummock-hollow complex (Section 5) are described. Outputs from the whole site 

monitoring regime and the SWaMP are presented (Section 6), field data and monitoring methodology are 

discussed (Section 7) and conclusions on the estimation of runoff in a mire environment are drawn (Section 8). 
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2. The Field Site 

Trough End Bog (grid. ref. NY383592), is a small upland valley mire (2ha) in the catchment of the Potter Bum 

(upper R. Rede catchment) within the Northumberland National Park in Northern England (Figure 1). Up to 

3.5m of peat have accumulated over fell-sandstone and the site supports a wide range of flora and fauna, 

including extensive Sphagnum hummock-hollow complexes and Drosera rotundifolia (Round-leaf Sundew) 

(UK National Vegetation Communities primarily M 15, with MI 7 and MI 8) in addition to Dactylorhiza 

maculata (Heath Spotted Orchids). The site is currently subject to shallow drainage via a system of peat-grips 

(shallow plough drains) and some 0.5m drains. There is evidence of high flows and erosion of the boundary 

drain channels. Sheep, which are allowed to graze freely across the site, contribute to erosion of both drains and 

of the mire surface, creating trails across the bog. The landowners wish to manage the site for conservation value 

and remediate past damage. 

The main body of the site is largely ombrotrophic, with inputs from adjacent uplands intercepted by 0.5-1m 

boundary drains. Piezometers; installed close to the uppermost margin of the mire suggest a weak potential for 

groundwater inputs at this point, but this was not confirmed or observed elsewhere. Changes in vegetation 

communities close to boundary drains, from Erica tetralix-Sphagnum papillosum to Juncus effusus-Sphagnum 

recurvum dominated assemblages suggest enriched nutrient content. However, this does not extend more than 

I in beyond the boundary drain. Anecdotal evidence suggests that storm events at the site are characterised by a 

rapid succession to saturated overland flow. This corresponds with consistently high watertables observed 

throughout the year in dipwell readings (Figure 2), low recorded saturated hydraulic conductivity (piezometer 

method) and low recorded infiltration (double-ring infiltrometer) (Section 6, Table 2). The climate of the site can 

be described as cold-humid, as would be expected in a temperate region at an altitude of 276-283m above sea 

level (Figure 1). High rainfall (1 0-year mean 103 Omm) is distributed fairly evenly throughout the year, with 

potentially inflated evapotranspiration occurring during the months of May to September (Figure 3). 
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The macro-topography of the site was surveyed manually using a Pentax Automatic Level and the dipwells were 

levelled to ordnance daturn (Figure 1). Vegetation across the site was surveyed in March 1997 (Gough, 1997) 

and again in July 1999. Canonical Correspondence Analysis (CCA) (ter Braak and Smilauer, 1998) ofthe July 

1999 vegetation data suggested that watertable fluctuation (range) and rnicrotopographical range were defining 

environmental variables (axis one and two) in community composition (MacAlister, 1999). 

Figure 1. Surveyed monitoring and drainage network at Trough End Bog, Northumberland, LJK (NY383592). 

Plot dimensions based on 0.5m contour interval (z-axis) and lOxIOnigrid cells (x - y-axis). Inset: location of 

Trough End in North ofFIngland. 
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3. Identification of key hydrological components and model par2meterisation 

The first priority of hydrological characterisation of the site must be the establishment of a basic water balance 

and the monitoring of its key components including net recharge, sub-surface seepage (input) and leakage 

(output) and discharge. Past review and testing of complex hydrological models for mires (MacAlister and 

Parkin, 1999) has highlighted the need to include a surface water equation along with groundwater flow where 

surface processes were idcntiried as integral. In cases where a numerical model will be employed, further 

parameters must be identified and satisfied according to the mathematical expressions used to represent real 

hydrological processes. The model described in part B, is required to operate in three dimensions, but maintain a 

realistic computational time. The Darcy law within a representative grid scale was considered most suitable 

expression to describe subsurface exchanges (Yakirevich et aL, 1998). This was coupled with the shallow water 

equation in GSIIAW5 (Part B), so that basic data requirements to solve the numerical schemes were identified as 

aquifer thickness and hydraulic conductivity (transnýiissivity), specific yield (storage cocfficient), head gradient 

(ground part); water depth, friction coefficient and bed slope (surface part) all within a three dimensional co- 

ordinate system. In addition to fixed model parameters it was necessary to collect areal groundwater head and 

surface water discharge to validate model outputs. In order to relate the vegetation of the site to hydrological 

function, it is also necessary to survey the vegetation assemblages on an equivalent scale. This relates directly 

the fixed components of the model environment in terms of ffiction or flow retardancc and physical structure of 

the rriicrotopography. It is intended that these relationships will be investigated further at a later stage. 
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4. Hydrometric methodology 

Watcrtable and drain stage have been recorded weekly since May 1998, when 21 dipwells and 5 ditch gauge 

boards were installed across the site (Figure 1). Dipwells were constructed from perforated plastic tubing, 40mm 

in diameter. Water level in each well was recorded manually using a purpose built sensor consisting of an open 

circuit and buzzer, wired to a float switch. Ile tubing was installed into a cavity prepared with an auger to the 

full depth of the peat, and anchored in the underlying weathered sandstone and sediment where possible. The 

peat depth at each well location was recorded. The dipwclls had loosely fitting caps to prevent insects from 

becoming trapped. Ile dipwell network was designed to include the differing vegetation zones identified across 

the site. Wells were distributed in a irregular grid according to ditch spacing and numbered A to K from south to 

north, and I to 8 from cast to wes4 %%-here all transects were not the same length. Gauge boards were fixed into 

intact sections of drain channel by inserting angle iron into the substrate and attaching rules. Large sections of 

drain have been eroded by water and collapsed due to crossing sheep and drain channels have not been 

maintained for several years. 

Meteorological data are collected daily at a manual weather station nearby, and more recently, rainfall data have 

been collected on site. 

Ile rninimum recorded surniner watcrtable was identified as the range of the acrotelm, indicating aquifer 

thickness within the zone of the dipwell, with hydraulic conductivity and saturated infiltration closely related in 

this upper layer (Table 2). 

The saturated surface infiltration (F,. ) was recorded in the field using a double-ring infiltrometer, previously 

employed in a bog by Galvin (1976) and Sturiell (1996). Although the method was designed for bare soil, it was 

the only practical way of recording the rapid conductivity in the surface region. Ile method measures the rate of 

saturated infiltration and this was not considered a problem given that much of the natural infiltration was 

occurring under saturated conditions. If the watertable is high throughout the extended recording period, the 

process recorded is effectively the saturated hydraulic conductivity of the surface layer. 
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The saturated hydraulic conductivity (K,. ) was recorded in the field at depths 0.4-0.5rn, 0.9-1m, 1.4-1.5m, and 

1.9-2m using a modified piczomcter method with rising head, or seepage tube (Kirkharri, 1946, Luthin and 

Kirkham, 1949). T'his method whilst not ideal, has been applied widely to peatland situations. A review of past 

applications is provided by Rycroft et at (1975). Problems in the application of this method arise as the peat 

substrate is not rigid and so the cavity tends to collapse when inserting the piezomcter, and small fibres from the 

peat clog the inlet. T'hese problems were avoided by inserting a slightly wider pipe into the augered cavity, 

removing peat from this sleeve using suction, and then inserting the piezometer whose inlet had been covered 

with nylon mesh to prevent infilling. Results of conductivity and infiltration tests are presented in table 2. 

Specific yield values were estimated using the Kozcny-Carman Equation for cfTective porosity values as 

described by Ahuja et at (1985). which calculates soil water characteristics from limited data. 

The components of the water balance had to be recorded continuously in a discrete region, with accurately 

defined boundary conditions. A region of relatively constant vegetation assemblage, with good hummock-hollow 

features and small macro-surfacc gradient was identified in the central ornbrotrophic region of the bog (Figure 

I). A 150ný plot was fenced to prevent disturbance and a central 10m x 10m area marked out. Within this area it 

was determined that acrotelm features including vegetation composition, microtopography, recharge, 

groundwater fluctuation and surface water discharge would be recorded. Ile basic design of the Surface Water 

Monitoring Plot (SW&MP) is a represented in plan view in Figure 4. Groundwater fluctuations within the plot 

were monitored using two dipwells containing pressure transducers, Druck model PTX530 (4-20m. A, I M11209) 

and a multi-channel data logger (Tcchnolog Newlog Universal logging Module and 2 Channel Interface Unit). 

Ile groundwater head was recorded continuously, with a logging frequency of 20 minutes. The logger recorded 

changes of I mmý which were accepted as accurate within the small range of fluctuation. It was assumed that the 

only recharge entering the plot was precipitation and this was recorded by an automated tipping-bucket rain 

gauge (Environmental Measurements, model ARG 100,1 LX Data Logger). Rainfall was recorded continuously 

with a logging frequency of 20 minutes, so that the records are cffectively cumulative rainfall over the logging 

interval. 
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The plot was positioned adjacent to a shallow main drainage channel (peat grip) and the small hydraulic gradient 

was determined to be towards the drain. Ile nearest edge of the I OOm2 plot was 3.5m from the grip. Flow 

barriers were then inserted into the substrate (peat) around three sides of the plot, to a depth beyond the influence 

of the drain and the lowest recorded watertable at this point (0.35m). In this way, all lateral flows both surface 

and subsurface, were excluded so that the only flow occurring within the plot resulted from precipitation. 

Corrugated plastic roofing material was found most suitable to form the no-flow barriers, being rigid, inert and 

reusable. 

At the 'bottom' of the plot, next to the drain, a collecting channel was fixed into a shallow depression below the 

level taken as the surface (in this case, the living zone of the non-vascular plants), to collect surface water runoff. 

Standard plastic domestic guttcring forms an adequate collecting channel. This was fixed in place using more 

corrugated plastic inserted approximately 0.2m into the ground to allow groundwater leakage from the plot and 

to prevent it entering the channel. The flow was directed into a 1.2 litre tipping-bucket gauge fixed into a 

submerged sump, from which it was then pumped out of the plot into the nearby drain. The gauge followed a 

design developed by the Institute of I lydrology, Wallingford, UK, and previously employed in similar sized 

plots (Calder, 1976, Calder and Rosier, 1976). The buckets were calibrated in situ, and attached to a 'Squirrel' 

multi-channel continuous data logger (Grant Instruments 1200 series). The logging interval was 20 minutes, so 

that the recorded flow rate is a 20-minute-mcan discharge calculated from 20-rninute-curnulative volume. A 12- 

watt Talisaz' marine bilge-pump (2270 litres per hour), powered by rechargeable 12-volt batteries, was 

employed to remove runoff from the sump, as it could not be drained by gravity. 
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Figure 4. The SWaMP design in plan view - not to scale. 

Figure 5. Plan of the purpose built I m2 vegetation and microtopography pin-frame. 
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5. Vegetation and Microtopographical Survey Methodology 

The I OOrr? of the plot were divided into I m2 cells and assigned x and yco-ordinates 0 to 10 on both axes. The 

addition of the gutter, external to the original plot with dimensions I OxO. I in, increased the x-axis maximum to 

10.1. The z co-ordinate (elevation) of the origin of each cell was surveyed to the nearest benchmark using a 

Pentax Automatic Level, and the base of the collecting gutter was surveyed in the same way. The likelihood of 

discontinuous, supercritical flow in a shallow surface water condition has already been identified and accepting 

this the model cell size was selected as 0.01 n?. This scale was also considered representative of 

niicrotopographical variation within the vegetation complex (Lindsay, 1995). The Im2 cell co-ordinates were 

then decimalised accordingly with the addition of the row of 0.1 rr? cells forming the collecting gutter, making a 

total of 10 100 cells. 

In order to calculate bed slope and friction coefficients, a method was developed to record plant species and 

micro-elevation simultaneously. Vertical measurements from a horizontal datum frame have been used 

previously to survey vegetation within a microtopographical sequence in an Irish bog (Guinan et al, 1998). This 

method was expanded so that freely moving vertical pins were supported on a sliding horizontal arm within a 

IrW horizontal frame with adjustable legs (Figure 5). The frame was placed over the pre-marked In? cell and 

levelled using a portable spirit level. The distance between the cell origin and the frame height at that comer 

were recorded and taken as datum for that cell. The vertical range in microtopography was then recorded, 

relative to the horizontal datum bar, at each comer of the O. Im2 cells using the 0.5m aluminium pins. The bar 

could then slide across the frame and hence the quadrat, with measurements repeated at 0.1 rn intervals. Plant 

species were recorded at the same point, so that for each 0.1 rr? square, four elevation and four vegetation records 

were taken, revealing the surface features in three dimensions. 
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The Manning's friction coefficient for each cell was estimated from the surveyed vegetation species. A large 

body of literature exists concerned with resistance values of submerged and non-submerged vegetation (Ven Te 

Chow, 1959, Kouwen et al, 198 1, Tumer and Chamneesri, 1982, Jensen, 1983, Walker and Skogerboe, 1987, 

Abdelsalam, et al, 1992, Bakry, et al, 1992), however this is largely focused on cultivated crops and weed 

growth in irrigation channels. No published values could be found for mire vegetation and so these were 

estimated for each species according to sin-dlarities in its physical structure to plants having published 

coefficients and by the likelihood of submergence during model flows. In this way, recorded species were 

assigned friction coefficients (Table 1). 

Table 1. Submerged and emergent vegetation species and surface material recorded within the SWaMP, and their 

assigned Manning's coefficientst. 

Submerged plant species / surface 
material 

Manning's 
coefficient 

Emergent plant species Manning's 
coefficient 

Plastic gutter 0.01 Vaccinium myrtilus 0.08 

Bare peat 0.02 Erica tetralix 0.08 

Drosera rotundifolia 0.06 Potentilla erecta 0.08 

Vaccinium oxycoccus 0.06 Narthecium ossifragum 0.1 

Empetrum nijzrum 0.06 Eriophorum angustifolloium 0.12 

Sphagnum capillifolium 0.06 Eriophorum vaginatum 0.12 

Sphagnum capillifolium (rubellum) 0.06 Molinia caerullia 0.12 

Sphagnum magellanicum 0.06 Carex nigra 0.12 

Sphagnum palustre 0.06 

Sphagnum papillosum 0.06 Submerged /emergent plant species Manning's 

Sphagnum recurvum 0.06 coeff icient 

, Sphagnum tenellum 10.06 Aulacomnium palustre 0.1 
lPolytrichum 

commune 
10.1 IDicranum 

scoparium 0.1 

1 In this form the Manning's coefficient is not usually assigned a unit. According to the formulation, when the contributing parameters have 
SI units, the units of the coefficient would be m"/3s" (Ven Te Chow, 1959). 
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6. Observed hydrological characteristics and SWaMP hydrographs 

Figure 2 illustrates the occurrence of surface water at the site during the 22 months, from May 1998 - February 

2000, in which weekly records were taken. The columns represent the percentage of total weekly readings for 

each individual well, in which the watertable was recorded at or above the ground surface. The watertable in 

dipwells in the central area of the mire, numbered 4,5 and 6 (Figure 1) was recorded at or near the surface for a 

minimum 40% of the monitoring period (Figure 2). The same is true for wells to the middle and south of the 

plot. The watertable in wells to the west of the bog with numbers above 6, and outside of the mire boundary at 

well K5, remains low throughout. 

Figure 3 represents the mean monthly precipitation and temperature for the site, based on daily records collected 

between 1985 and 1998. Rainfall is fairly high throughout the year never falling below 55mm per month, with 

April the driest month from whence rainfall rises steadily, peaking in December and January close to I 00mm per 

month. Daytime temperature follows a clear unimodal trend, peaking in July at 14'C and lowest in January at 

2*C, although it is likely to be much lower during the long winter evenings. 

The mean recorded saturated infiltration capacity (ms*') of the surface layer (approximately 0-0.2m), the 

saturated hydraulic conductivity (ms-) up to 2m in depth, and estimated specific yield values (dimensionless) are 

presented in Table 2. 

Table 2. Field measured mean saturated infiltration (F., ), hydraulic conductivity (K., ) (ms-1), and estimated 

specific yield (Sy) (dimensionless) at Trough End Bog. 

Surface 0.4-0.5m 0.9-1.0m 1.4-1.5m 1.9-2. Om 

F,. t & K,,, t (ms") 70.9 x 10's 2.45 x 10'8 1.5 x 10-' 2.69 x 10-8 2.55 x 10-8 

Sy 0.006 0.003 0.002 0.003 0.003 
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Figure 6a illustrates the rnicrotopography of the SWaMP using the surveyed elevation of the cell 'comers' within 

the horizontal plane co-ordinates and the estimated central elevation (from the geometric mean of the four 

surrounding points), so that slope is represented in all directions. 

The Manning's friction coefficients assigned to each surveyed vegetation species are presented in Table 1. 

Figure 6b illustrates the distribution of assigned friction coefficients across the plot. 

Recharge as precipitation and the resulting fluctuations in groundwater level and surface runoff were recorded 

simultaneously in the SWaMP. The recorded 20-minute cumulative rainfall and runoff totals were examined and 

periods suitable for modelling were selected. Despite the operation of the SWaMP over a four-month period, 

many data were unusable due to equipment failure or low battery problems in the harsh environment conditions 

of the mire. 

Recorded recharge and runoff for two 24 hour periods from midday Vh June and I Oam 14'h June 2000, are 

represented as overlapping columns in the Figure 7. Runoff in rný and recharge as total precipitation in nun are 

given as the cumulative totals logged during a 20-minute interval. In both plots runoff values have been 

multiplied by 10-2 in order to share the y-axis with precipitation. The fluctuating watertable records in dipwells 

3,2 at the 'gutter end' and 3,9 at the upper end of the SWaMP, are represented by line plots of water level in m 

below ground. 
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Fig. 6a 
. 

Microtopography surveyed across the SWaMP using the pin frame: 0.02m contour interval 
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Figure 7a & b. SWaMP water balance components, where precipitation (mrn) and runoff (X 10-2 M3 ) are 

cumulative totals recorded over 20 minute logging intervals, and watertable depth below ground is the 

simultaneously logged dipwell water level. a) 12: 00 9"' June - 12: 00 10"' June, 2000; b) 10: 00 14"' June - 10: 00 

15"' June, 2000. 
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7. Discussion 

The watertable was observed to be high in the mid-southern part of the bog, where vegetation and yearlong 

ponding (Figure 2) suggest that this area receives inputs for the adjacent upland area. The watertable in wells in 

the central ombrotrophic area, which remain at or above the surface at least 50% of the time, are not supported 

by inflow from the upper catchment. Some throughflow from the upper bog region is possible here but this is 

likely to be proportionately small as peat conductivity is low and most flow is likely to be directed via the drain 

network. The watertable in the far western part of the bog is low. The surface gradient here is increasing and peat 

in this region is shallow (less than I rn), without any recognisable acrotelm or associated vegetation communities. 

Drainage in the shallow peat of this transitional part of the mire is far more effective in lowering the watertable. 

Augering here revealed bands of sandy sediment which appear to have been transported during flooding with 

soil eroded from further up the catchment. 

The recorded hydraulic conductivities fall well within the range of values reported by Boelter (1965) for 

moderately decomposed herbaceous peat at depth 0.7-0.8m of 7.7xlO-8 ms-1, by Ingram (1967) for blanket bog 

'water-track'at 0.5m depth and amorphous at Im depth of 0.2xlO-8 and 0.3xlO-8 ms"' respectively, by Sturges 

(1968, cited in Rycroft et al. 1975) for well decomposed peat at 0.46m and 0.91m depth of 0.28xlO-8ms" and 

0.18 x10-8 ms"', and Galvin's values for blanket peat of 6.94xlO-8 ms-1 (1976). A range of K values were applied 

during model testing and calibration (Part B). 

The specific yield values estimated using the Kozny-Carman Equation for effective porosity values (Ahuja et aL, 

1985), were considerably lower than those reported in the literature. The calculated values are up to two orders 

of magnitude lower than the laboratory measured ranges given by Boelter (1965) and Galvin (1976) which were 

0.1-0.79 and 0.08-0.3 8 respectively. Approximated specific yield values of 0.05 and 0.1 were applied during 

model calibration (Part B), as these values were considered more likely to represent the field situation. It is 

apparent that this method of calculating specific yield values is not suitable for mire peat soils. 

The groundwater levels at positions A and B, illustrated in Figure 7a&b, indicate that the watertable response to 

rainfall is similar across the plot, although less rapid in well B. In both of the selected monitoring periods, the 

watertable is higher at point A, with rising levels following rain synchronised in wells A and B. The watertable 
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is higher in both wells in the earlier selected monitoring session (9-10 June), and runoff is clearly greatest in this 

period. The antecedent watertable appears to influence the instance of runoff, indicating a saturated overland 

flow process. Once this process is initiated additional rainfall is rapidly transformed to runoff, as can be observed 

in Figure 7a. The instance of runoff at point A suggests a watertable of 0.05m below the 'ground surface' is the 

threshold for overland flow. The intensity of fluctuation in microtopography, being as much 0.1 m height gain- 

loss in 0.1 m laterally (Figure 6a), makes identification of a 'true' ground surface a subjective process. So that 

0.5m below ground at point A, may be 0.5m above ground 0.2m distant. 

The rainfall-runoff relationship exhibited from 9-10 June and 14-15 June are typical of observed behaviour in the 

plot: initial rainfall results in a small amount of runoff whilst interception and depression storage account for a 

larger proportion. As rainfall continues and the plot wets up runoff increases, peaking one to two hours after the 

storm peak. The large storage capacity of the intercepting vegetation is likely to be considerable (although not 

currently represented within the GSHAW5 formulation - Part B). Water stored at the surface within the 

vegetation hummock-hollow sequence will contribute considerably to evaporation. 

Runoff in the latter part of plot in Figure 7a does not appear to follow the same trend as the previous 14 hours: it 

would be expected to increase again following the third substantial rainfall event. The reason that no runoff was 

recorded is most probably due to equipment failure in the form of flat pump-batteries. This was a common 

problem in operation of the plot, causing the sump to fill with runoff and so that the tipping bucket was 

overcome. It is suggested that in a low surface gradient situation such as this, isolated from mains power supply, 

that an alternative and sustainable power supply would be most useful. A small wind turbine or solar cell should 

be adequate to maintain the battery charge. In general, the design of the plot proved very successful. The plastic 

roofing sheet provided an adequate barrier to isolate the acrotelm, its corrugations over-lapping in an inter- 

linking fashion to prevent leaks. Leakage between plastic sheets and increased infiltration immediately next to 

the barrier were identified as potential sources of experimental error but were not observed. Such potential 

perimeter errors would be reduced proportionally in larger plots. It should also be noted that if the barriers are 

left in place in droughty locations for long periods, dehydration within the plot might be accelerated without the 

buffer of the surrounding water table. The survey method developed for vegetation and microtopography within 

the SWaMP proved extremely accurate but time consurning, with a maximum survey rate of ten quadrats per day 

(I Orrý). 
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8. Conclusions 

Periods of surface runoff within the one hundred square metres SWaMP were recorded successfully and it has 

been demonstrated that overland flow accounts for a significant proportion of the mire water balance. The 

proportion of the water balance accounted for by runoff cannot be described by a predetermined analytical 

relationship as it is dependent on antecedent conditions not easily recorded at this time, such as storage within 

the vegetation and unsaturated soil zone. The establishment of a good match between field and numerically 

modelled behaviour using GSHAW5, presented in Part B of this paper, may replace a conventional analytical 

approach. 

The runoff recorded within the SWaMP represents a portion of the total acrotelm flow, effectively the quickflow 

component of a flood hydrograph, and is determined largely by the height of the collecting gutter. To estimate 

the runoff for the entire mire area it would be necessary to include both the quickflow in the immediate vicinity 

of the SWaMP and interflow component, which becomes runoff and surface water in the lower catchment. This 

would require nesting of the SWaMP within a larger recording catchment. 

The role of acrotelm flow should be considered when intervening in the drainage network during mire 

restoration. Such management action normally aims to stabilise groundwater levels by blocking drainage 

channels. The observations made during this study are that drain channels are likely to be most effective in the 

removal of quickflow and interflow from the acrotelrn. Damming of channels will slow down water removal by 

reducing the quickflow component of the flood hydrograph, potentially resulting in surface flooding. This may 

not be desirable to conservation management aims and the favoured ecological conditions, but should not be 

overlooked. 

The difference in groundwater level within the plot is significant. The two dipwells are 7m apart but the recorded 

water level is consistently lower further up the hydraulic gradient, moving away from the collecting gutter. 

Within monitoring networks in peatlands dipwells are regularly considered to represent the watertable over much 

larger areas, but monitoring within the SWaMP reveals the need to increase well density to truly characterise the 

groundwater condition in one hundred square metres. 
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Flow retardance and potentially high storage capacity within the vegetation of the hummock-hollow complex 

requires further investigation if it is to be better represented. Friction coefficients applied in this study were 

estimated as extensive literature review revealed little previous study of flow retardance within similar 

vegetation types. Determining more appropriate friction coefficient empirically demands an extensive and 

lengthy study, but is necessary to improve the suitability of estimated values. The micro-scale of topographical 

and vegetation data collection within the plot would not be replicable on a whole-site scale, and therefore future 

initiatives will focus on up-scaling issues and the relationship between species assemblages, microtopography 

and runoff production. 
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Abstract 

An integrated shallow surface and ground water model, GSHAW5 (Ground and SHAllow Water equations solved by 

Flnite VolumE method), has been developed to simulate acrotelin flow in mires. The surface water flux is estimated 

using the Osher shock-capturing scheme, making the model suitable for simulation of steady and unsteady, 

continuous and discontinuous, subcritical and supercritical surface water flow conditions. The scheme proves highly 

successful in the simulation of micro-scale flow in complex mire microtopography with extremely variable flow 

conditions. The groundwater fluxes are computed by application of Darcy's law. Ground and surface water 

interaction is achieved by the introduction of source-sink terms for rainfall and leakage into the continuity equations. 

The numerical scheme of the model is explained and test scenarios presented. The model is then applied to an 

experimental plot area (described in Part A of this paper) and outputs are compared to real data collected in the field 

plot. The model simulations provide a very close representation of field observed processes and discrepancies are 

small. 

Keywords: shallow water equations, groundwater equation, finite volume, shock-capturing scheme, surface and 

groundwater coupling, micro-scale application. 
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1. Introduction 

Many integrated groundwater (GW) and surface water (SW) models have been developed. The following can be 

given as examples: SHETRAN (Parkin, 1996) uses a complicated groundwater module and simplified open channel 

flow module; ISISMOD (Aradas, 200 1) is developed by coupling ISIS, an unsteady surface water model, with 

MODFLOW, a 3-D GW model (McDonald and Harbaugh, 1988); the MIKE SHE - MIKE II integrated model 

(Sorensen & Refsgaard, 200 1) couples the MIKE SHE GW model with the MIKE III -D hydrodynamic SW model. 

GSHAW5 (Groundwater and SHAllow Water equations solved by Flnite VolumE method) is an integrated 2-D 

ground and surface water model. Solution of the 2-1) shallow water equations and 2-D groundwater equation is 

achieved by Finite Volume Method (FVM). The method is more recent than the Finite Difference (FD) or Finite 

Element Method (FE). The key element in FVM is to estimate the fluxes at cell interfaces. In the surface water 

calculation, fluxes through the cell interfaces are computed using the Osher Scheme, one of five available shock- 

capturing schemes within the model. In the groundwater calculation they are computed according to Darcy's Law. 

Integration is achieved by the introduction of source-sink terms in the continuity equations of both ground and 

surface water solutions. These source-sink terms include leakage from surface to subsurface and a flow from the 

subsurface to surface. The solution to surface water equations is suitable for many types of flow including 

continuous to discontinuous flow, subcritical to supercritical and steady to unsteady flow. It is also capable of 

simulating drying and wetting flow conditions, commonly occurring in mire hydrology. The FVM with the Osher 

Scheme has been applied to severe flow conditions such as simulation of dam break problems (Zhao et al, 1994), 

simulation of an oblique shock wave (Erduran et al., 2000), and simulation of hydraulic jump (Erduran and Kutija, 

1999). Many other widely used methods based on FD schemes have difficulty simulating these types of flow to a 

reasonable degree of accuracy. Rapidly varying flow can also be seen in the simulation of flow in a 

microtopographical environment (the plot area described in Part A). It occurs due to the local large slope gradient of 

rnicrotopography and the high bed shear stress. Zhang and Cundy (1989) apply their model using the MacCormack 

scheme (which is able to reproduce rapidly varying flow) to a microtopographical complex. They discuss the 

problem of flow simulation in this complex microtopography, caused by a large local slope and bed shear stress. 
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Solution of the 2-D groundwater equation is described in Section 2 and the solution to 2-D shallow water equations 

is given in Section 3. The coupling processes are explained in Section 4. The features of the model are given in 

Section 5. Section 6 illustrates test scenarios carried out during the development of the model. The model is then 

applied to a field plot area (SWaMP), from which hydrological data have been collected. Data collection 

methodology is described in detail in Part A of this paper. Some modification of the data-set, including grid size and 

aquifer thickness, were necessary and are explained in Section 7. The model results are presented and compared to 

field recorded data in Section 8. The difficulties resulting from a micro-scale flow simulation in a 

microtopographical environment are discussed in Section 9. Finally conclusions are drawn in Section 10. 
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2. Solution to Ground Water Equations 

The 2-D groundwater flow equation for homogeneous fluid with constant density can be given as, 

aH aH i9 ZIH a aH 
SY 

at = V. (KVH) or more explicitly SY 
at = ax 

(Kx 
ax )+ ay 

(K 
Y ay 

where SY is the specific storage or yield (for an unconfined aquifer) - "volume of water that can be released from a 

unit volume of a saturated aquifer by a unit reduction in hydraulic head" (Shaw, 1996). H is the groundwater head, 

K. and KY are the hydraulic conductivity in x any directions respectively. 

Equation [I] is known as continuity (mass balance equation) for 2D ground water flow in porous medium. The 

groundwater equation can also be written as, 

SY aH 
= 

Öfý, 
+ 

af Y 
=V. F 

a ex ey 
[2] 

where f., and f., are the fluxes (specific discharge) in x and y direction respectively and they can be represented as, 

f. 
ý = K., 

aH 
fy =KY 

aH, 
V. F = 

af 
' +'Df y 

ax C'IY ax O-y 

The FVM is based on the integration of equation over a cell. Application of divergence theorem and integration of 

Equation [2] over a control volume V results in: 

H fffSy 
-ý- aV= fffdivFaV 

= 
ffFnas= if,, o'y-fyax 

v 
at 

sL 
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where n is an outward normal vector, and S denotes the surface integral, L represents the line integral. Referring to 

Figure I (2D rectangular cell), the discrete form of the above relation can be written as follows: 

aH 
ASY 

at = fxl (YB - YA) - fyl (XB - XA) + fx2 (YC - YB) - fy2 (XC - XB) + fx3 (YD - YC) 

fy3 (XD - XC) + fx4 (YA - YD) - fy4 (XA - XD) 

where XA I XB 9 XC I XD are x co-ordinate of points A, B, C, D respectively, similarly YA I YB, yC, yD are y co- 

ordinate of points A, B, C, D respectively, subscript 1,2,3,4 refers to the side of a cell as shown in Figure 1. Finally, 

Equation [2] nlay be rewritten as, 

aH k 

Asy Z fjLj 
at jýj 

where k is the number of side of the cell. 
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2.1 Estimation of the Fluxes by Darcy's Law 

The key element in the finite volume method (FVM) is the computation of the fluxes through cell interfaces. They 

can be computed by Darcy's Law for each direction (Figure 1). 

Figure 1.2D rectangular grid and corresponding fluxes through cell interfaces. 

y 

1 

11 

IIý 

For instance, flux through the interface (i+V2. j) can be given in discretised form as, 

f, = K., (i+, / 2j) 
(Hij - Hj+j'j) 

E [61 
abs(x,, j -x, +,, j) 

where, E 
Hi. j + Hi+,, j 

) 
if Groundwater head, His less than ground level Z 2 
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E 
zili + Zi+l, j if Groundwater head, H is greater than ground level Z 

2 

Z is the vertical elevation at the centre of a cell, similarly, x is x co-ordinate of the centre of the cell. In the same way, 

remaining fluxes for the other interfaces can be computed. 

Finally, the solution for H can be obtained by Euler time integration: 

At k 
HuP = Hn +- 1 

1-1 
fi Li 

ASy 
j=l 

where H' is a solution for H over a time step At. 

However, solution of Equation [7] may not be the final solution for H as it will be explained at the end of Section 4. 

Hence the notation H"p instead of H"' is used. 
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3. Solution to Shallow Water Equations 

The two-dimensional form of the shallow water equations can be written as, 

ah 
+ 

0(hv,, ) 
+ 

±hvy) 
=0 at ax OY 

a(hv., ) 0 (h 
v, 2, + gh 2 /2) 

+ 
0(hv., vy) 

= gh (So.,, 
- Sf., 

[81 

at N Oýy 

0(hvy) a(hV2 + gh 2 /2) 
+ -Y_ = gh 

(So 
-S at ax ey y ') ry 

where h is the water depth, V., , VY represent the depth-averaged velocity components in the x and y directions, g is 

the acceleration due to gravity, Sox and Sf., are the bed slopes and friction terms respectively in the x direction and 

similarly for So 
Y and Sfy. 

Denoting p, = h, P2 = hv.., p, = hVY and defining the conserved physical vector p=I PI) P29 P3 ]T, the 

conservative vector form of the shallow water equations can be written in vector notation as, 

LP 
++ 

og(p) 
= b(p) 191 

at ax cly 

where f( P), 9(p) are the flux vectors in the x, y directions respectively and b(p) denotes source/sink temis. 

Equation [9] can also be written in the compact-conservative form given below by denoting: 

F(p) =[f (p) g(p)]T 

ap 
ý (V. F)T = b(p) 

at 
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The FVM is based on integration of the equations of interest over each finite volume (cell) covering the 

computational domain. Thus, 

Lp 
+ (V. F)T dV = fb(p)dV 

V( at v 

where V represents the volume over which integration is performed. 

Zhao et al. (1994) shows that assuming that p varies with time but is constant over the cell, applying the divergence 

theorem to the second term on the lcft hand side of Equation [I I], using the rotational invariance property between 

f(p) and g(p) on each side of the cell and resolving F(p) in the direction of the normal vector n, the 2D equations are 

reduced to a number of ID local problems which are solved separately; one across each cell boundary. In discretised 

form these are given by: 

ALP = -E T-1 (0) f (q)e + Ab(p) m 
dt k=l 

where A is the area of the cell, m is the number of sides of the cell, T(O) is the transformation matrix which can be 

obtained by rotating the co-ordinate axes, Lk is the length of the kth cell side, k is an index that represents the side, 0 

is the angle between the outward normal vector n and the x axis, q is the transformed conserved physical vector 

obtained by multiplying p by the transformation matrix and f 
(q) is the transformed numerical flux vector. We have 

q= T(O) p=[h, hu, hv ]T and f(q)=[hu, hu' +gh2 /2, huv 

where u, v are local components of velocity in the normal and tangential directions respectively given by 

u=v,, cosO + vysinO .v= -vxsinO + vycosO 
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Toro (1997) states that each of these I -D local problems is a Riemann problem defined to be an initial value problem 

that exhibits an abrupt change in the flow variables. The Riemann problem is characterised by two states, for which 

the conservative variables have known values at the beginning of a time step, separated by a line called the Riemann 

interface. If we let x' be a local co-ordinate, normal to the cell side the Riemann problem can be written, 

Lq 
+ axn 

[131 
at 

The initial state is given by q(x 
n, o)= 

qL; Xn "' 0 

q, R 
; Xn >0 

where qL and qR denote the values of the transformed conserved physical vector to the left and right of the cell 

interface respectively. The inside of the cell under consideration always corresponds to the left hand side of the 

Riemann interface, and the neighbouring cell to the right hand side as shown in Figure 2. 

Figure 2. Typical Finite Volume Cell and Riemann Interface 

y 

Equation [14] is solved by Osher Scheme, giving the normal flux through each cell boundary, denoted f (qL, q R) 

in Figure 2. For more detailed information about the solution presented so far, see Zhao et al. (1994), Tan (1992), 

Hirsch (1990) and Toro (1997). 
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The solution to equation [13] is based on the conservation law and the solution is achieved in the absence of source- 

sink terms. Hence, they are treated separately. In this study, so called splitting technique is used. The shallow water 

equations given in Equation [9] are split into two parts; the homogeneous part, which consists of only the terms on 

the left-hand side of the equation, and the inhomogeneous part, which is of the form: 

-ý! = b(p) 
at 

The homogeneous part is solved using Euler's method, giving the following expression: 

[14] 

m 
p n+l 

=pn- 
At I: T-'(O)f(q)V [151 
A k=l 

where p"" shows values at the next time step and At is the length of the time step. 

This equation shows that, in order to find the conservative variables h, hv.,, and hvy at the next time step, first the 

numerical fluxes for each cell side are computed. They are then multiplied by the inverse transformation matrix and 

the length of the corresponding cell side and summed. 

The inhomogeneous part, which is the set of Ordinary Differential Equations (ODEs) given in Equation [14], can be 

solved by any suitable method. Here a fourth order Runge Kutta method is adopted. 

Note that the solution to these ODEs uses as initial values the conservative variables obtained from Equation [15]. 

Hence, the solution of Equation [ 14] gives the corrected values at the next time step. It may be worth mentioning 

that, although the fourth order Runge Kutta method is used for the solution of ODEs, the solution of the system is 

still first order accurate as shown in Equation [ 16]. 

p n+I = s(A, ) H(N) 
[pn 1 

[161 
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where S (At) 
and H (At) 

are operators which correspond to solutions to the inhomogeneous (source/sink temis) and the 

homogeneous parts respectively. 

3.1 Estimation of flux by the Osher scheme 

Each 1D problem can be written in the form of Equation [11], where the transformed numerical flux vector f (q) has 

the form: 

f (q) =[ hu, hu' + gh'12, huv 

Equation [13] can be represented by the quasi -linear equation: 

Lq 
+jaq =0 at ax 

where J is the Jacobian matrix (also known as the coefficient matrix): 

af, Of, af 
-- 11 Oql aq2 N3 01 0- 

j 
ýf2 0 Of2 Of2 

_U2 +C2 2u 0 Oql iDq 2 
0% 

L9f3 'Df ff3 -uv vu 

L 
Oql 0% 4Dq3 j 

[17] 

Solution of the Riemann problem requires knowledge of the slope of the characteristic lines (eigenvalues). These are 

found by solving the characteristic equation, IJ-AI=0. The solution yields three eigenvalues; 

Al =U- Cl A2 = Ul A3 =U+C given in order of ascending magnitude, where c= 
V-gh 

. Note that the 

Jacobian matrix J is diagonalizable and the hyperbolic Equation [ 13] can thus be written as a system with real 

eigenvalues and the diagonalizable coefficient matrix given above (Toro, 1997). The Osher-Riemann solver requires 
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the Riemann invariants to be known, which means that the eigenvectors are also required. The eigenvectors, ̂ I , are 

obtained from the equation Jy= All and the solutions for corresponding eigenvalues A,, A29 /13 are 

. fl = [I, U _ CO V]T, 72 =[0,0, If, If 3=[1, U+C, V]T respectively. The Riemann invariants are constant 

along the characteristics. They can be found by solving the following ordinary differential equations for each 

eigenvector: 

dql dq2 dq3 
vjl Vj2 

IVJ3 

wherej is the number of the eigenvector, yjk denotes the kth component of yj. 

The above equations produce two Riemann invariants for each eigenvector, denoted y1j, i=1,2. We have: 

I=2=V, VI =U, V12 
2= 

V/1 u-2c, V =h, V'=u+2c, V/ v 12233 

The aim of solving the Riemann. problem is to find the solution in the wedge between the first and third characteristic 

lines (Toro, 200 1). The Riernann problem must be constructed and solved at each cell interface, thus the number of 

solutions for each cell equals to the number of sides of the cell. 

There are two ways to follow Osher's method. One is the original Osher scheme (sometimes called O-ordering) and 

the other is known as a physical ordering or P-Ordering (Toro, 1997). In this paper only P- Ordering is presented. 
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Figure 3. Osher integration paths ( rl, r2, r3 ), intersection points (qA, qB), sonic points 

(SI 
, 
S3) and slope of characteristics. 
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In Figure 3, the sonic point (critical point) represents a point where the characteristic speed becomes zero and occurs 

when the wave is crossed (die sign of the characteristic speed changes). A point where two characteristics intersect 

is called an intersection point. In order to find these points, the Riemann invariants are used. Zhao et al. (1994) gives 

the velocities and water depths at points A and B as follows: 

UA =US = 
VL + VR 

2 

and at points S, 
I 

S3 they can be given as: 

hA= hB =I 
VL - VR 

9( 4 

u Si V/ L, hs, =. u S3 = 13 V/, R ,h S3 = 

(us, 

VL = VA = VS, , VR = va =v S3 
99 

where VL = UL + 21g-hL 
P VR = UR - 21g-hR are constant across A, and 13 respectively. 

Each integration path is drawn tangential to the corresponding eigenvector. The solution begins with splitting the 

Jacobian matrix of the shallow water equations into two as one part has only positive eigenvalues and the other has 

only negative eigenvalues. Similarly, the flux vector can be split. Then, by choosing the direction of integration (left 
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to right or right to left), the integration is completed according to the sign of the eigenvalues. By considering only the 

negative eigenvalues, the integral equation from left to right for the general case can be given as: 

qs, q qj, 

f(qL, qR): ": f(qL)+ fJ-(q)dq+ ji 
-(q)dq+ fJ-(q)dq 

qL qs, qA 

qS3 q, 
[181 

+fJ- (q)dq + fJ - (q)dq 
qB q S3 

where J- is a Jacobian matrix, which has only negative or zero eigenvalues, f (q 
L, q R) denotes the normal flux 

through the cell interface from left to right. 

The integration results in the 16 different cases shown in Table I and each one determines the numerical flux through 

each cell interface. Each case represents a hydraulic condition (Zhao et al., 1994). 

The steps required to solve the Riemann problem using the Osher scheme are: 

(a) Prepare the left and right initial data for the initial value Riemann problem for each cell interface by computing 

UL ) VL and hL for the left interface and uR, vR and hR for the right interface. 

(b) Compute wave speeds for both interfaces CL 9 CR and the Riemann invariants VL P V'R ' 

(c) Compute UA 0 UBP hAP hBP VA, VBI CA' CBI us, P hs,, u S3 'h S3 ' 
vs, 

,v S3 

(d) Estimate the normal flux at each cell interface by taking the appropriate normal flux definition given in Table 1. 
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Table 1. Estimation of the normal flux using Osher Schemes (Zhao et al., 1994) 

Hydraulic UL - CL 0 UL _CL ý: 0 UL - CL :50 UL - CL :! ý' 0 

Conditions UR + CR 0 UR +CR :50 UR + CR 0 UR + CR :50 

UA 0 f (qL) +f (qR ) f (qs, ) -f (qs 
3 

UA -CA ýto f (qL) -f (qs 
3) f(qsl) +f (qR) 

UA ý: O f (qL) -f (qs, ) f (qL) -f (qs, ) f (qR) +f (qA 
UA -CA :50 +f (qA) +f (qA )+ f (qR) f (qA ) -f (qs 3 

-f (qs 3) 

UB :50 f (qL) -f (qs, ) f (qL) -f (qs, +f (qB) f (qB)- f (qs3 
UB +CB 0 +f (qB) 

-f (qs) +f (qR) f (qB ) +f (q R) 

UB : 50 f (qL) -f (qs, ) f (qL) -f (qs, ) 
UB +CB 0 +f (qs 3 +f (qR) f(qs3) f (qR) 

Note that although the solution to shallow water equations introduced here can be used for structured, unstructured, 

uniform or non-uniform grid. Due to the limitation on the solution to groundwater equations, the overall solution is 

only applicable structured uniform rectangular grid. 
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3.2 Inclusion of Rainfall 

Rainfall can also be simulated in GSHAW5 by introducing flow resulting from rainfall as a source term in the 

continuity equation of the shallow water equations. Again, the solution is achieved using splitting technique. 

iCh + 
b(hv., )+ý(hvy) 

=qR 
Lit a7- ay 

where q. is rainfall intensity (m/s). Splitting the continuity equations as: 

2h 
= qR 

at 

and 
ah 

+ 
0(hv,, ) 

+ 
0(hvv) 

=0 at ox ay 

Equation [ 19] is an ODE and can be solved by Euler method given below. 

huP =h+ AtqR [20] 

where h'P illustrates the solution to h over a time step At 
. 

Since solution of Equation [20] is not the final solution for h, the notation h'P (for h updated) instead of h"" is 

used (see Section 4 for more detail). 

Finally overall solution including the rainfall effect can be achieved in two steps: 

Step 1: Use Equation [20] to update the first component of P, h. 

Step 2: Use Equation [ 16] to find the next time step values for all three components of P. 
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4. Coupling surface water with groundwater 

Gound and surface processes are linked in three different scenarios in GSHAW5. Figure 4 illustrates the coupling 

procedures used in GSHAW5. 

Figure 4. The coupling processes used in GSHAW5: Cases A, B and C. 
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Case A: the surface is wet and the water depth is prescribed, but the groundwater head is below the ground level 

elevation for that cell. In this case, there will be a flow from surface to ground due to leakage, computed by Darcy's 

Law in the Z direction: 

q, =K., (h+Z-H)IZ [21) 

where q, is the flow due to infiltration, K. is a hydraulic conductivity in Z direction, and Z is an elevation in the 

centre of a cell (thickness of the aquifer). The same expression for the computation of leakage can be found in 
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Wilson and Akande (1995), and Haagsma and Johanns (2001). An alternative technique would be to solve the 

Richards Equation, which includes unsaturated and saturated zones (Yakirevich et al. (1998), Singh and Bhallamudi 

(1998). 

Infiltration results in decreasing surface water depth and increasing groundwater head, computed as: 

huP = h" - Atq, the surface water depth is updated. [22] 

H'P = H' + 
Atql 

the groundwater head is updated. [23] 
SY 

Equations [22] and [23] are obtained by first introducing q, in each continuity equation of surface and ground water 

as a source-sink term, then applying the splitting technique. For instance, Equation [23] can be obtained after 

introducing q, as source term, rewriting Equation[ I]: 

SY 
aH= a 

(K., 
aH )+ a 

(K 
aH )+qj 

at ax ax ay y O'ý 
[24] 

Application of the splitting technique to Equation [24] yields two equations. The first is an ODE given in Equation 

[25]. The second is Equation [1] given earlier. 

SY 
OH 

= q, at 
[25] 

By using the first order Euler method, Equation [23] is obtained. Note that the lateral flow computation in the 

groundwater is also carried out. 
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Case B: The groundwater head is above the ground level and is equal to h +Z The surface is wet and there is no 

infiltration. In this case, an interaction between GW and SW occurs because of the change in storage in groundwater 

caused by the lateral flow. Again, the surface water depth and groundwater head is recomputed by: 

a) Equation [7], which takes into account of the change in storage and gives a solution to H over a time step, At. 

b) introducing another source term into the continuity equation of the shallow water equations, which can again be 

solved by splitting technique. Then, the solution reads: 

k 
h'P = h" + EfjLj 

j=l 
[26] 

A further coupling is considered in Case B: when the surface water computation is complete and shallow water 

depth has changed, the groundwater head, given by the sum of h and Z, must be updated. 

Case C. There is no water on the surface and cells are effectively dry. To avoid the zero-division problem, water 

depth is the prescribed value 0.00001m. There is no integration between ground and surface. However, the 

Equations [7] and [ 16] are still applied in order to compute the changes due to the horizontal water movements in 

both ground and surface water. 

Finally, the following steps can be carried out during the computation in GSHAW5: 

I- Flow due to rainfall: Equation [20] is used. 

2- Infiltration: Equations [22] and [23] are used. 

3- Groundwater flow computation: Equation [7] is used. If Case B occurs then Equation [26] is used. 

4- Surface water computation: Equation [16] is used. If Case B occurs then the groundwater head is recalculated. 
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The updated value of depth, h"P 
, is obtained from equations [20], [22) and (26]. The updated value of groundwater 

head, H'P, is obtained from equations [7] and [23]. If those equations are the final equations used according to the 

steps described above, then h'P and H up become h "+' and H` respectively. Otherwise, h up and H up are 

used as intermediate values, denoted h and H respectively in the following equations. For instance, in Case A when 

some rain occurs, the next time step value ( h"" ) for h is obtained from the solution to Equation [ 16] not the solution 

to Equations [20] or [22]. In other words, for this particular case, the final solution for h is obtained by taking step I 

first, then step 2 (using h' resulted from Equation [20] as h in Equation [22]) and finally step 4 (using h up resulted 

from Equation (22] as h in Equation [ 16] for final solution, h"' ). 
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5. GSHAW5 

The programme used throughout is GSHAW5, developed by the first author. The code is written in the object- 

oriented programming language DELPHI 5 and is user friendly. Previously, the programme was suitable only to 

simulate shallow water flows and has been applied as such in several previous studies (Erduran and Kutija, 1999, 

Jeong, 1999, Erduran et aL, 2000). The main features of the model are: 

(a) Five Riemann solvers: HLL Scheme (Hartcn, Lax and van Leer), HLLC (Modified HLL scheme which includes 

a Contact wave, it is named after Toro et al., 1994), Osher Scheme, Roe Scheme and Flux Vector Splitting 

Scheme (FVS). 

(b) Suitability for different types of flow including continuous and discontinuous flow, steady and unsteady flow, 

subcritical and supercritical flow. 

(c) Suitability for both first and second order accuracy computations. 

(d) Two alternative time integration methods for second order accuracy in time are included: Predictor-Corrector 

and van Leer to Hancock. 

(e) Four 'limiters' are available: Superbee, Minmod, van Leer and van Albada, 

(f) Ability to handle complex topography i. e. use of a variety of cell shapes. In particular, any grid type, such as 

unstructured and non-uniform can be used if first order accuracy is chosen. Second order accurate solutions are 

restricted to structured grids but these can be non-uniform. For the slope computations, a surface slope is 

defined. As long as the co-ordinates (x, y, z) of the comer of the cells are known, the model can compute the 

slope in the x and y directions. 

(g) The model has the ability to handle different boundary conditions. The boundary conditions available in the 

programme include rating curves, time dependent discharge boundaries, given discharge and or water depth and 

closed or open boundaries. 

(h) Suitability for flow in initially dry areas and drying and wetting flow conditions. 

294 



The model was modified by adding the groundwater module. This addition provides simulation of integration 

between GW and any types of 2D shallow water flow on the surface. However, since the solution to the groundwater 

equation is restricted to use structured, uniform rectangular grids, GSHAW5 becomes suitable for only structured 

uniform rectangular grids. 

Rainfall effect is also included in the model. These features make the model most suitable for ground and surface 

water flow integration, especially processes occurring in complex natural flow situations such as wetlands. 
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6. Test cases 

The integrated model has been tested for a number of hypothetical cases. Here, one example for ID case is 

introduced. The computational domain is divided in to two regions from the middle of the domain, namely the left 

and the right (Figure 5a). On the left side the water depth is taken to be 2m, on the right side it is taken to be as I in, 

providing a rapidly varying flow on the surface. On the right side the groundwater head is above the ground and is 

equal to h +Z = 4m. On the left side, it is below the ground level and equal to 1.5m. Boundary conditions are selected 

as closed for both surface and groundwater, so that the head is taken to be equal to the head in the boundary, 

providing zero fluxes. Specific yield is taken to be unity in order to check the mass balance at the end of 

computation. Under these conditions, it is expected that the mass will be redistributed. The water depth on the 

surface will reduce to 1.25m and will remain constant. There will be no empty space within the ground and the 

groundwater head is expected to be equal to 3.25m (2+1.25m). 

As seen in Figures 5b and 5c, there is a rapid change on the surface water at time 2s and 4s due to the large water 

depth differences set up initially. The surface water has fluctuated between the closed boundaries at both ends of the 

domain. However, there is no movement of the groundwater head as the leakage rate is very low and in such a short 

period, there is no lateral flow. When the simulation time reaches 60s, the water surface almost reaches a steady state 

condition, whilst there is still no significant change in the groundwater head. At a time, 10000s, there is a 

considerable drop on the surface due to infiltration on the left-hand side of the domain. The ground water head 

increases due to the infiltration and the lateral flow caused by the head differences particularly in the middle of the 

domain. Similar but more significant changes are seen at times, 20000s and 40000s. Finally, the expected 

equilibrium condition is obtained at 60000s. 

This test is used to demonstrate groundwater flow, due to the head differences and infiltration, surface flux due to 

water depth differences. The results show that the expected flux occurred and that total mass was preserved. The test 

also demonstrates that the splitting technique and time coupling of surface and groundwater computation have not 

produced significant inaccuracies. This may be because the selected time step is so small. The use of the explicit 
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algorithm requires a time step small enough to fulfil stability condition defined by Courant, Friedrichs and Lewy 

(1928). The condition is given by CFL< I where CFL is known as the Courant number and given below: 

CFL = 
At 

1 [27] 
Ax 

where Armx is the maximum propagation speed of the wave. 
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Figure 5. Groundwater and Surface Water integration Processes for the test over 60000s. 
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7. Application to the field plot 

The monitoring plot area, SWaMP, described in Part A, has been divided into 51 x50 rectangular cells, (Figure 6), 

each cell having 0.2m length in x and y directions. As the model describes the hydrology of only the acrotelm, or 

vegetatively active top layer of the mire, the thickness of the region to be modelled was reduced by subtracting 

278.8m from all ordnance datum z-co-ordinates. The model scheme was flexible so that layer thickness varied from 

0.4m to Urn, in which ground water fluctuations were calculated. The area was originally surveyed (as described in 

Part A) and initially modelled at cell size 0.0 1 n?. After initial model testing cell area was increased to 0.04m2, by 

merging four original cells. The centre elevation (z-co-ordinate) of each new 0.04rr? cell was taken as the z- co- 

ordinate at the intersection of the four original 0.0 1 m2 cells. The Manning's coefficient for each new cell was given 

by the geometric mean of the original four cells. This was necessary to increase the stability region and reduce 

computational time. 

Figure 6. Grid representation of the study area: A, B observation wells. 
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As described in Part A, there are two observation wells in the field at co-ordinates 3,2 (A) and 3,9 (B) shown in 

Figure 6. Groundwater head values were measured continuously and recorded at 20-minute intervals in these wells. 

External plot boundary conditions are set as closed, reflecting the field condition, except for the ritlit bottorn corner 

(0,10) of the plot, which was open to a surnp, into which runoff was directed by a gutter. In the model, this boundary 

is also set as an open boundary so that discharge at this point can be obtained. In the field discharge is recorded via a 

tipping bucket gauge (Part A, Section 4). 1 lydraulic conductivity values in the Z direction were set to zero along the 

gutter (0,0-0,10) as it was impermeable. The contour map of the surface elevation ofthe model domain with cell size 

2 0.04 11, is shown in Figure 7. 

Figure 7. Contour inap ofthe plot microlopography, contour interval 0.02m. 
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8. Results 

The model case study occurred on the I Oh July, 2000, in the early hours of the morning between 00: 00 and 03: 20. 

Physical input data required to run the model including topography, roughness and hydraulic conductivity were 

determined previously. Measurement and calculation procedures are described in Part A. Hydrological data including 

rainfall, groundwater head fluctuations and runoff were measured at 20-minute intervals in the SWaMP using the 

raingauge, tipping bucket and automated dipwells A and B (Figure 6) (Part A Section 4). The storage coefficient was 

estimated from literature values (Part A Section 5& 6) and taken as 0.05 throughout the model domain. 

Initial groundwater condition or head was known only in the two dipwells A and B. As the model requires a 

groundwater head values for the entire domain, an initial value must be prescribed for each cell. This was achieved 

by pre-running the model with an estimated initial head. When the modelled head approached the observed 

groundwater head at the model period start time, the domain head values were accepted as a 'good' initial 

groundwater condition. A contour map of the initial groundwater head obtained by this process is shown in Figure 8. 

At the beginning of the model run, the ground surface is assumed to be 'dry' - no water is ponding in hollows. The 

initial water depth at each grid point is prescribed as the minimum allowable value, 0.00001m. 

The run is completed after 220 minutes. The recorded and modelled head for each well, and the cumulative rainfall 

for each interval, are included in Table 2 and illustrated by Figure 9. The change in head from one result to the next 

(t,, - tj) for individual wells, calculated from field recorded and model values, is contained in Table 3. 
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Figure 8. The contour map ofthe groundwater head obtained from tile model. 
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The model results are taken fi-om the nearest grid point since location ot'dipwells A and B are not at the centre ol'a 

grid point. The results obtained 1rorn the field and the model shows some small differences. Numerically plots of' 

field A and model A groundwater levels appear quite different in Figure 9 though they follow a sinular trend. Field 13 

and model B appear relatively similar, though they do not appear to t`61low the same trend in Figure 9. WIICII 

fluctuations in groundwater level (Table 3) are compared with each other, model and field results in both A and B are 

quite strongly correlated (Pearson coefficient: 0.602 & 0.611; P-value: 0.05 & 0.046 respectively). When 

fluctuations in groundwater levels are compared to raint'all, both field results for A and B are very strongly correlated 

(Pearson coeflicient: 0.961 & 0.843, P-value: 0.00 & 0.001 respectively) and model A is weakly correlated (Pearson 

coefficient: 0.55 1; P-value: 0.079). Fluctuations in model B groundwater levels are not correlated with raint'all. 
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Surface water runoff recorded in the plot and computed by the model are shown in Figure 10, along with the 20- 

minute cumulative rainfall for the same intervals. Modelled runoff is extremely positively correlated with rainfall 

(Pearson cocfficient: 0.879; P-value: 0.000); field recorded runoff is strongly negatively correlated with rainfall 

(Pearson coefficient: -0.847; P-value: 0.001). 

Table 2. Model and Field Results for Groundwater Head in wells A&B (in m above ordnance datum) and recorded 

20-minute cumulative rainfall (mm). 

Time 

Interval Field A Model A Field B Model B 

Cumulative 

Rainfall (mm) 

Initial 279.269 279.262 279.241 279.251 0.0 

0-20 279.275 279.263 279.248 279.253 1.2 

20-40 279.281 279.266 279.254 279.253 1.4 

40-60 279.286 279.266 279.256 279.254 1.4 

60-80 279.288 279.266 279.255 279.255 0.6 

80-100 279.289 279.266 279.257 279.256 0.8 

100-120 279.289 279.267 279.256 279.257 0.4 

120-140 279.289 279.267 279.256 279.258 0.4 

140-160 279.288 279.267 279.254 279.259 0.2 

160-180 279.288 279.268 279.253 279.259 0.2 

180-200 279.287 279.268 279.252 279.260 0.0 

200-220 279.285 279.268 279.251 279.261 0.0 
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Table 3. Changes in the groundwater head for Model and Field Results, (m). 

Time Interval Field A Model A Field B Model B 

0-20 0.00600 0.00171 0.00700 0.00066 

20-40 0.00600 0.00080 0.00600 0.00267 

40-60 0.00500 0.00086 0.00200 0.00018 

60-80 0.00200 0.00084 -0.00100 0.00024 

80-100 0.00100 0.00084 0.00200 0.00029 

100-120 0.00000 0.00084 -0.00100 0.00033 

120-140 0.00000 0.00085 0.00000 0.00036 

140-160 -0.00100 0.00085 -0.00200 0.00039 

160-180 0.00000 0.00085 -0.00100 0.00042 

180-200 -0.00100 0.00093 -0.00100 0.00044 

200-220 -0.00200 0.00085 -0.00100 -0.00030 
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Figure 9. Model calculated and field observed groundwater level (in above daturn) 00: 00-03: 20,10/07/00. 
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Figure 10. Cumulative rainfall (mm), model calculated and field recorded surface water runoft'(ni'/s) for 20-minute 

intervals. 
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9. Discussion 

Field values of groundwater head were known at two locations 7m apart, within the I OxIOrn plot. Undermost 

circumstances this would be considered to give an extremely favourable representation of groundwater levels. 

However watertable recorded in the plot dipwells showed considerable differences. This created difficulties in 

establishing an initial groundwater condition for each cell in the model simulation. Model tests revealed that pre- 

running the model to arrive at a groundwater level close to the field data provided the best solution. Although many 

runs were completed the model initial condition could not be made to match the field initial condition exactly. 

Figure 9 shows the model groundwater level for wells A and B increases continuously throughout the simulation 

period, excepting A in the final time step, whilst the field recorded levels decrease after 100 minutes. The model 

results are dependent on the infiltration relationship which is continuous and the closed boundary conditions, 

therefore no water loss. The apparently linear increase in the model groundwater level, particularly in well B, is a 

result of the leakage computation (Section 4), effectively head difference times by layer transmissivity. At point A 

the groundwater level during the first 40 rilinutes shows fluctuations caused by greater lateral flow, having a greater 

contributing area (Figure 8). The rate of increase in the groundwater level at point A is less than that of B, as water 

level at A is closer to the ground surface having a smaller head difference in the leakage relationship. The field 

groundwater levels in Figure 9, increase up to 100 minutes due to recharge, after which they decrease by 4 and 5 nun 

respectively over the next 120 minutes. The falling recorded levels could be due to several reasons: redistribution of 

water within the wetting soil matrix; there could be some loss from the SWaMP either through or below the 

boundary material, particularly when groundwater heads are greatest; vertical and lateral loss through the mire body. 

Generally speaking there is a good agreement between the field recorded groundwater head values and the model 

results. The differences between field and model are less than 0.02m and in many applications, such differences 

would be considered insignificant. This agreement can also be observed when correlating fluctuations of 

groundwater head values for model and field results. 
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Very little was known about surface water within plot at the beginning of the simulation period, and surface water 

was recorded as runoff only. The recording dipwells were perforated both below and above ground, and so could not 

be considered to give an accurate representation of any open water at that point. The initial surface water depth 

within the model simulation was prescribed as 0.00001m, the dry cell value. 

Model runoff shown in Figure 10, was very strongly correlated with recorded rainfall, in fact the model responds 

immediately to rainfall. As rainfall increases, model runoff increases proportionately; as rainfall decreases so does 

model runoff. Field recorded values respond in a very differently and are strongly negatively correlated to rainfall. 

The field values increase steadily throughout the period. This condition reflects the field conditions in which 

interception and potential surface storage within dense vegetation cover is likely to be high, and which saturation of 

the imperfectly defined subsurface zone is also likely to delay overland flow. No account is taken of the lag in which 

the field becomes 'wet-up' before runoff occurs in the model scheme. The prescribed initial surface water depth 

(0.0000 1 in) may have also caused high runoff during the first 40 minutes. If the model could be made to produce less 

runoff, more water would remain at the surface resulting in higher infiltration and producing a groundwater 

fluctuation closer to field conditions. 

Discrepancies between the field recorded and modelled runoff may be due to the cumulative nature of field 

measurements versus 'distributed' runoff production by the model. Field values of runoff and rainfall are based on a 

cumulative record given by a 20-minute data logging interval, whilst of the model input parameters determine that 

rainfall must be distributed evenly throughout the small time-steps of each 20 minute model period. Model runoff 

values are output as a 20-rninute cumulative totals (calculated for each 0.00 Is time-step) but may not be based on the 

actual distribution of rainfall which is unknown. If precipitation was unevenly distributed, occurring for example in 

the first or final minute of the logging period, this could not be determined and hence would be misrepresented by 

the model input parameter. 

Agreement between the model result and field observed values could be improved if the field conditions were better 

represented. Up-scaling of the model grid from 0.0 1 rný to 0.04m2 was necessary to increase the stability region and 

reduce computational time. This increase in cell dimensions may reduce the accuracy of representation of the plot 
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topographical and friction characteristics. High discharge values obtained from the model may be attributed to the 

estimated Manning's coefficient values (Part A, Sections 5& 6). Any increase in the Manning's coefficient values 

will results in a decrease in the discharge rate. The friction coefficient applied was the only way in which flow 

control by vegetation was represented. In reality the retardance imposed by vegetation is in the form of flow 

obstruction (the main effect) and bed friction (the lesser effect). Some calibration was carried out, however the 

Manning coefficient does not adequately represent this effect. 

Rainfall inputs applied were gross precipitation values and evapotranspiration was not accounted for. However, as 

the model run was reproducing an event which occurred during the night, these factors were not considered 

important. 
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10. Conclusions 

The following conclusions can be drawn from this study: 

I- The groundwater head values obtained from GSHAWS were in good agreement with field observed results from 

the SWaMP, with differences between field and simulated heads of no more than 0.02m. 

2- Runoff values obtained from the model show small differences to the field measured results, simulated values 

for the field case described being a maximum of 5xIO-5 m3/s more than recorded values. It is understood from 

this study that the simulation of flow in a micro-scale environment (micro-topography, micro-water depth) 

requires a very close representation of physical parameters within a mathematical model. In particular, 

retardance associated with flow through and storage within submerged and emergent vegetation must be more 

accurately represented by an appropriate mathematical expression. 

3- The present model accurately represents the test cases (A-C) and can be considered highly suitable for river- 

aquifer interaction, where the ground is saturated, there are no vegetative effects on the behaviour of flow, and 

evapotranspiration can be neglected. Ongoing development of the model includes a new module for the 

computation of flow through vegetation. Future developments will include additional modules for better 

representation of flux in the unsaturated zone and evapotranspiration, and the facility for additional sub-surface 

layers allowing vertical distribution of conductivity and storage potential. 

4- Numerical observations included surface flow as rapidly varying flow with Froude number changes between 

T 0.1 and T4 due to the large local slope and the large changes in the bed roughness values (vegetated surface 

and the roughness values between 0.0 18-0.12). In order represent the rapidly varying flow condition as 

accurately as possible, a small grid size and explicit scheme were used with an initial time step of 0.00 Is. The 

use of such small time steps requires a relatively long simulation model run-time. When a stable initial condition 

is established during pre-running of the model, time steps can be increased and model run-time is reduced 

considerably. 
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7.1 Achieving the stated alms: mires and models. 

This thesis began by stressing the need for better understanding of functional hydrology in 

mire systems. In fact, the thesis and the literature cited herein are evidence of the breadth of 

knowledge of the internal hydrological processes of mires. Such understanding is however 

limited to a narrow community of wetland scientists. This highlights the real challenges 

facing mire conservation: to integrate existing extensive knowledge within a framework that 

can be implemented at a practical site management level and to include this understanding in 

mire conservation strategies at a legislative level. It is essential that conservation planning and 

management satisfy the practical demands of each site and that this requirement forms the 

basis of legislative protection. If nature conservation policy is not informed by the 

practicalities of habitat management then it cannot protect the ecological resource it seeks to 

maintain. 

The monitoring programmes illustrated by the two mire case studies presented in this thesis, 

demonstrate how the linkages between hydrophysical properties, and combined with both 

internal and external management options, determine the overall ecological 'condition' of 

mires. For example, continued peat extraction adjacent to the mire reserve at Wedholme Flow 

alters more than the hydrophysical properties of the peat cutting area. It clearly determines the 

hydrology and hence influences the ecology of the nature reserve, so that restoration 

management is shaped by external practices over which English Nature has no control. 

Without a suitable framework it is virtually impossible to integrate wide ranging and often 

conflicting factors in a quantitative way. Numerical models provide a quantitative framework 

on which to base or to inform a decision making process. 

314 



The aim of this thesis has been to demonstrate potential ways in which hydrological models 

can be used, in conjunction with high quality monitoring programmes, as management tools 

providing a framework to integrate the hydrophysical characteristics of mire complexes. It is 

not suggested that such models provide exact replicas of individual mires, but they represent 

the system by defined properties and processes, and as such provide a quantitative insight into 

ongoing and potential exchanges. This was demonstrated on two different scales: firstly, on a 

mire-complex scale with the application of the 3-D groundwater model MODFLOW at 

Wedholme Flow; secondly, on a micro scale with the development of the shallow surface and 

ground water model GSHAWS at Trough End. 

At Wedholme Flow the mire complex was divided into zones according to disturbance 

indicated by vegetation communities. Hydrological processes were then monitored within 

each zone. This allowed both characterisation of intra-site hydrological zones and comparison 

of hydrological characteristics based on observations only. The monitoring programme 

identified a differential response to recharge during wet and dry periods, and in disturbed 

versus intact zones. These differences appeared largely due to storage potential in the near 

surface zone due to both antecedent conditions and level of disturbance. The low gradient, 

high watertable intact mire appeared to act much like a reservoir close to full capacity (as 

observed at other sites, e. g. Fojt, 1983, Verry et al, 1988, ), with surface and near-surface 

pathways within the acrotelm critical in maintaining a hydrologically steady state. This was 

also reflected in the vegetation communities of this zone at a broad scale. Near-surface 

watertables and surface water were found to be much more localised in the drier, higher 

gradient disturbed mire, within a surface layer still dominated by previous peat mining 

activity. 
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Validation and application of MODFLOW in both mire types at Wedholme confin-ned 

observed behaviour and offered potential explanations. Groundwater heads produced by the 

model for simulations of the intact mire in wet periods are slightly (but consistently) higher 

than the observed watertable, with the above ground phreatic level indicating a degree of 

surface water activity. Simulation of the disturbed zones revealed significant groundwater 

discharge from the mire reserve to the area of mire currently exploited for peat extraction. 

This explains the relative dehydration of some zones, and particular problems experienced by 

conservation managers in rewetting certain areas. MODFLOW was also used to simulate the 

effect of ongoing peat removal and associated drainage in cuttings adjacent to the mire 

reserve. The simulations highlighted the importance of increasing gradients in the post-mining 

mire surface and the threat of prolonged dehydration with increasing discharge from the mire 

reserve if adjacent drainage continues. This has consequences not only for the restoration and 

conservation of Wedholme Flow reserve, but also for the efficacy of legislative protection of 

mire nature reserves in general. 

Observations of the critical role of surface/near-surface processes made in the Wedholme 

intact site monitoring programme were developed and tested in the micro-scale investigation 

of Trough End acrotelm hydrology. Significant overland flow was recorded within the 

microtopographical environment of the mire acrotelm enclosed in the SWaMP unit. However, 

comparison with model-simulated discharge revealed that GSHAW5 overestimated the 

response of the acrotelm to precipitation, with rainfall events resulting in almost instantaneous 

run-off, whilst the recorded groundwater levels and discharge from the SWaMP indicate a 

more gradual response. The model response could be interpreted as an infiltration excess 

overland flow regime whilst the field data are indicative of a saturation excess process, so that 

lag between actual recharge and recorded discharge is due to the replenishment of water 
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storage capacity within acrotelm vegetation and peat, not adequately represented in the 

current model. 

Ingram (1983) stated that, 'it is hydrologically meaningless to maintain any distinction 

between the living surface layer of Sphagnum and the dead material below'. Following this 

concept, the ground surface within the SWaMP was defined as the uppermost surface of the 

Sphagnum, whether hummock or hollow, and surveyed across the plot. Within GSHAW5 this 

surface represents the boundary between calculation of the shallow open water layer and 

calculation of acrotelm exchanges to an arbitrary depth of -0.5m. In the simulation of the 

SWaMP, the factors governing open water flow within the microtopography, such as bed 

slope and friction coefficient, were assigned across the plot according to surveyed data. 

However, within the subsurface acrotelm, storage and conductivity were assigned constant 

values in the x, y, and z-dimensions, and whilst the model grid of the subsurface layer is 

capable of representing lateral heterogeneity, this requires the appropriate values at a 

representative scale. Considering the z or vertical dimension, a single homogeneous layer is 

clearly an over-simplification of the heterogeneous transition from living vegetation to peat. 

Within a Sphagnum layer Clymo (1978,1983), distinguishes several zones: uppermost are the 

vertical stems of living Sphagnum; as depth and age increases and light decreases, stems bend 

and plant cells die; eventually over-burden results in the collapse of individual stems, which 

in turn are subject to decay in this periodically aerobic, biologically active zone; continued 

growth at the surface increases over-burden contributing to further structural failure and 

consolidation of now humified material. This process occurs differentially across the mire 

surface depending on localised watertable fluctuation, resulting eventually in heterogeneity of 

peat density and hence hydrophysical properties throughout the mire body. In order to truly 

represent this variability with GSHAW5, it would be necessary to introduce depth dependent 
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density into the acrotelm, so that storage and conductivity are variable on a sub-hummock 

scale. The most simple way to do this would be to divide the acrotelm into several layers 

linked using the numerical coupling procedure currently used to compute leakage from 

surface to ground (described in Chapter 6, Section 4), hence allowing different values to be 

represented in the z-dimension. A second possibility would be to introduce a density 

dependant relationship into the groundwater flow equation by making hydraulic conductivity 

a function of depth. Both possible solutions have the disadvantage of implying an empirical 

relationship between depth and density throughout the acrotelm, and would require significant 

validation, not to mention extensive data sets. 

The development of the model GSHAW5 in order to simulate acrotelm flow, exemplifies 

some of the advantages and problems inherent in numerical modelling of natural systems. The 

model simulations provided good approximations of the observed hydrological behaviour, 

and could be used in the same way to simulate acrotelm. flow at other sites. However, the 

extensive field survey programme and intensive scale of data collection required are 

prohibitive to its application in most practical situations. Application of the model at this scale 

also requires long computing time with some of the best processors currently available. This 

is likely to increase if the suggested developments of the model are completed. It is not 

suggested then, that the SWaMP or GSHAW5 should be applied at other sites at this scale, 

and in their current stage of development. Despite these doubts, the GSHAW5 framework and 

the SWaMP concept, with their integration of hummock-hollow vegetation with hydraulic 

principals provide a very promising starting point for larger scale applications. 

The confirmation of the role of surface water and acrotelm exchanges, quantified in the 

SWaMP and reproduced by GSHAW5, are important to mire regeneration at Trough End and 
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other similar sites. The potential for surface flooding where quickflow is retained has 

implications for vegetation succession and should be considered where ditch blocking is 

planned. 

The application of both models has demonstrated their suitability to both investigation and 

problem solving in the hydrological management of mires. 

7.2 Application in the 'real world': monitoring, models and management. 

It has been stated that it is virtually impossible to integrate the hydrophysical. processes of a 

mire complex with potential management strategies in a quantitative way without a suitable 

framework. The framework recommended in this thesis has been a numerical modelling 

scheme. However, conservation managers regularly make judgements and take decisions 

about site management based on qualitative assumptions of hydro-ecological mechanisms. 

The value of such a decision making process is limited and becoming increasingly so as the 

conservation of more and more critical mire sites come under the scrutiny of both legislative 

process and profit making industry. As the habitat resource becomes increasingly scarce, 

pressure to prevent its over exploitation grows, and as with any scarce resource its value, both 

ecological and financial, also increases. This issue is brought into sharp focus at Wedholme 

Flow. 

Wedholme forins a large portion of the Solway Mosses National Nature Reserve. The entire 

site was notified a Site of Special Scientific Interest (SSSI) in 1986, under the UK 'Wildlife 

and Countryside Act' of 198 1. Previously, 270ha of the southern lobe were protected under 

the 1949 Act, following a survey in 1957 by Rose who acknowledged the degraded condition 
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of large areas of the site but described the south west area as, 'the best remaining example of 

active raised mire vegetation left in the English Lowlands' (EN, 1995). The 1986 notification 

states that the peat body should be regarded as a 'single hydrological unit' and that the whole 

remaining area of 780ha is required to maintain the existing intact mire and rehabilitate the 

cut-over areas. This area includes the peat cutting area then operated by 'Fisons' and still in 

current use today by 'Levingtons', a subsidiary of the US based multinational corporation 

'Scotts'. The notification prescribes twenty-eight 'operations likely to damage the Special 

Interest'. These include all forms of drain maintenance, earthworks, and the extraction of 

minerals including peat, all of which are performed to date in the active peat cutting area 

within the boundary of the SSSI. 

Most recently Wedholme has been further notified as a candidate Special Area of 

Conservation (cSAC) within the NATURA 2000 ecological network, developed to satisfy the 

requirements of the European Habitats Directive throughout the European Union. Under EU 

law 'Directives' must be implemented by all member states. The Habitats Directive 

(92/409/EEC), adopted in 1992, specifically aims to protect 'all forms of wildlife' and 

requires that 'positive measures are taken [for the] maintenance of ecological processes and 

life support systems' (EC, 2001). The purpose of the directive is to include specified habitats 

and species (having a natural range within the EU territory) in the NATURA 2000 European 

ecological network of SACs. Member states are not only required to designate SACs. They 

are obliged to establish all conservation measures necessary to prevent deterioration of such 

habitats listed in Annex I of the directive, and to protect the species listed in Annex IL The 

most basic requirements of protection are the need to specify how sites will be conserved 

(with the creation of management plans), and to monitor habitats and species. 
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Around 25% of the habitats listed for protection in the directive are further notified as 

'priority habitats'. More than 10% of these habitats are peatlands including raised mires. 

Member states are obliged to provide stricter and earlier protection to priority sites and in 

addition to taking all necessary conservation measures to maintain the sites, they are required 

to restore the conservation value of degraded sites. Any action within or external to the 

protected area, likely to have negative implications for its conservation, must be prevented 

and the state is required to take compensatory measures to ensure this. In addition to the 

habitats and species listed in Annex I and II, Annex V of the directive is concerned with the 

conservation of exploited species and these include Sphagnum moss. 

Despite all of the protective measures outlined under both UK and EU legislation and 

applicable to Wedholme Flow, the site continues to be exploited for peat removal under a UK 

local authority planning consent, and is continually degraded as an ecological resource. The 

problems experienced by conservation managers in rewetting areas with increased gradients 

and a post-mining mire surface (as they are obliged to do under the Habitats Directive) have 

been outlined, as have MODFLOW simulations of the disturbed zones revealing significant 

groundwater discharge from the mire reserve into peat cutting zone. The model simulations 

indicated that continued drainage of the cuttings from ongoing peat removal would cause 

increased discharge from the mire and prolonged dehydration of the cSAC. Whilst this is 

common sense to a conservation manager, it is necessary to quantify the scale of the problem. 

Considering the issue of continued and clearly conflicting management of this ecological 

reserve in terms of the protection it is afforded within the framework of official designation, 

has consequences not only for the restoration and conservation of Wedholme Flow, but also 

for the efficacy of legislative protection of mire nature reserves throughout the European 

Union. At this time, despite the best efforts of the conservation managers and the highest level 
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of legislative protection possible, Wedholme Flow is not adequately protected from continued 

ecological degradation. 

In contrast to the situation at Wedholine, Trough End Bog is neither notified nor especially 

protected beyond its location within a National Park. In conservation terms this provides a 

'flexible' approach to land management, as the park includes military operations, wind farms, 

agriculture of various scales of intensity, mining and forestry, so that it can hardly be seen as 

restrictive. However, the only identified threats to this small (2ha), isolated mire site, are the 

occasional grazing sheep and potential maintenance of the currently unmanaged drainage 

network. The National Park authorities place particular value on the conservation and 

restoration of damaged bogs, and 'mires' are listed as a 'key habitat' in the Northumberland 

Biodiversity Action Plan (BAP), published by the local authority and the Biodiversity 

Steering Group representing local interests, NGOs and government agencies (Feige, 2000). 

The plan refers to the inclusion of blanket bog in Annex I of the Habitats Directive, and 

represents the most local level of implementation of this legislation. The BAP emphasises that 

as over 17,000ha of mire in Northumberland represent 8% of the UK resource, including 

SPAs, SSSIs and SACs, they should be considered of highest priority. The plan lists nine 

'Issues of Concern' including overgrazing and drainage, whilst the restoration and 

conservation of bogs by grip (shallow drain) blocking is amongst the stated objectives. In 

addition the benefits to the larger catchment of 'restoration of the hydrological function' of 

mires are clearly identified. Both the Park authorities and land owners have expressed a desire 

to restore this function to Trough End Bog, and this clearly positive approach encompassing 

both sound ecohydrological aims and international policy at a local level is extremely 

promising. 
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7.3 Recommendations and future work. 

Outside of the official lines of legislative procedure, improvements in the communication of 

better conservation practices and of shared knowledge between conservation managers and 

scientists are growing. An appendix to this thesis, the report on the 58h Eurosite workshop is 

concerned specifically with collaboration between managers and scientist throughout the 

community, and is evidence of the formalisation of such communication within Europe by 

organisations such as Eurosite. In this same spirit, a document of historical importance is 

currently being produced as a joint venture between the International Mire Conservation 

Group and the International Peat Society, representing the scientific, conservation and 

industrial communities with one common interest: peat. The venture is supported by the 

bureau of the Ramsar Convention and by Wetlands International, and has increased the profile 

of mires within the wider wetland lobby. The document represents collaboration previously 

unknown at such a contentious level. When complete, it will represent a true framework 

within the spirit of the Ramsar Convention, for the 'Wise Use of Peatlands' (Joosten and 

Clarke, 2001). This represents the combination of both mire level best management practice 

and international level legislation, and it is hoped that it will fill the gaps between the two in 

the future. 

The future of numerical modelling of mires is that of extensification whilst maintaining the 

accuracy demonstrated at intensive scales. The two very different scales of numerical 

modelling presented in this thesis both have their merits and would both benefit from 

combination, possibly in some form of nested model. MODFLOW simulations of 

groundwater processes within mires were accurate to the degree at which such processes were 

found to dominate local hydrology. Where surface processes were more influential, such as 
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during storm periods in the intact mire, the model performed less well. Although it produced 

effective surface water depths in the form of above ground phreatic levels, overland flow 

could not be simulated and this led to a compounding error as the simulation proceeded. 

Given that groundwater processes are increasingly accepted as less influential in intact 

ombrotrophic mires, the two layer model developed as GSHAW5 may present a more suitable 

way forward. The model effectively represents the overflowing reservoir described by Verry 

et al (1988), with calculation of shallow surface water flow instigated by above ground 

phreatic levels. 

The GHSAW5 model scenario presented included open water and a single acrotelm layer 

only but could be extended without difficulty, using the linkage procedure outlined, to relate 

deeper groundwater heads to the near surface region. The accuracy of the hydrological 

simulation may be improved by the inclusion of an unsaturated subsurface flux module, 

possibly in the form of a Richards type equation. Additional modules could be included in the 

surface part as leakage coefficient, such as a conditional evapotranspiration calculation with 

open water and extinction depths, and a depth-dependant friction relationship in place of the 

arbitrary Manning coefficient, to better represent flow through submerged and non- 

submerged vegetation. The immediate development of the model should focus on the 

inclusion of a depth dependent peat density relationship in the subsurface and the up-scaling 

of the processes observed to a large scale model application. 

Future investigations should focus on potential relationships between individual plant species 

recorded during the SWaMP survey, and hydrological factors including open water, interflow 

within the unsaturated zone (effectively within hummocks), and both seasonal and short-term 

water table fluctuations. 
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The View From The Bogs L'optique des tourWres 
Baroness Young of Old Scone: Chairman English Nature 

I love peat bogs. They have a character all of their own. 
But everyone at this workshop shares the view that they 
are in danger of disappearing unless we take action to 
restore them. Ireland is almost synonymous with peat 
bogs and if they disappear - which is a real threat - then 
the nature of the country would be changed. 

English Nature is charged with the stewardship of a similar 
acreage as Ireland, but their disappearance in this country 
would be no less of a catastrophe. 

France, Belgium and the Netherlands are all faced with 
the same problem which individual countries have solved 
in many ways. This workshop has been an opportunity to 
share our views on how the problem of dehydration of 
peatland might be solved. 

But what we need now is for a greater public awareness 
of the problem. How often have I heard the clich6 that 
peat is a renewable resource? Yet many people continue 
to perpetrate this myth. Clearly our experience shows that 
peat is not a renewable resource - at least in the short ten-n 

- and if we continue to drain our peatlands and extract peat 
in the volume we are now doing, the peatlands may be lost 
forever. 

What we need is for the public to switch to non-peat 
growing media; but this is difficult. Firstly because peat 
itself is an excellent growing medium and secondly 
because it is relatively cheap. Other forms of compost 
require more processing which makes them more 
expensive. There seems little incentive for the peat 
industry to change. Yet with a modest amount of 
Research and Development they could produce a 
product that is equal to peat in quality and price. 

In the meantime, we must take measures to preserve our 
peat bogs. This workshop, by sharing the views of peat- 
land managers from several countries has been a positive 
means to that end. 

Yadore les tourbi&es. Elles ont un caract&re qui leur est pro- 
pre. Mais toutes les personnes pr6sentes A cet atelier s'accor- 
dent A recormaitre qu'elles risquent fort de disparaitre A moins 
que nous ne prenions des mesures pour les restaurer. L'Irlande 
est presque synonyme de tourbi&es et si celles-ci disparais- 
sent - cc qui est une r6elle menace -, le caract&re du pays sera 
alors modiN. 

English Nature est chargd de l'intendance d'une superficie 
analogue i celle qui existe en Irlande, et la disparition de ces 
tourbi&es serait tout aussi catastrophique. 

La France, la Belgique et les Pays-Bas sont tous confront6s au 
m6me probl&me que les pays individuels ont rdsolu de nom- 
brcuses faqons. Cet atelier a dtd I'occasion de partager nos 
vues sur les moyens de r6soudre le probl&me de la ddshydrata- 
tion des tourbi&res. 

Ce qui est maintenant n6cessaire, c'est une sensibilisation 
accrue du public au proWmc. Combien de fois ai-je entendu 
le clichd selon lequel la tourbe est une ressource renouvelable? 
Cependant, de nombreuses personnes continuent A perp6tuer 
cc mythe. De toute 6vidence, notre exp&ience montre que la 
tourbe West pas une ressource renouvelable - tout au moins a 
court terme - et si nous continuons ý drainer nos tourbi&res et 
a extraire la tourbe au rythme actuel, les tourbi&res pourraient 
disparaitre i jamais. 

11 faut amener le public A utiliser des milieux de culture non 
tourbeux, mais cela est difficile. Premi&ement, parce que la 
tourbe elle-m&me est un excellent milieu de culture et, 
deuxi&mement, parce qu'elle est relativement bon marchd. Les 
autres formes de compost n6cessitent un plus grand traite- 
ment, cl'oý leur co6t plus Oev6.11 semble que pratiquement 
fien Wincite l'industrie de la tourbe i changer. Pourtant, avec 
de modestes travaux. de recherche et de d6veloppement, elle 
pourrait mettre au point un produit 6gal A la tourbe en termes 
de qualit6 et de prix. 

En attendant, nous devons prendre des mesures pour pr6server 
nos tourbi&res. En stimulant le partage des vues entre des 
gestionnaires de tourbi&res de plusieurs pays, cet atelier a &6 
un moyen positif d'(ruvrer A cette fin. 
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The purpose of the workshop was to facilitate collaboration hemeen 
peatland site managers and scientists across Europe in the practical 
context ofreal site restoration issues. This is a primary aim of Eurosite. 
The workshop was attended by site managers, conservation officers. 
scientists, and representatives of concerned NGO and government 
agencies from England, Wales, Scotland. Northern Ireland, the Repub- 
lic of Ireland, France, Belgium and the Netherlands. 

The focus of discussion was the relationship between 'restored' %% ater 
levels in peatlands, with both cut-over and intact surfaces. and the 
establishment ofpre-disturbance type vegetation assemblages, in par- 
ticular Sphagnum moss species. A wide range of factors pertaining to 
the restoration and management ofhogs were considered ranging from 
the most suitable material with which to construct dams and the most 
reliable vehicles to use on wet peat surfaces, to algal inhibition of 
Sphagnion cuspithawn establishment in pools and drainage conflicts 
with neighbouring land owners. 

Whilst in many cases the wetlands concerned were specifically raised 
mire complexes, the management practices discussed are pertinent to 
most peatland forms in both upland and lowland situations. 

Three sites were visited, with an optional fourth site on the last mom- 
ing. All of the sites visited are National Nature Reserves managed by 
Fnglish Nature. 

issues discussed and questions arising throughout the workshop are 
grouped thematically, along with appropriate site visit reports. Con- 
tributors and site managers provided notes and abstracts that have been 

combined with workshop and site discussion points. Issues on which 
the group agreed as good management practice, are contained in boxes 

entitled Management Precepts. Those issues on which no agreement 
was reached, or which were posed as 'open ended'. are included in 
boxes entitled Discussion Points, and may he considered by future 

workshops. A list ofpictures from each site. which do not necessarily 
relate directly to the text are given as an appendix. 

Frank MavvbY : Co-edifor (r6dacteur) 
lim-lotte MacAli. sfer. trMacteur) 

Le hut de l'aielier a ete de taciliter la collahoration entre les gestion- 
naires de tourbieres et les scientifiques de toute l'Europe dans le 
contexte pratique de questions reelles de restauration des sites. Cela 
constitue Pun des principaux objectifs d'Eurosite. Uatelier a ras- 
semble des gestionnaires de sites, des specialistes de la conservation, des 
scientit-iques et des representants des ONG eg des organisines gouver- 
nementaux concemes de l'Angleerre, du piys de Galles. de PF. cosse, 
de Hrlande du Nord, de Hrlande, de la France, de la Beigique et des 
Pays-Bas. 

Les debats ont ele &xes pnwipalement sur les relations entre les niveaux 
phr6atiques , retablis , dans les tourbi&es, ayant A la fois des surfaces 
exploit&s et intactes. et sur 1'etablissement d'assernblages de výg6tation 
du týpe qui existait avant les perturbations, en particulier les esp&es de 
sphaignes. Les participants ont examin6 un large 6% entail de facteurs se 
rapportant i la restauration et A la gestion des tourbi&es, allant des 
mat&iaux con%enant le mieux A la construction de barrages et des 
%6hicules les plus fiables A utiliser sur les surfaces humides des tour- 
hiýres jusqu'i l'inhibition algale de Sphagnurn cuspithimin dans les 
mares et les conflws en mati&e de drainage a% cc le% proprietaires fonciers 
voisins. 

Dans de nombreux cas, les zone-, humides concemýes &aient spýýcif"ique- 
ment des tourbieresý hautes. mais les pratiques de gestion debattues sont 
pertinentes pour la plupari des fon-nes de tourbieres, qu'elles soient 
situees sur de-, teffe-. s d'altitude ou dans des plaines. 

Trois sitcs ont 6ý % isit6s, unc visite optionnelic d'un quatri6ne site ayant 
6t6 pr6% ue pour Ic dcmicr niatin. Tous les sitcs visit6s %(in( des R6serves 
naturellcs nationales g6r6cs par English Nature. 

Les points &hattus et lei questions soulevees tout au long de I'atelier 
sont r6unis par thýme, avec Ics rapports appropries des visites de sites, 
Les collaborateurs et les gestionnaires de sites ont fOUMi des notes et des 
resurt*s qui ont 6te associ6s a%" les points de discussion s'inscrivant 
dans le cadre cle I'atelier et des %isites de sites. Les questions sur 
lesquelles ic groupe a marque son accord cornme constituant de bonnes 
pratiques en matim dc gestion figurent dans des encadnis intitulýs 
Priceptes ilegestion. Les questions au sujel desquelles aUctin accord Wa 
pu are degagý ou qui ont 66 po%ees cornme 6tant ou%ertes figurent 
dans des encadrý% intitul6s Poinis de thscussion et pourraient ýtre 
aKwd6es par de futurs ateliem Une liste des photographies de chaque 
, ite, qui ne se rapportent pas n6cessairement directement au texte, est 
donn& en annexe. 
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Thorne, Crowle and Goole Moors NNR 

The National Nature Reserve which totals 1380 ha is part of the huge area of peatland found in 
South Yorkshire and North Lincolnshire. This peatland comprises of two units, Thome, Goole and 
Crowle Moors and, 10 Kilometres to the South, Hatfield Moors. They represent the largest area ot 
lowland raised bog in Britain totalling an area of 3318 ha. This site has been extensively cut for 
peat over many decades and cutting continues over a large area to within 0.5 metres of the mineral 
soil. Over the past 8 years work to restore water levels to the NNR has been undertaken whilst 
cutting continues on the remainder. The whole site will eventually be returned to nature conserva- 
tion. There are many interesting and complex issues on this site not the least that the site is host to 
many invertebrates and birds some of which are rare and endangered. The local community also 
have a considerable interest in the site. 

Goole j 

op 

All 

, -Z 1. 

Moorends 

Thorne Crowle 

Scunthorpe 

La rýserve naturelle, qui couvre au total 1380 ha, fait partie d'une trýs grande zone de tourbiýre 
du Sud Yorkshire et nord Lincolnshire. Cette tourWrese compose de deux unWs qui reprýsentent 
la plus grande tourWre active de Grande-Bretagne (3318 ha). Ce site est exploit, ý de manijre 
extensive depuis de nombreuses annýes et Vexploitation continue sur une large zonejusqu'b 0,5m 
du substrat. Depuis 8 ans les travaux de restauration des niveaux d'eau ont &ý entrepris dans la 
rýserve tandis que Vexploitation continue alentour. Tout le site 6 terme sera consacrý a la 
conservation de la nature. Les enjeux sur ce site sont complexes et int&essants : le site accuelle 
de nombreux invertibris et oiseaux dont certains sont rares et menacýs. La population locale est 
trýs int&essýe par le site de plusieurs maniýres. 
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Introduction to Thorne, Crowle and Goole Moors NNR 

* 

IH 

Peter Roworth 
Site Manager, English Nature 

The Thorne Moors complex comprises the 
degraded remnants ofa flood plain raised mire 
(Gaunt, 1987). The Moors lie below the high 
tide level of the surrounding rivers (1-3.5 m 
above mean sea level). The peat, which 
reached its greatest depth of 7m in the 'York- 
shire Triangle'on Crowle Moor, overlays Lake 
Humber lacustrine silt and clay. This mantles 
rocks ofthe Sherwood Sandstone Group in the 
west and Mercia Mudstones to the east. 

The whole ofthe site has been cut over for peat 
at some time and the majority of the southern, 
western and eastern parts of the Moors form a 
mosaic of abandoned peat workings, cut in a 
variety ofways and in various stages ofrecolo- 
nisation by vegetation. The remainder of the 
site, about half of Thorne Moors west of 
Swinefleet Warping Drain, is now managed 
for commercial peat extraction by The Scotts 
Company (UK) Ltd (hereafter 'Scous'; 
formerly Levington Horticulture and previ- 
ously Fisons p1c), with the peat being proc- 
essed and marketed as compost. The modem 
technique of surface milling currently 
employed has created an almost featureless 
plain of bare unvegetated peat subdivided by a 
system of drains. 

The main factors controlling the type of com- 
munities that have developed on these various 
surfaces are: 

" Time elapsed since last worked 
" Type of cutting technique employed 
" Height and stability of the water table 
" Water quality 
" Growing medium 
" Period since last fire damage 
" Subsequent management 

This has resulted in a complex pattern of 
vegetation comprising open water, bog, fen 
(a continuum from nutrient poor to rich), 

wet and drý heath and scrub communities. 
The Moors also have non-peatland habitats 
including woodland growing on warp (land 
deliberately flooded to leave residual layers of 
silt and clay in order to improve its agricultural 
potential), poor fen, fen-meadoW and tramways 
with lime-rich ballast supporting nutrient-poor 
grassland. 

Crowle Moor, now separated from the main 
peat body by the Swinefleet Warping Drain, 
shares many of the habitats found on Thorne 
and Goole Moors. Fisons ceased peat ex- 
traction here during the 1950s and mire 
communities and scrub woodland have re- 
generated over large areas of former peat 
cuttings. Some peat is still extracted on a 
small scale by private owners outside the 
National Nature Reserve. 

HATFIELD MOORS 

Hatfield Moors also comprise the degraded 

remnant of a raised mire, which, until the 17'h 
century, was probably separated from Tliome 
Moors by a complex of river channels. Like 
Thome Moors it lies 1-3.5 to above sea level. 
The peat overlays wind blo%vn sand and Lake 
Humber deposits and locally reaches a depth of 
some 3.3 m, although generally less than 1.5 m 
deep. Until comparatively recently Hatfield 
Moors was much less degraded than Thorne 
Moors; although partially drained in the 19th 
century, most of the Moors were not cut over 
until the 1960's. Thereafter, Fisons undertook 
commercial peat winning on the site using 
increasingly intensive techniques culminating 
in surface milling. The production area now 
covers some W1. of the Moors. The peatland 
here is generally 'drier' than that of Thorne 
Moors, possibly as a result of the more suc- 
cessful drainage ofthe Moors and the loss of 
water into the underlying sands as a result of 
water abstraction, an(Lor improved land 
drainage which has lowered the level of the 
regional water table. 

OnlN -small areas of Hatfield Moors remain 
vegetated; however it has been suggested that 
one of these (Packard's South; compartment 
24) may never have been cut over (Eversham, 
1991). If this suggestion is correct, this is the 
only sizeable area of original mite surface on 
either of the sites and is the largest area of 
uncut-over mire surface in eastern England. 

The factors influencing the vegetation devel- 
opment on peat and the communities resulting 
are generally similar to those described above 
for Thorne. An additional influence, however, 
particularly around the Lindholme 'island' and 
on the western edge of the moors, where the 
peat is patchy and shallow, is that ofthe under- 
lying sand. This has increased the extent and 
importance ofheathland species and commu- 
nities in these areas, Other non-peatland 
habitats, mainly outside the NNR, include 
restored gravel workings, dry woodland on 
warp, and agricultural land on dry warp. 

Overall our long-term management objectives 
are to restore lowland raised mire habitat over 
the greater part of the NNR; to maintain and 
develop the full range ofwetland habitats cur- 
rently present on the NNR; and to maintain 
and enhance the cultural values and uses of the 
NNR. 

Q. Is the current practice of moving large 
volumes of water around the site (from 
'wet' to 'dry' sectors) using diesel pumps 
sustainable in the long term? 
A. No - it is hoped that ifpumping continues 
a more sustainable method such as wind 
pump, vi ill be introduced. 

Q. How were the locations of drain dams 
determined? 
A. The location and spacing of the dams 
vvere chosen in the light of existing site 
knowledge ahout current open water flow 
patterns, along with a detailed topographi- 
cal sume - v. allowing gradients andpositions 
to be calculated more accurately. 

Q. What q1pe of peat was left after milling 
and cutting was discontinued? 
A. Peat remnants at Thorne consist largely of 
sedge and wood remains creating problems 
jor re-mgetation, with accelerated water 
movement and aeration. This iy manifested in 
the thfferent colonising vegetation communities, 
at locations qfcfiffet ing (kpths on remnant peat. 
Where peat renxntd 1xis been more extensnv aid 
shallowfen-t)pe peats are left, scrub imasion 
can exacerbate problems in re-wetting. Where 
deep and especially ombotrophic peat 
remains successions to a javourable 
vegetation communit), appear to be more 
rapid, with Juncus species appearing 
rapidl ,v and apparend ,v acting as a nurse 
crop to Sphagnum cuspidatum establish- 
ment. 



Le complexe de Thorne Moors comprend les 
vestiges d6grad6s d'une tourbi&e haute de 
plaine d'inondation (Gaunt, 1987). Les Moors 
sont sim6s au-dessous du niveau des cours 
d'eau avoisinants A marde haute (1-3,5 m au- 
dessus du niveau moyen de la rner). La tourbe, 
qui a atteint sa plus grande dpaisseur, a savoir 
7 m, dans le o Triangle du Yorkshire )) sur 
Crowle Moor, recouvre le limon et Pargile 
lacustres du Lac Humber. Ceci enveloppe les 
roches du Groupe grdseux de Sherwood, i 
l'ouest, et de la formation d'argilite de Mercia A 
1'est. 

Le site tout entier a fait l'objet d'activit6s d'ex- 
traction de la tourbe A une 6poque on i une 
autre, et la majorit6 des parties m6ridionale, 
occidentale et orientale des Moors constituent 
une mosalique de siýges d'extraction abandonn6s, 
oit la tourbe a &6 prdlev6e de diverses mani&es 
et qui sont A divers- stades de recolonisation par 
la v6g6tation. Le reste du site, environ la moiti6 
de la superficie des Thorne Moors A l'ouest du 
canal Swinefleet Warping Drain, est d6sormais 
g6t-6 i des fins d'extraction commerciale de la 
tourbe par la soci&6 The Scotts Company (UK) 
Ltd (ci-aprýs &nomm& (< Scotts ý), ancien- 
nement Levington Horticulture et 
pr6cddemment Fisons pie), la tourbe 6tant 
transformde et commercialis6e sous forme de 
compost. La technique moderne de broyage de 
la surface actuellement utilis6e a cr& une 
plaine tourbeuse nue et sans vdgdtation, 
quasiment d6nu& de traits distinctifs et 
sillonn6e par un rdseau de canaux. 

41 Temps 6coW depuis les demi&es activit6s 
d'extraction 

0 Type de technique de pr&vement utilis6 
" Niveau et stabilit6 de [a nappe phr6atique 
" Qualit6 de I'eau 

" Milieu de culture 
" Temps dcould depuis les demiers 

dommages causds par les feux 
" Gestion subsdquente 

Ccla a entrainý ['apparition d'une structure 
vdgýtale complexe comprenant des masses 
d'eau libre, des tourbi&res, des fagnes (on 
continuum entre des sols pauvres et des sols 
riches en Odments nutritifs), des landes 
humides et s&hes et des communautds de 
fourr6s. Les Moors ont 6galement des habitats 
non tourbeux, dont des zones boisdes sur sols 
colmat6s (terres intentionnellement inonddes 
pour provoquer le ddp6t de couches r6siduelles 
de limon et d'argile afin d'am6liorer leur 
potentiel agricole), des fagnes pauvres, des 
prairies-fagnes et des tramways avec des 
ballasts riches en chaux entretenant des 
prairies pauvres en 616ments nutritifs. 

Crowle Moor. qui est d6sonnais s6par6 de la 
masse de tourbe principale par le Swinefleet 
Warping Drain, possýde un grand nombre des 
habitats que l'on trouve sur les Thorne et 
Goole Moors. Fisons y cessa 1'extraction de la 
tourbe dans les anndes 50, et les communautds 
de tourbi&es et les zones bois6es ý fouff6s se 
sont rdg6n6r6es sur de vastes 6tendues des 
anciens sites d'extraction. La tourbe fait 
toujours l'objet de pr6l6vements sur une petite 
6chelle par des propfi6taires privds A 1'ext& 
rieur de la R6serve naturelle nationale (RNN). 

* 

HATFIELD MOORS 

Les Hatfield Moors comprennent 6galement 
les vestiges d6grad6s d'une tourbi&re haute qui, 
jusqu'au XVII' si&le, 6tait probablement 
s6par6e des Thorne Moors par un ensemble de 
chenaux de rivi&re. A l'instar des Thorne 
Moors, ils sont situ6s i 1-3,5 m au-dessus du 
niveau moyen de la mer. La tourbe recouvre 
une dtendue de sable fouett& par le vent et les 
ddp6ts du Lac Humber et atteint localement 
une ýpaisseur de quelque 33 m, encore qu'elle 
ait en g6ndral une 6paisseur de moins de 1,5 m. 
Jusqu'A une date relativement r6cente, les 
Hatfield Moors 6taient beaucoup moins 

d6grades quc les Thorne Moors; bien qu'ayant 
&6 partiellement drainds an XlX' si&le, la 
majeure partie des Moors ne fit l'objet de 
pr6l&vements de tourbe que dans les ann6es 
1960. Par la suite, Fisons entreprit 1'extraction 
commerciale de la tourbe sur le site en utilisant 
des techniques toujours plus intensives se 
terminant par le broyage de la surface. La zone 
de production couvre maintenant environ 80 % 
des Moors. Les tourbi&res y sont g6ndralement 
plus <( s6ches >> que celles des Thorne Moors, 
peut-We en raison du drainage plus efficace 
des Moors et des pertes d'eau par infiltration 
dans les sables sous-jacents par suite des 
captages creau, et/ou d'un drainage am6lior6 
des terres qui a provoqu6 I'abaisscment du 
niveau de la nappe phrýatiqLlc rcgionalc 

Seules de petites 6tendues des Hatfield Moors 
sont toujours dotdes d'un couvert v6g6tal ; il a 
toutefois W sugg6r6 que I'une d'entre elles 
(Packard's South, segment 24) n'a peut-&re 
jamais dt6 exploit6e (Eversham, 199 1). Si cette 
suggestion est exacte, c'est l'unique 6tendue 
assez grande de surface de tourbi&e originelle 
sur Nn ou I'autre site et la plus grande 6tendue 
de surface de tourbiýre non exploit6e de 1'est de 
I'Angleterre. 

Les facteurs influcnýant le d6veloppenient de 
la v6g6tation sur la tourbe et les communautes 
qui en r6sultent sont g6ndralement analogues a 
ceux d6crits-ci dessus pour les Thorne Moors. 
Une influence suppl6mentaire, toutefois, en 
particulier autour de 1'((ile >> de Lindholme et i 
la lisi&e occidentale des landes, oa la tourbe 
est in6gale et pen ýpaisse, est celle du sable 
sous-jacent. Cela a accru I'aire de r6partition et 
l'importance des esp&es et des communaut6s 
de landes dans ces zones. D'autres habitats non 
tourbeux, principalement i 1'ext6rieur de, la 
RNN, comprennent des gravi6res restaur6es, 
des zones hois6es s6ches sur sols colmat6s et 
des terres agricoles sur sols colmat6s sees. 

Les principaux facteurs influenyant les types 
de communautýs qui se sont d6velopp6s sur 
ces diverses surfaces sont les suivants : 



Monitoring vegetation change at Thorne Moors following re-wetting 

* 

Tom Dargie, 
Consultant 

A monitoring technique recording the extent ot 
re-wetting indicators within the Humberhead 
Peatlands was applied in 1994 and 1999. 

Overall, there have been major changes in the 
distribution and abundance of most indicators, 

revealing an unanticipated scale of vegetation 
changes over a five-year period. 

There are strong links between the scale ot 
indicator change, indicator distribution, major 
habitats and changing environmental condi- 
tions. 

The most important plant indicators, represent- 
ing raised bog habitat, are distributed strongly in 
the south of Thorne, mainly in older traditional 
peat cuttings and adjacent canals and drains, but 

with signs ofspreading out into some milled peat 
fiats. 

There has been an overall strong Sphagnum 

response to re-wetting, with a 13.9% increase 
in area since 1994. 

Sonic Sphagnum species ha%c iricreaýcd in 
large quantities but others seem less tolerant ot 
changing water levels and there hw c been 

marked declines in some species. 

There has been a significant decline in the 
range and abundance of Andromeda polýloha 
and Vaccinium way-mcm. 

There has been a marginal decrease in area 
(1.6%) for Eriophorum anguslifolium, mainly 
made up of a decline in cut flats and baulks 
counterbalanced by an expansion in milled peat 
flats. 

There has been very large increase (132.6%) in 
area of Juncus effums and this has occurred 
mainly in cut flats/baulks and milled peat flat%. 

The distribution patterns ofJuncus effusta (oc- 
cupying swamps in the centre and north of 
T'home, and expanding strongly) and Molinia 

caerulea (present in varied habitats in the cast 
of the area) are very different to other indica- 
tors. 

Major indicator increases have alreadý oc- 
curred from moderate increases in %% ater 
levels as part of the re-wetting programme, 
but plant responses have been markedly 
slower in sub-compartments with a major 
increase in water depth. 

Changes resulting from re-wetting are far 
more important than most other environ- 
mental trends. There are important unexplained 
vegetation patterns which probably represent local 

plant s; uccessions, for example. decline in Eriv, 
phorum angustifolium within old cuttings due to 
die-back in areas of increased water-logging due 
to a slight rise in watertable. 

Q. Eriophorum species are obvious4 suc- 
cessful colonisers of re-wet sectors, and 

Management Precepts 
ý% ater Ic% els should be controlled within a 
maximum fluctuation of 20cm of the sur- 
face. 

In re-wet areas tending to suffer from a 
moisture deficit, control of birch scrub 
invasion is critical. 

could be competing A it It other invading spe- 
cies. Does Eriophorum suppress Sphagnum 

species? 

. 4. No - ltvW czrvo: v (? / Sphagnum recurvurn are 
emabkýhed tm)rigst sowiv (? /* Eriophonim vagi- 
natum. mid kirtW the monitoring period there 
haN been an overcdI increave in Sphagntim spe- 
cies cowrage. 

Q. Is there a potential for suppressed Sphag- 

num growth and regeneration by pollution 
from coal fired power stations, as high sulphur 
and nitrate concentrations are thought to pre- 
%ent the production of spores in Sphagnum 
species? 

. 4, Atmosphem deposition oj'both nitrates 
and sulphates has currently reached a his- 
torical low in Britain. however there could 
be a lega(-j- ofpollution. the extent of which 
is not-fidl -v understood. Spore suppression is 
ackno% ledged as a Actor in regeneration, 
however lab experiments have shown 
Sphagnurn survival at NO, applications 
equivalent to 100kg1hectare1j, ear, without 
signs of Pkvtotoxicit ' 11. Transplanting 
Sphagna can accelerate colonisation al/ovving 
vegetative repaNhiction in caves wherespores 
are not being lwothi(ed. 

Water loss at Thorne Moors through different vegetation communities 

Katherine Birdsall, Assistant Levels & Moors Ofticer, Somerset Counýv Council 

<No abstract ret eived> 
Removal of birch scrub may reduce evapora- 
tive demand in sectors where it has become 

dominant. However, this alone would not 

achieve and maintain high groundwater levels 

in these areas as their recharge is limited by 

storage potential. Scrub removal cannot in- 

crease the storage capacity of peats in these 

sectors, where it has been lowered previously 
by aeration and accelerated hurnification dur- 
ing drainage for peat harvesting. 

Q. Was the temperature in the lab experi- 
ment similar to that in the field? 

. 4. Yes temperatures were similar, hut re- 
mained at the higher limit offield conditions in 
order to ensure sufficient evaporation oc- 

c-lirred to carrivia (0triptimotis fir via, ý also 
( in ulated In flit' lah to Ing a lan, 
Q. What was the relationship between cal- 
culated potential e%spotranspiration (PET) 
and actual e% apotranspiration (A ET) in the 
lab experiment? 
A. AET wav higher than PET at high ýsaler 
tables andlovier than PETaf lovs, water fahle% 

Q. Why did none of the lysimeters used in 
the field contain Sphagnurn species? 
A. This was considered too difficidt to main- 
tain and moss c ontained in the A wivelem bc- 

came d)y and died ven quit kI 

Q. In the large field plots, where dip-Aell 
data were used to estimate AET, where did 

apparent nocturnal recharge come from? 

. 4. Recharge appeared to come from wetter 
adjacent areav. 



Site Visit: Thorne Moors, Humberhead Peatlands NNR 

Kevin Bull, 
Site Manager, English Nature 

The site was approached through remnants of 
the original mire surface now converted to 
agricultural uses, via an access road 
constructed for peat removal. The road passed 
through an area of woodland on mineral soil 
overlaying the mire peat. This area was 
created with the aim of improving its agricul- 
tural potential by flooding the land, which is 
close to sea level, and allowing mineral sedi- 
ments to settle out on top of the peat, in a 
process referred to as 'warping'. At the 
disembarking point, active peat cuttings 
could be observed on an area which, under a 
current leasing agreement, allows peat 
removal to a mean depth of 0.5m, at which 
point its conservation management by 
English Nature will commence. 

The site is divided into a candidate Special 
Area of Conservation (cSAC) and proposed 
Special Area of Conservation (pSAC). 

Stopl: Flooded sector, with water levels 
maintained at 0.7-0.8in to force re-wetting of 
remnant peat. Area underlain by clay of glacial 
origin, and known to be a zone of preferential 
flow. Dominant vegetation, Juncus and Typha 
species. 

Q. Is this a typical treatment across the rest 
of the site? 
A. No - strategy in this area was to level the 
compartments, which were mostlY 200m long, 
then flood them to a depth of 0.3m for 2years 
to enforce re-vvening. Pumping was used 
where necessary to maintain water levels to the 
specified depth. Transplanting of Eriophorum 
angustifolium was then emplqved, anti cifter a 
further two years the water table wav raised 
further and the compartments were 'seeded' 
with Sphagnum cuspidatum propaguies. In 
some large pools, wave action proved a problem 
for Sphagnum establishment. In such cases, 
Juncus species were observed to act as a 
suitable nurse crop, providing shelter and 
reducing wave-aclion. 

Slop2: I he site ot a constructed dani and a 
diesel powered pump used to redistribute water. 
Compartment dominated by Juncus. 

Q. Do any other countries have experience 
of large apparently Juncus dominated areas 
and if so, how is it dealt with? 
A. Av Aitch evIvnence. especially on re-wet 
agricultural area previously subject to extensive 
agrochemical inputs, & that such Juncus domi- 
noted conditions can penivtfor up to 15 years. In 
Yuch caves, it is consukred that the marimum 
water depth at which pholos), whesised CQ, is 
pro(hiced LY critical to the accumulation ofpeal, 
, ind acidification of the sYStem. Hence, the resto- 
tation of lwatforming wgetation and as water 
holding =D- be slovivd. 

Stop 3: This successfully regenerating sector 
%%as previously dominated by birch scrub and 
(alluna vulgaris. The birch was killed using a 
topical herbicide (Krenite) and the area has 
subsequently been colonised by Eriophonim. 
No direct flooding was imposed on this sector, 
and re-werting has been by recharge from 
adjacent flooded compartments. 

Discussion: 
'Swelling' of peat and increased storage 
potential appears to have occurred as a re- 
sult of adjacent high water tables. 

Stop 4: A metal vie-ing plafform has been 
constructed for the use of the public, local 
natural history groups and ornithologists, at a 
cost of approximately L9,000. 

Discussion: 
Thome was designated a Specially Protected 
Area (SPA) because of its nightjar (Caprimul- 
gus europaus) nesting sites. Unfortunately, the 
drier scrubby areas preferred as nesting sites 
by the birds are protected by virtue of SPA 
status and contradicts the mire restoration 
management agreement. This means that when 
sectors are re-wet, new dry areas must he 
provided for the birds. In such cases higher 
ground with shallow or no peat remnants can 
be best utilised. 

Management Precepts 
Levelling or re-contouring is considered 
to be advantageous to re-wetting and 
reduces the potential for scrub invasion 
by removing 'high and dry' zones. 

Stop 5: Peat grips (narrow drains often up to 
1.5m deep) successfully blocked using plastic 
pile or sheeting were examined. The interlocking 
pile is made from recycled plastic, and is made 
in sections 3m x 0.3m costing approximately 
L16 per square merre in the UK. It does not 
photo-degrade and has a lifetime of 150 years. 
The sheets are inserted directly into the peat, 
with adjacent sheets following within the lateral 
interlocking channels. 

Discussion: 
Other methods of drain blocking and suitable 
materials were discussed including galvanised 
metal roofing sheets and heather bales as a 
'natural' alternative. These can be harvested 
on site where heather is present. 

Stop 6: peat removal in this sector ceased in 
1920 and therefore it is the deepest peat on 
site. It was not levelled at the time when 
restoration management began, and birch 
scrub invasion has been a problem on high and 
therefore drier areas. 

Discussion Points 

Can birch scrub be controlled by impos- 
ing high water tables as opposed to ap- 
plying herbicides? 

What is the minimum depth of peat that 
can be left before restoration becomes 
impossible?. 

* 

Delegates were taken on a walking tour of 
different regenerating sectors and at each stop, 
progress was discussed: 
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Fenn's, Whixall and Bettisfield Mosses NNR 

This mire has a total area designated as SSSI of 948 ha of which 275 ha is in Shropshire (England) 
and 691 ha in Wrexham (Wales. ) Of this area 575 ha is National Nature Reserve and managed by 
English Nature and the Countryside Council for Wales. This raised bog has been cut over by sod 
cutting for domestic use since 1550 and for commercial use for fuel since 1850 and more recently 
has been extensively cut for horticultural purposes. Part of the site has been afforested and other 
areas have been colonised by dense woodland after abandonment. The site was acquired for nature 
conservation in 1990 to halt the commercial cutting. Since then extensive tree and scrub removal, 
damming and re-hydration has been carried out on the NNR. Very little original surface remains. 
The peat bog surrounding the NNR is a range of semi-improved and improved grassland susceptible 
to flooding and this together with opposition to timber removal, constrains the management work 
and strains relationships with neighbours. The local community keenly observes management work 
and a great deal of public relations work is carried out by the site management staff. The 
management work has also been complicated by the need to retain many rare and endangered 
invertebrates which have adapted to the peat cutting. 

Whitchurch 

Penley Hanmer 
Fenn's Bank 

Prees Heath 

Bettisfieg 

Ellesmere Whizall jj 11 
Northwood Prees 

La tourbi&re couvre au total 948 ha dont 275 ha sont situ6s dans le Shropshire (Angleterre) et 691 
ha dans le Wrexham (pays de Galles). Sur les 948 ha, 575 ha sont class6s en r6serve et gdr6s par 
English Nature et le Countyside Council for Wales. La tourbe a 6t6 exploit6e depuis 1550 pour 
usage domestique, puis pour usage commercial depuis 1850 et r6cemment plus intens6ment pour 
]'horticulture. Une partie du site a 6t6 bois6, d'autres zones ont 6t6 colonis6es par la v6g6tation 
arbustive aprýs abandon. Le site a &6 achet6 pour la conservation de la nature en 1990 et depuis 
1'exploitation commerclale a 6t6 arrýt& D'importants travaux ont ýtý entrepris: d6broussaillement, 
arrachage des arbres, construction d'ouvrages de r6tention et rermse en eau. 11 reste tr&s peu de 
couverture v6g6tale d'origine. La tourbi&e qui entoure la r6serve est constitu6e de prairies 
semi-naturelles mondables. Ce facteur, ainsi que le refus par la population de voir des arbres 
abattus, conitionnent les relations avec les voisins. La population locale observe avec int6r6t les 
activit6s de gestion, un travail de communication important est engag6 par 1'6quipe de gestion. La 
gestion est rendue complexe par la n6cessit6 de garder des invert6br6s rares et en danger qui se sont 
adapt6s A la tourbe exploit6e. 
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Fenn's, Whixall & Bettisfield Mosses National Nature Reserve 

Joan Daniels, 
Site Manager, English Nature 

2.1 

Fenn's, Whixall & Bettisfield Mosses 
National Nature Reserve (NNR) lies 15 kin 
SW of Wrexham, NE Wales, straddling the 
English/Welsh border. The raised mire is 
much the largest wetland site in the Meres and 
Mosses Natural Area, which is a distinct land- 
scape area of Britain typified by a myriad of 
meres and mosses nestling in glacial drift 
deposits. 

The NNR forms the central 575 ha of Britain's 
third largest raised bog, the 948 ha Fenn's, 
Wbixall, Bettisfield, Went & Cadney Mosses 
Site of Special Scientific Interest (SSSI) (five 
names for different parts of one peat body). It 
is partly owned, partly leased and is managed 
by both English Nature (EN) and the Country- 
side Council for Wales (CCW) who are the 
government agencies responsible for nature 
conservation. The SSSI is also a candidate 
Special Area of Conservation and a Ramsar 
Wetland of International Importance. 

The mire lies in the rain shadow of the Welsh 
hills, with an average annual rainfall of only 
706 mm. This can be as low as 552 mm in 
drought years, such as 1996, when potential 
evapo-transpiration exceeds rainfall. On the 
other hand, in 1999 the annual rainfall was 
930 mm. The average peat depth left after peat 
cutting was 3m, varying from Orn-8m. 

The outer areas of the mire were first system- 
atically drained around 1800 as a result of 
Enclosure Awards. The main installation of 
drainage was carried out in the 1920's when 
the mire was dissected by drains into 80 m 
wide peat cutting flats separated by 10 rn wide 
trackways, and an arterial drainage network 
was installed. The cutting of peat for fuel and 
litter for animal bedding lapsed in the 1940's 
and 1950's but then restarted in the late 1950's 
for horticultural use. At first 10 ha per year 
were cut of the 400 ha of Fenn's Moss, but 
when cutting by machine was introduced in 
1968 the rate of extraction increased to 30 
ha/year. However, this low rate was greatly 
increased to 140 ha per year from 1989 to 
1990. All mechanised cutting stopped in 1990 
and restoration work began in 1991 after a 
public campaign to save the site. 

I k. 

The starting point for restoration of the mire 
varied with the previous peat cutting history ot 
each area. Seven peat cutting types existed: 
very little uncut ground, old Whixall hand cuts, 
old Dutch hand cuts, old commercial cuts, 
recent commercial cuttings, recent hand cut- 
tings and archaic cuts converted or reverted to 
fields or forestry. The old hand cuts had some 
water in the base of old abandoned peat cut- 
tings and acted as refuges for mire flora and 
fauna. The old commercial areas also were 
partly re-colonised by mire plants but tended to 
have more scrub. The modem hand cuts had a 
lot of bare ground, but were not as severely 
drained as the desert ofthe recent commercial 
cuttings. Bettisfield Moss, the largest uncut 
area had been colonised by pine trees, but 
retained a bryophyte carpet below. Other areas 
such as fields were devoid of mire vegetation. 

c2r 

La Rdserve naturelle nationale (RNN) de 
Fenn's, Whixall & Bettisfield Mosses est si- 
m6e A 15 km an sud-ouest de Wrexham, dans 
le nord-est du pays de Galles, et est i cheval 
sur la fronti&re anglo-galloise. La tourbi&e 
haute est la zone humide la plus vaste dans la 
Zone naturelle de Metes and Mosses, qui con- 
stitue un paysage distinct du Royaume-Uni 
caract6ris6 par une myriade de lacs et de tour- 
bi&es nichds dans des ddp6ts glaciaires. 

La RNN constitue le coeur, de 575 ha, de la 
troisiýrne tourbi&re haute (par sa superficie) du 
Royaume-Uni, le Site cl'int&& scientifique 
sp6cial (SSSI) de 948 ha de Fenn's, Whixall, 
Bettisfield, Wern & Cadney Mosses (cinq 
noms pour les diff6rentes parties d'une masse 
de tourbe). Elle appartient en partie i et est 
lou6e en partie et g6rde par English Nature 
(EN) et le Countryside Council for Wales 
(CCW - Conseil de la campagne pour le pays 
de Galles) qui sont les organismes gouveme- 
mentaux responsables de la conservation de la 
nature. Le SSSI est 6galement one zone candi- 
date A la d6signation comme Zone sp-6ciale de 
conservation et est one Zone humide d'impor- 
tance internationale (site Ramsar). 

La tourbiere est situýe dans Pornbre pluviale 
des collines galloises. la hauteur moyenne des 
prýcipitations annuelles Watteignant que 706 
mm. Celle-ci peut tomber ä 552 mm au cours 
des anndes de secheresse, comme en 1996, 
auquel eas Nvapotranspiration potentielle est 
suptýrieure aux precipitations. En revanche, la 
hauteur des pluies en 1999 a etd de 930 mm. 
Udpaisseur moyenne de la tourbe aprýs pre- 
lývernents &ait de 3 m, variant entre 0 et 8 m. 

Les zones situ6es aux extr6mit6s de la tour- 
biýre furent initialement drain6es de, faqon 
systdmatique vers 1800 sous 1'effet du mouve- 
ment des encl6tures. Les principaux travaux de 
drainage furent entrepris dans les ann6es 1920, 
lorsque la tourbi6re fut divis6e par des canaux 
en 6tendues d'extraction de, 80 m de large 
s6pardes par des voies de 10 rn de largeur. et 
tin r6seau de drainage art6riel fut insta[16. L'ex- 
traction de la tourbe en vue de son utilisation 
comme combustible et liti6re pour animaux fut 
interrompue entre les ann6es 40 et 50, mais 
reprit A la fin des ann6es 50 A des fins horti- 
coles. Initialement, une superficie de 10 ha par 
an fut exploit6e sur les 400 ha de Fenn's Moss. 
niais avec l'introduction de machines en 1968, 
le taux d'extraction passa A 30 ha/an. Ce taux 
bas fut toutefois accru de mani&e substantielle 
pour passer i 140 ha par an de 1989 i 1889. 
l'outes les op6rations de pr6lývement m6can- 
is6es cess&rent en 1990 et les travaux de res- 
tauration commenc&ent en 1991 A la suite 
d'une campagne pubfique mende pour sauver 
le site. 

Le point de ddpart de la restauration de la 
tourbiere a dtý fonction de la nature des pre- 
Iývements de tourbe effectuds par le passý dans 

QjF- 
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The aim of restoration management is to 
restore active raised mire, characterised by 
National Vegetation Classification vegetation 
type MI 8a, the .4 ndromeda polifidia- Sphag- 
num magellanicum subcommunity ofthe Erica 
tetralu- Sphagnum papillosum commUnity. 

2.1 

* 
* 

chaque zone. 11 existait sept types d'c\iiýwuon 
: terrains exploit6s sur la majeure partie de leur 
surface, terrains ayant fait l'objet de pr6l&e- 
ments manuels anciens de Whixall, terrains 
ayant fait l'objet de pr6l6ement manuels anci- 
ens de type hollandais, terrains exploit6s com- 
mercialement dans le pass6, terrains ayant fait 
l'objet d'une exploitation commerciale r6cente, 
terrains ayant fait Fobjet de pr6l&vements 
manuels r6cents et terrains a exploitation ar- 
chaique transform6s en champs ou for&s ou 
6tant retoum6s A Ntat de champ ou de for& 
Les terrains ayant fait l'objet de pr6l&vements 
manuels anciens contenaient une certaine 
quantit6 d'eau dans la base des siýges d'extrac- 
tion abandonnds et servaient de refuges A la 
flore et a la faune des tourbi&es. Les terrains 
exploitýs commercialement dans le pass; 6 
6taient eux aussi 66 recolonisýs en partie par 
des plantes de tourbi&es, mais avaient ten- 
dance i abriter davantage de fourr6s. Les ter- 
rains ayant fait l'objet de pr&vements 
manuels r6cents comprenaient de vastes 6ten- 
dues de so] nu, mais n'0aient pas aussi grave- 
ment drain6s que le &sert laiss6 par les 

pr6lcvements commerciaux. r6cents. Bettis- 
field Moss, ]a plus grande 6tendue non exploi- 
t6e, avait W colonis& par les pins, mais 
con,; crNait en dessouN tin lapN de brvophvics 

L'objectifde la gestion de la restauration est de 

rdtablir une tourWre haute active caract6ris6e 
par le type de výg&ation M18a du SYstýme 

national de classification de la vdg6tation, A 
savoir la sous-communaut6 Andromeda polifo- 
Iia -Sphagnum magellanicum de la com- 
munautd Erica letralix-SI)hagnum papillostan. 

Les travaux de restauration ont fait intervenir 
I'enl6vement des fouff6s de pins et de 
bouleaux, la construction de barrages pour 

WýýINI1C1111 ý VdL1 dC PIUIC SUr IC SItC CI l'in., talla- 
tion dc canalisations pour lutter contrc Vero- 
sion. L'objectif est de niaintenir le ni%cau 
phreatique de la tourbieýre ä5 cm ou ä nioins de 
5 cm de la surface de la tourbiere pendant la 
plus grande parlie possible de l'annee. 

L'hydrologie de la tourbi&re a 6e 6valu6c par 
surveillance, A intervalles de deux semaines, 
d'un r6seau de tubes immerg6s, au moyen d'ap, 
pareils d'enregistrement permanent du niveau 
phr6atique, par des mesures des precipitations 
et des mesures faisant appel a des bacs 6vajxý 
ratoires et A un lysimetre. Les niveaux d'cau 
dans les fossýs sont 6galemcnt 6valu6 dcux 
fois par an A 1'6poque la plus humide ct a 
1'6poque ]a plus seche. Cc systeme s'est a%erc 
important pour ce qui est (faidcr a comprendre 
les diff6rences de v6g6tation apres rcstauration 
entre les diff6rentes zones ainsi que la question 
de Faccroissement r6ccnt des niveaux d'inon- 
dation des terres agricoles sur les 6tendues de 
tourbe a la lisi&e de la tourbi&e. 11 a egale- 
ment permis d'effectuer une estimation des 
effets de 1'enl6ement des pins de Bettisfield 
Moss sur les 6coulements d! eau projetes en 
aval. 

La v6gýtation est surveill6e par le biais de 
quadrats permanents dans chacun des quatre 
principaux types d'extraction dc la tourbc, ceci 
ýtant 6tay6 par des 6valuations subjectives de 
la couverture v6g6tale de 1'ensemble du site 
pour les espkes principales. Une comparaison 
de la couverture entre 1991 et 1998 met en 
ý%idence, par exemple, 1'extension spectacu- 
laire de Faire occup& par la linaigreitc com- 
mune (Eriophorum angustifolium). 

I -a succession apr6 restauration est A un stade 
trcs pr6coce, mais dc grandcs diff6rences sont 
Xores et d6ji visibles dans ies differentes 
/ones. Sur les 6tenclues ayant fait Fobjet d'unc 
exploitation cornmerciale r6cente, le terrain nu 
s'est transform6 en des mosaiques de SphaK- 
num cuspidatum et Molinia ou, en des mo- 
sa'fques d'Eriophorum45phqgnurn cuspidatum. 
Sur les terrains ayant fait l'objet de pr6le%c- 
ments manuels anciens, il s'est cr& une cou- 
%erture de Sphagnum cuspidatum avec 
h'nophorum angwtifolium ct d'autres esp6ces 
du type MI ga ou un dense couvert d'Eriopho- 
rum vaginatum avec Sphagnum cuspidalum. 
Des expansions ternporaires d'especes cornme 
Urricularia minor se son[ produites. 

Le point de &part initial, les esp&ccs restantes. 
la chimie de 1'eau, la profondeur d'eau et le 
climat au moment de la restauration ont eu des 
effets sensibles sur la flore apris restauration. 
En conclusion, malgr6 les variations, la flore et 
]a faune de la tourbi&c sont cn train dc re- 
toumer a leur 6tat d'origine, a savoir principa- 
lement des landes seches, des founnis et des 
zones bois&s. 

Restoration work has involved clearing the 
pine and birch sicrub. damming to keep rain 
water on the site and installing erosion control 
pipes. The aim is to keep the peat water level 
at or within 5 cm of the peat surface, for as 
much of the year as possible. 

Peat hydrologN has been assessed by monitor- 
iriv a network of dipwell tubes at two-week 
inicr%als, by constant water level recorders, 
raintall. evaporation pan and lysimeter meas- 
Urcinents. Ditch water levels are also assessed 
m ice yearly at the wettest and driest time. This 
has proved to be important in helping to deal 
with understanding the differences in post-res- 
toration vegetation in different areas, and also 
the issue of recent greater levels of flooding of 
agricultural land on the edge peats; of the Moss. 
It has also allowed an estimation of the effect 
of pine tree removal from Bettisfield Moss on 
projected water flows down stream. 

%'cgctation is monitored by permanent quad- 
rats in each of the main four peat cutting types, 
backed up by total site subjective vegetation 
cover asw%smcnL% for key species. A compafi- 
%on between 1991 and 1998 cover for example 
showing the dramatic increase in the cover of 
Common Cotton %edge (Eriophot-um angimi- 
Jolium). 

It is %evy earl) in the post-restoration succes- 
sion, but major differences are visible in differ- 
ent areas. The recent commercial areas have 
de% eloped from bare ground into either mosa- 
ics ofSphagnum cuspidatum and Molinia, or 
Eriophorum, Sphagnum t uspitkitum mosaics. 
rhe old hand cuts have developed either into 
Sphagnum cuspidaium with Eriophorum an- 
gusfijblium and more MI 8a species. or dense 
Eriaphorum vaginatum with Sphagnum cuspi- 
datum. Temporary expansions of species such 
as Utricularia minor have occurred. 

The initial starting point, residual species, wa- 
ter chemistry, %ater depth and climate at the 
time of restoration have had major effects on 
post - restoration flora. In conclusion, despite 
the variation, mire flora and fauna are return- 
ing to what %%ere mainly dry heath, scrub and 
%%oodland. 

Q. How are problems on the site associ- 
ated "ith "wer chemistry manifested? 

. 4, Effluent inputs oj both agricultural and 
domestic origin arise within the drain net- 
viork at several locations around the site. 
Where this pollution can he delected, it has 
been obsen-ed it) increase the pH. /rom 2.8 to 
4 andjrom pH 5 to 6, encouraging the estab- 
lishment oj'less desirable mire species such 
as Alolima caerulea. Minerotrophic ground- 
water u also thought to recharge the mire 
aquifer through the underlYing sand la. yer 
and this ma ,v provide an unwelcome addition 
ofnutrientv. but this has not been confirmed. 
The bog may also recharge the regional 
aquifer at some point within its extent. 
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Hydrological changes due to restoration work 

Kevin Gilman 
Consultant Iývdrologist 

2.2 

On the English/Welsh border, the balance be- 
tween rainfall and evapotranspi ration is very 
close, and in summer there is a decline in 
water levels on Fenn's, Whixall and Bettis- 
field Moss, which varies widely from year to 
year. In its present state, after generations of 
peat cutting and drainage, the peat surface of 
the Moss experiences episodes ofdrought and 
water. Management is essential to protect and 
rehabilitate the mire vegetation. 

English Nature and CCW management objec- 
tives emphasised die importance of hydrology to 
the rehabilitation ofthe moss. Aprojectwascom- 
missioned last year to examine the impacts, if 
any, of the English Nature /CCW manage- 
ment programme on the hydrology of the 
adjoining land. There has been long-lasting 
flooding in recent winters on the margins of 
Whixall Moss, and landowners are concerned 
that this could be caused by the management 

of the Moss, notably the removal of trees 
and scrub and the rewetting of the peat cut- 
tings. 

Data from dipwells, water level recorders, 
lysimeters, an evaporation pan and a recording 
rain gauge has been analysed and interpreted, 
using the techniques of mathematical modelling 
in an attempt to isolate the effects of manage- 
ment from those of cl imate. The conclusions 
are complex. For example, water level data 
indicate that clear of well-grown pines from 
Bettisfield Moss will lead to a significant 
increase in runoff but this increase will be 
mostly in the early winter and will result from 
higher water levels in autumn. Runoff rates 
later in the winterwill be unaffected. On the other 
hand, detention ofwater in flooded peat cuttings 
will lead to a delay in runoff from Fenn's and 
Whixall Mosses and a reduction of the peak but 
little change in total runoff. However, the report 

shkmý that the cýews most likeiv to induce 
serious flooding in Whixall are hi gh rainfalls 
extending over a 28-day period and it is doubt- 
ful that improvements in the timing or magni- 
tude of flood peaks would have any effect on 
the off-site flooding problem. The evidence 
points to climate as the prime cause of over- 
bank flows and to defects in the drainage net- 
work, notably old culverts, which retain the 
floodwaters for long periods, rather than to the 
management of the Moss. 

Q. Has the possibility for groundwater 
recharge of the mire aquifer from underly- 
ing sands been investigated? 
A. Local opinion has been that the 'vvetting-up 
of the bog has caused flooding of low-lying 
land adjacent to the site by recharging the 
local aquifer. However deep well records fin- 
the area show that it is more likely that the bog 
is recharged by the regional sand aquifer. No 
conclusive data is available to confirm this. 
Recent localflooding appears to be due to the 
lack ofmainienance ofculverted channels car- 
rying ditch flows avt,,., j, fi-om the bog. 

Review of main issues on Fenn's, Whixall & Bettisfield Mosses 

It is necessary to quantify the influence of birch- 
scrub on mire water balance. 

" The type of remnant peat, including its depth, 
constituents (sedge, wood or moss) and subsequent 
hydrological and chemical properties exerts a strong 
influence on the success and speed of restoration of 
a peat forming vegetation at any site. 

" The role of carbon evolution in the establishment of 
peat forming vegetation is poorly understood. 

" Atmospheric deposition of SO, and NO, on mires, 
both past and present, needs to be investigated 
further. 

" The depth of water in areas flooded for restoration 
and the area of flooded sectors can influence the 

vegetation that colonises such areas in ways not pre- 
viously considered, such as wave action and erosion. 
Re-profiling bog surfaces before re-wetting can 
speed up regeneration, increasing the effectiveness of 
high water-table imposition, and reducing the area of 
'high and dry' birch-scrub zones. 
A wide range of damming practices have been em- 
ployed at different sites with varying degrees of 
success, including several tried and tested materials 
and different methods of installation and recom- 
mended spacing rules. A great deal of experience on 
this topic is available to draw upon within the Euro- 
site membership. 

2.2.1 

I 

* 
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Vegetation change in relation to restored water levels 

Karen Horton 
Research Student, Wolverhampton Universiýv 

Vegetation monitoring has been ongoing at 
Fenn's, Whixall and Bettisfield Mosses 
National Nature reserve since 1991. Hydro- 
logical monitoring commenced in 1993 
Trends ofvegetation change and rises in water 
levels are apparent within each of the four 
different peat cutting types. 

Recent Commercial Cuttings 
From the period 1993-1998 winter ditch-water 
levels were fairly consistent, with values of 
approximately 7.5 to 15 cm recorded, belw4 
the general peat surfaces. Since 1998 levels 
have been generally higher with open water 
recorded over the sub-compartment. 

Summer ditch-water levels, despite damming 
in 1993, did not begin to hold water through 
the summer period in any major way until 
1997. Since then summer water levels have 
been maintained at approximately 0-7.5 cm 
down from the general peat surface. 

These areas began mostly bare with little existing 
cover of mire species. There appears to be a time 
lag of approximately six and a half years from the 
damming to the colonisation ofSphagnum. Cover 

of Sphagnum cuvpidaium has however reached 
16% on sub-compartment 3.9. 

Old Hand Cuttings 
Restoration management has had to take ac- 
count of the un-regimented nature of past 
peat-cutting and has been carried out %% ith 
consideration ofentomological interest. 

Winter ditch-water levels since 1993 ha%c 
shown a consistent increase from 22.5 - 30cni 
below the general surface of the peat to 0 it, 
7.5cm this year. The summer ditch-water data 

shows a rise to approximately 0-7.5cm follo%% - 
ing damming during 1995- 1998, 

Management Precept 
Re-colonisation of mire species is occur- 
ring at ýarious rates across the site in 

response to the rise in water levels due to 
restoration management. -Mere is a clear 
correlation between the increase in cover ot 
mire species and the rise in water levels 
tollo%ing damming 

Five mire species were recorded in 1991 which 
account for 30% of the vegetation in this area. 
-rhe area at that time was predominantly a dry 
heath type vegetation. Sphagnum cover this 
year has reached 5% and other mire species are 
alsovery gradually increasing on the sub-com- 
partment. 

Q. "'as transplanting employed in flooded 
areas created by drain blocking? 
A. No transplanting vias used. Vegetation 
colonisedftom refugia created by old cutting 
patterns. Hand-cutting left step-wiye cutting 
faces with vegetation left on the highest step 
surface. 'Dutch' cutting also lef? original 
i egetaied surfaces between the lower terraces 
" here peal had been removed. 

Summer ditch-water levels have risen dramati- 

cally following damming in 1997, to give a 
peat surface this summer which is saturated 
(boggy). 

These areas began as a dry heath type vcgeta- 
tion with a very few existing mire species. 
Approximately three year% after damming 
Sphagnum cover is now 30% on sub-compart- 
ment 4.4. 

Uncut Sub-compartments 
Due to the topography of the uncut areas the 
ability of peat to retain water is impaired. 
Limited restoration measures have been under- 
taken including the damming ofold drains and 
the removal of scrub. 

Winter and summer observations of the peat 
surface indicate dry conditions in the sub-com- 
partment 7.8 up until damming in 1998. After 
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Q. How was birch-scrub invasion dealt 
with? 
A. Scrub removal is controversial in some 
areas where it contradicts with invertebrate 
conservation, in particular of those species 
that javour the wet-scrub habitat. Scrub has 
however been removed in several areas by 
cutting and removing and by spraying with 
herbicide. In some sectors, Betula species have 
been attacked by a parasite and Calluna has 

sufferedfrom heather beetle infestations as- 
sisting scrub removal. In these areas and in 
some untreated areas, higher watertables have 
also accelerated scrub die-back. 

Old Commercial Cuttings 
Since 1993, winter ditch-water levels have These areas began as a wet heath type vegeta- 
changed from being mostly dry, to this year tion with several mire species. Sphagnum 

showing a figure of O-7.5cm below the level of cuspidatum cover has increased to its current 
the general peat surface. position of 60% on sub-compartment 13.7. 

iiiis nine pcat suitacc conditions are described 
as mainly dry A ith sonic boggy areas. 



Site Visit: Fenn's and Whixhall Moss NNR 

Joan Daniels, 
Site Manager, English Nature 

2.3 

The site was approached through the original 
lagg zone, more recently converted to farm- 
land. Most of the familand crossed on this 
edge of the bog was flooded making an excel- 
lent habitat for wading birds, several species of 
which could be observed. The main source of 
the current flooding was also observed clearly 
with the main drainage channel and a culverted 
section in a state of severe disrepair. This 
area, previously part of the mire complex, 
was omitted from the national designation of 
Site of Special Scientific Interest (SSSI) and 
subsequent management plan, as it was con- 
sidered to be isolated from the main bog area 
by the Shropshire Union Cannel. The canal, 
a navigable waterway used now mainly by 
tourists, dissects the site and it is likely that it 
reduces the conductivity of underlying mate- 
rial in the immediate vicinity. However, it 
may not isolate the site entirely from the 
adjacent and previously contiguous mire 
area. 

Recent flooding and a culture of blame, has 
raised opposition locally to re-wetting within 
the bog, and this situation is exacerbated by 
management agreements that guard against 
interference in neighbouring drainage re- 
gimes. If the site were to be reclassified, 
or the opportunity to reassess SSSI 
boundaries arose, adjacent farmland and 
previously contiguous mire would be in- 
cluded. 

Stop 1: AgnCUItUral land within the SSSI at 
the boundary ofthe NNR purchased by English 
Nature but leased to a local farmer under a 
management agreement allowing light grazing. 
The field is wet with patches of Juncus and 
some larger birch trees. Old subsurface tile 
drains have fallen into disrepair but further 
wetting is not currently possible under the man- 
agement agreement, with the additional compli- 
cations caused by adjacent domestic properties. 

Q. If future management agreements al- 
lowed, would it be possible to wet this area 
further and establish a peat forming vege- 
tation? 

A. The P c1sh experience on. similur land is thai 
by removing turfand using it to create bunds 

and 'walkways, Juncus effi4sus and Molinia 
caerulea invade and Sphagna are established 
in deeper scrapes without any planting. These 
areas also have some grazing ky ponies which 
favour the ecologically less desirable softer 
herbs when graL ing. 

A. Similar result has been achieved by the 
RSPB at Bowness Common in Cumbria. 
although planting was used to establish a 
habitat for waders in the scrapes which 
were created within the Wet Meadow 
scheme. 

. 4. In the Netherlands. similar vvet meadows 
have also been created on shallow peats 
previousl 'v utilisedfor agriculture. Problems 
can arise where residual agrochemical con- 
centrations, particularlY nitrogen fertilisers, 

are still relativelY high. This may be ad- 
dressed in some cases by removing from 
the site the turfcontaining higher nutrient 
levels. 

. 4. In France there has been very little agricul- 
tural utilisation ofpeatlands so this has not 
been necessaty, however similar schemes have 
been successful on alluvial sites. 

Different recommendations for the field were 
prescribed as follows: 

" Leave the field as it currently is since it 

appears to act as an important buffer 
between the bog and the canal. 

" Since the water table is near the surface, 
remove the turf and use it to form bunds 
to hold water. 

" Remove the turf altogether; it is likely 
to contain added agricultural macro- 
nutrients which may encourage un- 
desirable vegetation species. 

" Allow the current establishment of 
Juncus, sphagnum and other fen 
meadow plants to continue with mini- 
mum grazing. 

* 
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Management Precepts 

Several differences in strategic manage- 
ment of birch scrub have been identified: 

" management of the site as a mosaic 
including scrub; 

" flooding of scrub areas with even- 
tual die-back resulting; 

" cutting and removal of scrub: 
" cutting and removal of scrub, 

stumps treated with herbicide 

"I the t" " "getation tVes did not seem to he 
in conflict. Dendrograms could he takenftom 
the tree remains and compared to those taken 
at other sites to link the growth phases. 

Stop 4: Regenerating Dutch hand cuttings, 
\\ith apparently restored vegetation assem- 
blages including An(irome(la pol4blia. 

* 

Stop 2: Previously scrub dominated area 
where hand cutting ofpeat had taken place. 
A sector that had been successfully dammed 
and scrub removed was observed adjacent to 
an area of similar cutting without active re- 
wetting. Scrub is controlled by cutting and 
herbicide application. Some re-treatment is 
carried out using a 'weed-wiping' implement 
which, when driven over the small scrub 
applies the chemical to the uppermost plants. 
This sector could not be actively re-wet due 
to the risk of flooding neighbouring agricul- 
tural land. A clear contrast could be seen 
between the established peat forming vegeta- 
tion in the flooded sector and the slower 
re-wetting in the untreated area separated by 

an old track-way used for peat removal. 

Q. Is it possible to use tracks and tramways 
as effective hydrological barriers? 
A. The ejftcliveness ofsuch boundaries is de- 

pendant on the structure andproperlies ofthe 
underlying peat and the extent oj'hydraulic 
gradients imposed. For example, peat likely to 
fracture due to previous extended periods oj 
drying would be unlikely to support a rapid 
head change. Steep gradients in such cases 
may result in structuralfailure, cracking, col- 
lapse andpotentially mays movement. 

A. Insh expenctuc ha, beenfin ,/ iq, 1,, 
Im in bog suýlaces jollovi ing a program o) 
re-vi, euing. 

A. Little swelling (up to 5cm) was observed at 
Wedholme Flowfollowing drain blocking. 

A. Experience in the Netherlands has been that 
the degree of humification of remnant peat 
influences the degree ofswelling. 

Q. How has the conflict between inverte- 
brate conservation and mire restoration 
been accommodated? 
A. Suitable invertebrate habitats have been 
maintained in drier areas and the strategi- has 
been to dislocate invertebrate communitie. % so 
that they occupy these designated areas 

Stop 3: Active hand cutting sector. In order to 
come to an amicable agreement with the 
current leaseholder, it was agreed that hand 
cutting would continue here until the lease- 
holder reached retirement (now in two years 
time). A large number Of fossil tree stumps can 
be observed here within the 'white' Sphagnum 
peat layer currently being hand cut. The peat 
layer called 'white peat', is a light colour on 
drying, and is dominated by Sphagnum (u. vpi- 
datum. 

Q. Does Eriophorum vaginatum act as a 
nurse crop to fa%ourable species? 
A. The Belgian experien(e is that Eriophorurn 
vaginatum does appear to act as a nurse crop, 
providing shelter and structure that allows 
sphagnum cuspidatum to become established 
Molinia caeruica however, has a negative 
effect smothering Sphagna with its litter. 

Q. N%hý is Utricularia present in the pools 
created b-, flooded cuttings and what does 
it's presence indicate? 

. 4. It is likely that it is an indicator of water 
movement, and is present in areas receiving 
itaterftom adjacent pools. This also explains 
dense patches close to overflow pipes posi- 
tioned in pools to prevent over-lopping. 

Q. Can this woodland layer be used to draw 
climatic parallels to other sites and in-situ 
peat forming , egetation deposited during 
the same period? 
A. It is noted that the woodland phase had an 
understorcý o/ 'ýphagna and that the sunival 

Discussion Point 

What is 'too much' water; can levels be 
too high and what is the desirable water 
level for successful restoration? 
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Q. What evidence is there of peat swelling 
at other sites? 

A. In the Netherlands the situation is observed 
to be similar, with the additional disadvantage 
that Mohnia appears to have a higher evapo- 
rative demand 



III 

The South Solway Mosses NNR 
and Wedholme Flow 

The Solway Mosses comprise of Wedholme Flow, Bowness Common and Glasson Moss. These 
three sites contain most of the intact active bog surface in England, indeed it is estimated that there 
are only 450 hectares of original surface with active peat forming vegetation in England and most 
of this is found on the three sites. Wedholme Flow (790 ha) has been cut almost continuously since 
the early 1900's but still retains a substantial area of intact surface. Over half the cuttings were taken 
out of production in 1990 and restored to nature conservation but 160 ha remains in peat production. 
A wide range of rehabilitation conditions exist on all three sites with the earliest damming occurring 
on Glasson Moss in 1985. The old sod cuttings on Wedholme were dammed between 1991 to 1993. 
The mosses are surrounded by intensive arable grassland with only remnants of any form of lagg. 
Drainage systems around the sites and leading away from them are regularly maintained. Many of 
these fields are on shallow peat. From a small ownership in 1985 English Nature now owns and 
manages a substantial area of all three sites. The current aim is to secure the cessation of peat 
cutting on Wedholme Flow. 

Abbeytown Q1 

0 Kirkbride CarlisleQ 

Ces trois sites coniprennent la plus grande surface intacte de tourbiere active d'Angleterre. Sur les 
trois sites, seul Wedholme a une zone importante de tourbi&re dont la surface d'origine est intacte. 
On estime qu'en Angleterre, il ya seulement 450 ha de tourbi&res actives et elles se trouvent sur ces 
trois sites. Wedholme a constamment &6 exploit6e depuis le d6but des ann6es 1990 mais a gard6 
une surface intacte importante. Plus de la moiti6 de la surface exploit6e a &6 retir6e de la 
production en 1990 et restaur6e pour la conservation de la nature mais il reste 160 ha en exploita- 
tion. Les conditions de r6habilitation sont vari6es sur les trois sites mais les plus anciens ouvrages 
de r6tention des eaux ont 6t6 mis en place A Glasson Moss en 1985. Les zones anciennenement 
exploit6es A Wedholme ont &6 remises en eau entre 1991 et 1993. Les sites sont entour6s de 
prairies artificielles avec seulement quelques zones r6lictuelles de lagg. Les r6seaux de drainage 
qui entourent les sites sont bien entretenus. Beacoup de champs sont situ6s sur de la tourbe peu 
profonde. En 1985, la maitrise fonci&e d'English Nature 6tait faible, elle atteint d6sormais une 
surface importante sur les trois sites. L'objectif est d'arr&er 1'extraction de la tourbe sur Wedholme 
Flow. 

3.0 

* 
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Solway Mosses cSAC - Wedholme Flow NNR, Cumbria 

.1 

* 

J 

H 

Frank Mawby 
Site Manager, English Nature 

The Solway Mosses Lowland Raised Mire 
SAC is situated on the lowlands surrounding 
the Solway Firth Estuary and consists of Wed- 
holme Flow (780 ha. ), Bowness Common, 
(759 ha. ) Glasson Moss, (225 ha. ) Drumburgh 
Moss cSAC (189 ha. ), plus Solway Moss 
pSAC (495 ha. ), Wedholme Flow pSAC ex- 
tension. 

There is an estimated 475 ha of uncut, original 
natural surface remaining on bogs in England 
of which approximately 125 ha. is on Wed- 
holme, 100 ha on Bowness Common, 38 ha on 
Glasson Moss and 20 ha on Drumburgh. The 
remaining area of these mires has been dam- 
aged by drainage and cutting for domestic fuel, 
commercial use and conversion to agricultural 
land. 

Cutting for domestic fuel has occurred for 
many centuries but considerable amounts were 
removed through the 19th and early 20th cen- 
tury. These mosses survived because they 
were away from the larger towns and cities. 
Fxtensive drainage occurred in the mid nine- 
teenth century followed by conversion of the 
shal lo%N er perimeter peat to agricultural use. 

( onimercii] CLIIIIII& commenced in the early 
1900's. Between the two World Wars there 
was extensive cutting on Wedholme Flow. 
Cutting resumed on Wedholme and began on 
parts of Glasson and Bowness in 1948. Fortu- 
nately the peat company withdrew from Glas- 
son and Bowness in 1954 but increased their 
operations on Wedholme. They intensified 
their cutting in the 1970's as peat became 
important to the horticultural industry and 
home gardeners. 

'rhe conservation of these sites became an 
important issue in the 1980's and between 
1984 to 1986 the key sites were notified as 
Sites of Special Scientific Interest (SSSI's) 
under the 1981 Wildlife and Countryside Act. 
From that date their protection became a key 
nature conservation objective either through 
acquisition of the land for direct management 
as a National Nature Reserve (NNR's) or by 
management agreement with the many owners. 

The development, implementation and demon- 
stration of bog rehabilitation management 
techniques is one of the main roles of the 
NNR's. The principal management objectives 
are to maintain the hydrological conditions 

essential to sustain the best areas of sphagnum 
dominated bog and to restore water tabies to 
damaged and cut-over areas to restart the 
growth of active peat forming vegetation. 
The most important objective for Wedholme is 
to stop the damaging peat cutting operations. 

The results have been variable ranging from a 
rapid restarting of Sphagnum growth to no 
Sphagnum species at all. Water levels are ver. % 
critical in this process and only a few centime- 
tres determine whether the community is 
dominated by Calluna or Sphagnum. The 
severity ofthe damage done to the water reten- 
tion capacity of peat following drainage and 
cutting is very difficult to reverse. However, 
ponding water on cut-over areas greatýý 
increases the chances ofregenerating Sphagna 
and associated plant communities. Slopes 
greater than I in 40 are very difficult to re-wet. 

On Wedholme deep vertical structural cracks 
have developed when the bog has slumped as 
a result of drainage and peat cutting. These 
cracks have shown there is deep lateral water 
movement in the layered structure ofthe peat, 
with surface water moving between the cracks. 

The best sphagnum regeneration has been ob- 
served where water tables have been restored 
to areas of original acrotelm that had been 
damaged by drainage. 

'rhe vegetation has responded to water level 
management work in a range of situations. 
Peat cutting by the milling method still contin- 
ues on part ofthe site. When English Nature 
eventually gain control ofthis area there will 
be a new and interesting challenge to re- 
establish sphagnum. 

Q. N% hat management occurred at Glas- 
son Moss in the early years of it notifica- 
tion as a National Nature Reserve? 
A. It appears that in the period 196 7-19 76, 
vety little action was taken to restore de- 
graded areas of the mire. Following a seri- 
ous fire in 1976, lagoons were dug at 
intervals around the site, supposed1j, to act 
asfire breaks. They appear to have acted 
more like drains, and although re-vegetating 
they are still apparent todalv. 

La lourbierc haute de basse altitude de Solway 
Mosses, qui est une ZSC, est situ6e dans la 
plaine entourant Pestuaire du Firth of Solway 
et comprend Wedholme Flow (780 ha), Bow- 
ness Common (759 ha), Glasson Moss (225 
ha), Drumburgh Moss (189 ha), Solway Moss 
(495 ha). 

Selon les estimations, il existe 475 ha de sur- 
face naturelle originelle non exploit6e subsis- 
tant sur les tourbi&res en Angleterre, clont 
environ 125 ha sur Wedholme, 100 ha sur 
Bowness Common, 38 ha sur Glasson Moss et 
20 ha sur Drumburgh. La superficie restante de 
ces; tourbi&es a ýt6 &grad& par diverses ac- 
tivit6s : drainage et extraction de la tourbe 
comme combustible domestique, utilisation 
Commerciale et transformation en terres agri- 
Coles. 

L'extraction de ]a tourbe comme combustible 
domestique est pratiqu6e depuis de nombreux 
si&cles, mais des quantit6s considdrables furent 

enlev6es au XlX' siMe et an &but du XX'. 
Ces tourbi&es surv6curent parce qu'elles 
ýtaient situ6es a une certaine distance des 
grandes villes. D'imporlants travaux de drain- 

age furent entrepris au milieu du XlX' si&le et 
l'urent suivis de la transformation de Utendue 
tourbeuse periphdrique moins 6paisse pour une 
utilisation agricole. 

L'exploitation commerciale commenýa au d6- 
but des ann&s 1900. Darts Ventre-deux- 
guerres, des pr6l&vements tt-6 importants 
furent effectuýs sur Wedholme Flow. L'extrac- 
tion reprit sur Wedholme et commenVa sur des 
parties de Glasson et de Bowness en 1948. 
Heureusement, le producteur de tourbe cessa 
ses activit6s sur Glasson et Bowness en 1954, 
mais il les accrut malheureusement sur Wed- 
holme. 11 intensifia ses op6rations d'extraction 
dans les ann6es 70, la tourbe dtant devenue 
importante pour le secteur horticole et les par- 
ticuliers f6rus dejardinage. 

La conservation de ces sites devint une ques- 
tion importante dans les ann6es 80 et, entre 
1984 et 1986, les sites principaux furent noti- 
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fids comme Sites d'intdr& scientifique sp&ial 
(SSSI) en vertu de la loi de 1981 sur la vie 
sauvage et la campagne. A partir de cette date, 
leur protection devint un objectif essentiel au 
titre de la conservation de la nature, celle-ci 
dtant assur& soit par I'acquisition des terres en 
vue de leur gestion directe comme Msmes 
naturelles nationales (RNN), soit par le biais 
4faccords de gestion conclus avec les nom- 
breux propridtaires fonciers. 

Le d6veloppement, la mise en xuvre et la 
d6monstration des techniques de gestion de la 
rdhabilitation des tourbi&es constituent l'un 
des principaux r6les des RNN. Les objectifs 
cids de la gestion sont d'assurer le maintien des 
conditions hydrologiques essentielles pour en- 
tretenir les meilleures 6tendues de tourbi&es 
domindes par les sphaignes et rdtablir la nappe 
phr6tique dans les zones &graddes et exploi- 
t6es afin d'encourager la croissance d'une v& 
g6tation active formant de la tourbe. L'objectit 
le plus important pour Wedholme est de met- 
tre fin aux o0rations d'extraction de tourbe 
qui sont pr6judiciables. 

Les r6sultats ont 6tý variables, allant de la 
repousse rapide de Sphagnum A Fabsence to- 
tale Sespkes de Sphagnum. Les niveaux 
phrdatiques jouent un r6le tr6s critique dans ce 
processus et une diffdrence de quelques cen- 
tim&res d6termine si la communautd sera 
domin6e par Calluna ou par Sphagnum. 11 est 
trýs difficile de rem6dier aux dommages 
graves causds i la capacit6 de r6tention d'eau 
des tourbi&es A la suite de leur drainage et de 
leur exploitation. Toutefois, la crdation 
d'dtangs sur les zones exploit6es accroit sensi- 

Sur Wedholme, de profondes fissures struc- 
turales verticales se sont fonn6es lorsque la 
tourbi&e s'est affaisske par suite du drainage 
et de 1'extraction de la tourbe. Ces fissures ont 
montrd que des mouvements deau lat6raux et 
profonds se produisent dans la structure strati- 
Ne de la tourbe, Veau de surface circulant 
entre les fissures. 

La v6g6tation a r6agi aux travaux de gestion 
do niveau phr6atique dans un 6ventail de 
situations. L'extraction de la tourbe par la 
m6thode de broyage est toujours pratiqu& sur 
une partie du site. Lorsque Engfish Nature 
prendra finalement le contr6le de cette zone, 
le r6tablissement de la sphaigne constiruera 
pour lui un d6fi nouveau et int6ressant. 

Hydrological regimes following restoration work at Wedholme Flow 

Charlotte MacAlister, 
Research Fellow, Centrefor Land Use and Water Resources Research, University of Newcastle. 

Wedholme Flow has a relatively long history 
of hydrological monitoring, with a continuing 
program established over the last decade. 
Monitoring strategies have been used to track 
changes across the site and in areas where the 
hydrological regime has been manipulated 
manually. The success of management inter- 
vention in local systems, such as re-wetting by 
drain blocking in previously cut-over areas. 
can be observed in these records. Groundwater 
levels recorded in dipwell transects over both 
cut-over and intact mire surface reveal their 
different hydrological characteristics and the 

subsequent impact ofreduced hydraulic gradi- 
ents following drain blocking. 

Concern over peat extraction at the site has lead 
to an increase in monitoring in recent years. 
With recent candidate SAC notification, efforts 
are concentrating on the examination ofpoten- 
tial impacts of continued extraction close to a 
re-wet area ofold peat cutting. In addition, an 
ongoing program ofcontinuous monitoring logs 
groundwater fluctuations and meteorological 
parameters in the large area of undisturbed 
mire. This has revealed interesting surface- 

groundwater interactions previously thought 
typical of only cut-over areas. Along with 
evapo-transpiration measurements by lysime- 
try, this constitutes the large data set held by 
the University of Newcastle, and collected in 
collaboration with English Nature. This data 
set is being used in the construction and de- 
velopment of several computer modelling 
techniques. It is expected that computer models 
tested using Wedholme Flow data will be 
applied as predictive tools by managers of a 
wide range of wetland sites. 

Q. Did drain blocking in the early 1990's 
effect the uncut mire surface? 
A. Although apparent changes in the hydro- 
logical behaviour of the 'intact' mire were 
very small in comparison to those observed in 
the adjacent cut-over area, they were signifi- 
cant. The response ofthe water table close to 
the drain which was blocked, was to exhibit a 
much smaller hydraulic gradient within 30m 
of the drain. The water table indicated in 
dipwells further from the drain did not appear 
to respond significantly to the damming and 
was much more dependent on net recharge 
values. This is of course an obvious result of 
the raised open water head in the old drain 
channel. The consequence for local hydraulic 
activity was observed anecdotally, in the 
form of much increased surface water flow 
and relatively large run-offevents close to the 
drain boundary. 
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blement les chances de r6&n6ration de Sphag- On a observ6 que les sphaignes se sont le 

num et des cornmunaut6s de plantes associ6es. mieux r6g6n&6es li o6 la nappe phr6atique a 
Les pentes de plus de 2,5 % sont tr6 difficiles 6td reconstitu6e dans les 6tendues oiý I'acro- 
A r6humidifier. telme d'origine avait &6 endommagd par le 

drainage. 



Monitoring hydrological conditions from macrofossils in the peat 

Dr. J. Andy McMullen, 
Department of Geography & Environment, University of A berdeen 

-rhe past hydrological condition ofa raised bog 
can currently be determined by a number of 
methods including measurement of humifica- 
tion / decomposition and the reconstruction ot 
plant or testate amoebae communities. In this 
presentation the main focus was upon recon- 
structing past hydrological conditions from 
plant macrofossils such as the leaves, stems or 
reproductive structures of vascular or bryo- 
phyte species. 'Mis is because such remains are 
relatively easy to identify in the field and crude 
reconstruction may thus be attempted in such 
a setting. Other techniques presented are more 
elaborate and require microscopy, but they 
offer increased accuracy and relation ofhydro- 
logical conditions within or between sites. 

Exposed peat faces offer the greatest scope in 
reconstructing past hydrological conditions 
since the spatial scale of changes can be di- 
rcctly determined, albeit in one dimension [i. e. 
patch dynamics v. the all over reaction of the 
vegetation surface to climatic change (Barber, 
1981)]. If such exposures are not available 
then it is necessary to rely upon a coring tech- 
nique using one of the many types ofmanually 
operated corer now available (see Brooks & 
Stoneman, 1997, for example). Whatever tech- 
nique is used it will be seen that the peat forms 

stratigraphic horizons or phases of differing 

states of decomposition and floristic composi- 
tion. The decomposition ofthe peat or floristic 
composition of each of these phases can be 
described using one or a number of the tech- 
niques outlined below in order to reconstruct 
past, hydroloýical conditions. 

At the crudest level it is possible to simplýN 
determine the approximate, floristic composi- 
tion of the peat at the familial level e. g. Eri- 
caceae, Ciperaceae or Sphagnaceae, this 
allowing a qualitative reconstruction along the 
lines of "dry", "wet", "very wet", etc. accord- 
ing to the ecology of the species present (see 
Walker & Walker, 1961 or Svennson, 1988, 
for examples). Alternatively, the von Post 
scale determines the degree of decomposition 
that has taken place, this variable being posi- 
tively correlated with the "dryness" of the peat 
forming community at its time of deposition 
(see Brooks and Stoneman, 1997, pg. 77, for a 
concise summary of this scheme). A more 
desirable approach that encompasses the state 
of preservation as well as the floristic compo- 

sition is the Frocls-Smith scheme (Troels- 
Smith, 1955). rhis scheme is a little unwieldy 
to use at first, but it does allow for field re- 
cording in some detail. 

More quantitative techniques, such as 
, Aeighted averaging and the moisture index 
models derived from Detrended Correspon- 
dence Analysis rely on quantification of the 
peat components under a dissection micro- 
scope and preferably, further quantification 
and identification of Sphagnum to section 
Ie% cl, under a compound microscope. 

I estate amoebae are offering a new way to 
reconstruct the past hydrological conditions of 
raised bogs. They may offer some advantage 
over plant macrofossils since changes in com- 
munity composition are apparently more con- 
tinuous than the marked, threshold changes 
seen in the vegetation communities of raised 
bogs. Additionally. calibration data sets exist 
for the testate amoebae and these permit mod- 
elling of the average depth to the water table. 
The accuracy of this remains controversial but 
it is still early days in the application of this 
technique (see Warner & Charman, 1994; 
Warner & Chmielewski, 1992 and Woodland, 
Charman & Sims, 1998 for examples). 

Q. Did you find aný evidence of past fires in 
the peat monolith? 
A. A (i t harc wil vs av fiound in this particular 
core. although it itould have been exjvcied 
fi-om natural .% ummer, fires. 
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Site Visit: Wedholme Flow NNR 

Frank Mawby, 
Site Manager, English Nature 

Wedholme Flow was approached through an 
area of agricultural land thought previously to 
have been part of the contiguous mire. This 
land has been drained and is now used for high 
quality grazing and silage production. Land 
values in the area are relatively high for the 
North West of England, where large areas of 
land are considered low grade and fall under 
the Less Favoured Area ILFA) subsidy 
scheme. Access to the site was via a farm track 
through such lower grade land showing signs 
of wetness with Juncus and Carex species 
abundant. The land is grazed by cattle and 
sheep, with better drained fields on higher 
ground used for silage production. The farm and 
farmland are located on a mineral ridge which 
extends into the sickle shaped mire body. The 
soil here has a high organic matter content and 
may have been covered by shallow peat before 
agricultural development. The current 
'mineral' soil and underlying mineral subsoil 
(drift material) form the hydraulic boundary at 
this edge of the mire. At the surface, a 1-1.5m 
deep intercepting ditch isolates surface waters 
from the farmland and mire. 

Stopl: Mire margin with grazed agricuitural 
land. 

Discussion: The surface appears to be show- 
ing initial signs ofdrying but no major features 

such as slumping are apparent. This is likely to 
be limited by the steep mineral interface which 
in effect supports deep peat at the boundary. 
This subsurface support allows a low surface 
gradient to extend up to the current mire 
boundary. Similar conditions have been ob- 
served at several Irish sites. 

Q. Why is there no grazing on the site? 
A. Traditionally there has been no organised 
grazing on mires in the North of Cumbria, 
where sites have been utilised under local 
allotments for domestic fuel. There are small 
numbers of deer locally but these are re- 
stricted by the lack of cover and extent of 
agricultural land Such sites have been 
considered too wet for livestock, whilst 
better land is readilIv available. Some low 
intensif 

,v grazing of cattle is seen in the 
South of the county, for example at Latterigg 

Moss. Here higher numbers oj"deer can also 
pose a problem. 

Grazing is more common in upland sites 
where better quality land is limited and 
control over livestock ranges more cauial, 
with very little boundarvfencing. 

In the Netherlands and Wales gra: ing is 
used to control Molinia. 

Stop 2: Central area of the South West Lobe 

- intact mire surface (no drains except bound- 
ary). 

Q. Should this area be considered an active 
raised mire? 
A. With a Sphagnum cover ofaround 90%. 
this area was considered desirable bv Scot- 
tish, Dutch and Belgian representatives. It is 
similar in condition to sites in Briltanýy, where 
the appearance of Myrica gale. present here 
is thought to be a sign ofdrying. The area it-as 
considered active ftom a peat forming point 
ofvievt, but is showing signs oj"recent drying. 

Ihe need to C-Ollet I datu or potential 
subsidence from past surveyed levels was 
highlighted, as it is not clear how close the 
existing surface level is to a pre-drainage 
condition. 

Q. What are the indicators of active mires? 
A. (i) a peatforming vegetation: (ii) indica- 
tive macrotography (moundjeatures evident); 
(iii) indicative micro-topography (hum- 
mock hollow-pools); (vi) within geographi- 
cal climatic limitations (positive water 
balance). 

Stop 3: Area of regenerating mire, previously 
drained in preparation for peat cutting which 
was not carried out. Deep but narrow drains 
created here, have been blocked for 6 years, 
and the dam material (laminated corrugated 
metal sheets) is barely visible. The drain chan- 
nels themselves are difficult to locate, and 
Sphagna have grown up dams using them as 
structural support. There is extensive re- 
growth of Sphagnum species including S. 
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Q. What was the drain blocking intensity 
and how was it determined? 

. 4. A corrugated metal dam way inserted into 
the peat extending across the drain bounda- 
ries. at an interval determined by channel 
gradient. The policy was to construct one dam 
for every 0.3m fall in elevation. In practice 
additional dams were inserted wherever per- 
sonal experience determined they may be use- 
ful. 

Discussion: The Dutch prescription for dam- 
ming interval is one dam for every O. Im 
drop in elevation. 

Stop 4: 'Mis stop was made next to the furthest 
extent of the old mechanical cuttings, where 
deep drains have been dammed with peat. The 
surface is a ridge hollow pattern created by the 
cutting practice, with the hollows relatively 

papillosum, S. palustre, S. magellanicum, S. 
capillijbIhim, S. rubellum. S. cuspidatum and 
S subnitens, totalling around 95% cover. 



wet and filled with water in some cases and the 
ridges dry with Calluna and some Mohnia. The 
hollow areas not under water show signs of 
crusting, surface flow and small scale erosion 
processes with extensive bare peat. 

Q. Why has regeneration been so slow/ab- 
sent from this area? 
A. The hydraulic gradient here is apparentlY 
too steepfor acrotelm development. The higher 
areas (ridges) are too dry and well drained 
by the intervening low areas to develop peat 
forming vegetation, whilst the low areas 
themselves are ef) 

. 
7ectively temporary drains 

subject to highflow rates. 

Stop 5: Bottom of old mechanical cutting-face 
slope, where previously a Hymac machine sunk 
into the peat. This area adjacent to the active 
peat milling area is very unstable, subject to 
both cracking and subsidence. Water flows into 
a crack feature and re-surfaces within the cut- 
ting area some distance away. It's flow route is 
unknown. 

Discussion: Similar problems have been ex- 
perienced in Ireland. At Clara Bog in the 
Republic of Ireland, water resurfaces silt- 
laden, suggesting it had been flowing at the 
peal-mineral interface. 

Stop 6: The stop was made to the North of the 
mineral ridge in an old cutting area which was 
subject to a program of drain blocking and 
back-filling, including the installation ofover- 
flow pipes. The pools created were around Im 
deep. After 4-5 years the pools had been 
colonised by S. cuspidatum, and after 10 years 
S. magellanicum and S. papillosum had ap- 
peared. In some pools S. cuspidalum was 
transplanted from other parts of the site, and 
these exhibited an accelerated succession. 

Discussion: Several pools have not been colo- 
nised by bryophytes and it has been suggested 
that this may be the result of either increased 
nutrient levels from waterfowl faeces or sup- 
pression of moss sp. by algae which cover 
extensive areas ofopen water. 

Stop 7: Back-filled drains on the edge of the 
Newton Arlosh Awards - historically these 
were allotted to the residents of the Newton 
Arlosh Parish for domestic fuel and are still 
owned in some parts by local residents al- 
though no cutting is carried out within this 
part of the SSSI. 

Q. The surface between here and the cutting 
face is quite steep. Would it have been better 
although controversial, to allow cutting to 
continue until the level of the now aban- 
doned cutting area was more suitable for 
re-wetting? 
A. The speed of regeneration and ease o. 1 
re-wetling mqv have beneftled surface repro- 
filing earlýy in the restoration management (? / 
this area, although jurther peat removal sub- 
sequent to the cessation of commercial peal 
cutting would undoubled/Y have been contro- 
versial. 

Stop 8: Newton Arlosh Awards: the intersecting 
drain here has caused considerable subsidence, 
forcing a single dome to re-form with the surface 
now apparently comprising of two smaller 'peat 
domes'. 

Q. Should this drain be dammed and what 
are the likely consequences? 
A. Blocking the drain may cause instability at 
the mire margin and a large dam such as that 
constructed at Clara bog is suggested by Irish 
representatives. 

Jab 
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IV 

Experience from Europe 

* 

Peat bog rehabilitation work in Wallony, Southern Belgium 

Phillippe Frankard 
Centre de Recherche de la Nature, des Forets et A Bois: Minist&re de la Wgion Wallonne. 

An experimental management programme 
of raised bogs is worked out since 1993 in 
the Hautes-Fagnes State Nature Reserve. It 
concerns the protection of undisturbed or 
little damaged raised bogs. The restoration 
ofdegraded and inactive areas and the re- 
naturalisation ofheavy cut raised bogs. 

The protection of undisturbed or little- 
damaged areas of ombrogenous raised 
bogs is ensured by closing the ditches with 
peat dams and filling them. Naturally 
growing trees and shrubs are removed as 
far as possible. All footpaths running on or 
along active areas are now forbidden to 
walkers because of the disastrous effects of 
trampling on peat soils (destruction of rare 
species, destruction of highly structured 
communities, mineralization of upper peat 
layers). 

In degraded raised bogs areas, dominated by 
Molinia caerulea, the superficial peat layer is 

scraped on experimental plots (100 to 1500M) 
in order to remove the vegetation, the accumu- 
lated litter and the highly mineralized peat and 
to restore the ground surface to a level close to 
the mean perched watertable. This promotes a 
partial re-wetting of the plots. The scraped 
surfaces are also profiled with a gentle slope 
and a microtopography is created to offer an 

eý: olwgj"d gradictit ot nim, tm,: aiid dq,: h, 
favourable to the re-establishinent of different 
peat moss species. In partly degraded raised 
bogs, near remaining undamaged sites, the 
plots are naturally re-colonised by various 
typical bog plants. Sphagnum species es- 
pecially appear progressively from water- or 
wind borne diaspores from adjacent undam- 
aged areas. In completely degraded peat 
bogs, unless local refugia for peat species 
exist, there is no - or only very slow re- 
colonisation without human intervention on 
the plots. In these strongly damaged sites, 
pioneer (or 'nurse') species are first planted on 
the scraped surfaces (cuttings of Eri,, phomm 

j-, i, j, Imm and of Enophorum vaginatuit, 
split from large tussocks), because in summer 
the microclimate is too extreme for Sphagnum 
survival. The Sphagnum fragments, manually 
collected from ditches, are introduced beneath 
the cover of these vascular plants, where the 
substrate is more humid and the microclimate 
conditions are more suitable to Sphagnum es- 
tablishment (Brooks & Stoneman 1997, 
Grovernier & al 1995, Sliva & al 1997, 
Wheeler & Shaw 1995). In some plots, straw 
mulch is spread on the Sphagnum diaspores 
because of its positive effect on Sphagnum 
re-colonisation (Quinty & Rochefort 1997, 
Brooks & Stoneman 1997). 

Initial results show that it seems possible to 
regenerate pioneer bog plants communities but 
many years of observation will be needed to 
assess the success of these management meth- 
ods in terms of restoration of functional peat- 
land ecosystems. 

The re-naturalisation of a heavily cut raised 
bog is also studied in the Hautes-Fragnes State 
Nature Reserve. In order to reduce the lateral 
water drainage and to stop the erosion of the 
peat bog along the former exploitation scar, 
the latter has been profiled with a ca 15% 
slope. Following this, the cut-over area has 
been wholly remodelled in order to rewet it, by 
building a system of low dams of peat across 
the slope. The created lagoons maintain 
flooded areas at the bottom of the rai sed-bog. 
They are progressively colonised by floating 
Sphagnum cuspidatum rafts and fen vascular 
species. In these flooded areas, it seems that 
new mire will develop. Later. perhaps a bog 
building vegetation might arise from the 
Spliagnum cuspidatum carpet. 
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Un programme exp6rimental de gestion des 
tourbieres hautes est mis en (ruvre depuis 1993 
dans ]a R6serve naturelle d'Etat des Hauteso 
Fagnes. 11 conceme la protection de tourbi&res 
hautes non perturb6cs ou peu endommag6es, If 
restauration d'6tendues d6grad6es et inactives et 
la renaturalisation de tourbi&res hautes forte- 
ment exploitdes. 

La protection des 6tendues non perturb6cs ou 
peu endommagdes de tourbi&res hautes om- 
brogýnes est assur6e par la fermeture des 
fossds au moyen de barrages en tourbe et par 
leur remblaiement. Les arbres et les arbustes 
qui poussent naturellement sont enlev6s dans 
la mesure du possible. Tous les sentiers traver- 
sant ou longeant des 6tendues actives sont 
d6sormais interdits aux randonneurs en raison 
des effets catastrophiques du pi6tinement sur 
les sols tourbeux (destruction d'esp&ces rares, 
destruction de communaut6s hautement struc- 
turdes, min6ralisation des couches de tourbe 
sup&ieures). 

Dans les &endues de tourbi&es hautes d& 
graddes, domin&s par Molinia (-aertilea, la 
couche superficielle de tourbe est raclde sur 
des parcelles expýrimentales (de 100 ä1 500 
m2) afin d'enlever la výgdtation, la litiere du 
sol accumulde et la tourbe forternent miný- 
ralisde et de rdtablir la surface du so] ä un 
niveau proche du niveau moyen de la nappe 
d'eau suspendue. Cela favorise une rýhu- 
midification partielle des parcelles. Les sur- 

faces raclecs sont ýgalenicnt profil6es cn pente 
douce et une microtopographie est cr66e de 
mani&re A offrir un gradient 6cologique d'hu- 
midit6 et de prol'ondeur favorable au r6tablis- 
sement de diff6rentes esp&ces de mousses des 
marais. Darts les tourbi6res hautes en partie 
d6grad6es et situ6es pr&s des sites non endom- 
mag6s restants, les parcelles sent recolonis6es 
naturellement par diverses plantes typiqucs des 

Q. What type of exploitation has resulted 
in the need for peatland restoration in Bel- 
gium? 
A. Peallands have been exploitcdfor peat as 
ajuel and drained. for agriculture. 

Q. What is the available recharge at Wal- 
lony? 
A. Mean annual rainfall is 1400mm at an 
allitude of 600m, and potential evapo- 
transpiration is 450-500mm. 

Q. Would restoration be possible with 
drain blocking only? 
A. Gradients at the site are too high with high 
resultant run-offrates, making the creating qj 
open water impossible. In addition, existing 
dominant Molinia communities, with high ET 
demand had to be removed Molinia has 
remained absent in the areas scraped, as the 

water levels which can be maintained have 
prevented its invasion. Open water is not 
necessariýj, an 'original'feature ofthe site, 
but it has allowed the reestablishment of 
morefavourable species such as Sphagna at 
the site. 

Q. Has Molinia always been a dominant 
species in Wallony? 
A. No - its appearance at the site corre- 
sponds to agricultural improvement. 

Q. Is Wallony really a raised bog? 
A. The Sphagnum species. /bund at the site, 
such as Sphagnum imbricalum, are typical 
raised mire species. Peat monoliths reveal 
that the peat is dominated by Sphagna 
throughout the development ofthe mire, with 
open water communities contain Nuphar sp. 
found in initial layers. 

tourbi&res. Des esp&ces de Sphagnian en par- 
ticulier apparaissent progressivement des dia- 
spores emporides par I'eau on le vent en 
provenance des 6tendues non endommag6es 
adjacentes. Dans les tourbi&es totalement d6- 
grad6es, A moins que des refuges locaux pour 
des esp&es des tourbi&es n'existent, il n'y a 
aucune ou qu'une recolonisation tr6s lente sans 
intervention humaine sur les parcelles. Dans 
ces sites fortement endommag6s, des esp&cs 
pionni6res (on abri) sont en premier lieu 
plant6es sur les surfaces racldes (boutUTCS 
d'Eriophorum poývsfachion et d'Eriophorian 
vaginatum pr6lev6es de grandes touffes) 
parce qu'en &6 le micro-climat est trop ex- 
trdme pour permettre ]a survie de Sphagnum. 
Les fragments de Sphagnum, recueillis A ]a 
main dans les fossds, sont introduits sous la 
couverture de ces plantes vasculaires oO le 
subStTat est plus humide et les conditions du 
micro-climat sont plus adapt6es A Ntablis- 
sement de Sphagnum (Brooks & Stoneman 
1997, Grovernier & a] 1995, Silva & al 1997, 
Wheeler & Shaw 1995). Dans certaines par- 
celles, du paillis est 6pandu sur les diaspores 
de Sphagnum en raison de son effet positif sur 
la recolonisation par Sphagnum (Quinty & 
Rochefort 1997, Brooks & Stoneman 1997). 

Les rýsultats initiaux montrent qu'il semble 
possible de r6g6n6rer des communautds de 
plantes des tourbi&es pionni&es, mais de 
nombreuses ann6es d'observation seront 
n6cessaires pour 6valuer le succ&s de ces 
m6thodes de gestion en termes de restau- 
ration d'6cosyst6mes de tourbi&es fonc- 
tionnels. 

La renaturalisation d'unc fourbi&n: haule foric- 
ment exploit6e est egalement ctudi6e dans la 
R6serve naturelle d'Etat des Hautes-Fagnes. 
Afin de rdduire Ncoulement d'eau lat6ral et 
d'enrayer Hrosion de la tourbi&e le long de la 
cicatrice laissde par Vexploitation, celle-ci a Oc 
profil& avec une pente d'environ 15 %. A la 
suite de cette op6ration, Ntendue exploit6c a 
6t6 enti&ement remodel6e afin de ]a r&umidi- 
fier, par construction d'un syst&me de barrages 
has en tourbe A travers la pente. Les lagunes 
crddes maintierment les dtendues inonddes au 
has de ]a tourbi&re haute. Elles sont progres- 
sivement colonis&s par des masses flottantes 
de Sphagnum cuspidatuin et des esoces vas- 
culaires des fagnes. Dans ces 6tendues 
inonddes, il semble qu'une nouvelle tourbiere 
se ddveloppera. Plus tard, une vdgdtation accu- 
mulatrice de tourbe pouffait provenir du tapis 
de Sphagnum c -uspidatum. 

* 
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Raised Bog Restoration in Ireland 

Jim Ryan 
Duchas - The Heritage Service, Ireland 

All Irish raised bogs are now damaged and 
deteriorating due to drainage, peat extraction 
and burning. Research undertaken during the 
Irish/Dutch Raised Bog Study Project in the 
early 1990s demonstrated that peat cutting or 
drainage, even at the margins of the bog, had 
widespread effects throughout the whole peat 
dome initiated by localised subsidence caused 
by drying out. The consequent increase in 
surface slope increased the rate of runoff 
which in turn caused further drying out and 
subsidence. This effect gradually spread away 
from the site of the initial damage into the 
main part of the bog. Ongoing research and 
analysi, of the information collcctcd at that 

The acrotelm of a bog system is the upper peat 
layer in which the peat forming processes are 
largely regulated. The annual fluctuations of 
the phreatic water level occur within the reach 
ofthe acrotelm and as a result this surface layer 
is to a greater or lesser extent aerated. The 

presence of aerobic micro-organisms in the 
acrotelm induces a relatively quick decompo- 

sition of the organic matter. 

The depth of the acrotelm is dependent on the 
degree of hurnification near the bog surface 
and varies between 0.1 and 0.7 metres. In an 
intact acrotelm the organic material is poorly 
decomposed and as a result the permeability is 
in general quite high. The vegetation types 
present on an intact acrotelm are generally 
dominated by Sphagnum species. 

in a dried-out and strongly hurnified acrotelm 
the permeability decreases considerably. The 
phreatic water level shows larger fluctuations 
and is relatively low in the summer period. In 
such situations the vegetation cover often 
shows a high abundance of ling heather, 
whereas Sphagnum species play a less impor- 
tant role. From the study of the vegetation and 
the acrotelm of Clara Bog-East the following 

time has allowed us to identify the connections 
between changes in vegetation complexes, 
surface slopes, flow paths and acrotelm thick- 
ness. From such information it is possible to 
identify ifthe site is in good condition and the 
possibilities for restoration . 

Integrated eco- 
hydrogeological surveys were undertaken of 
the best remaining bogs in the Republic of 
Ireland both for selection purposes as potential 
SAC's and to identify the fundamental conser- 
vation actions required at each site. Data will 
be presented for five bogs which will demon- 
strate the approach used and the conclusions 
which can he derived from this information. 

conclusions can be drawn: 72% of the surface 
of 205 ha is covered with vegetation types 
which can clearly indicate peat desiccation 
and contains elements ofpeat-forming Sphag- 
num communities. However, a well-devel- 
oped hummock-hol low system such as occurs 
over large stretches of the western half of the 
bog, is largely absent which indicates a lower- 
ing of the water table in the bog. This is also 
suggested by the fact that Sphagnum species 
which are normally found on hummocks are 
restricted to hollow habitat. 

There is a close correlation between the vege- 
tation map and the acrotelm map (v. d. Cruy- 
sen el al 1993). Plant communities which 
clearly indicate peat desiccation occur on 
those parts of the bog from which an acrotelm 
is largely absent, whereas the location of the 
better developed, central communities is char- 
acterised by the presence of an acrotelm 
(although usually not thicker than 0.1 m). 

The Eastern part of Clara Bog was drained by 
Bord na Mona in 1983 by cutting parallel 
drains, 18-20 m apart and about 0.40 to 0.60 
m deep. 
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Jan Streefkerk 
Iývdrologist: Staatsbosbeheer 

Toutes les tourbieres hautes irlandaises sont 
d6sormais endommag6es et se d6gradent sous 
1'etTet du drainage, de ['extraction de la tourbe 
et du brfilis.. Les recherches entreprises dans le 
cadre du Projet d'&ude irlando-nderlandais des 
tourbi&es hautes au d6but des ann6es 90 ont 
d6montrý que les pr&vements de tourbe ou le 
drainage, m6me i la lisi&re d'une tourbi&e, 
avaient des effets sensibles sur ['ensemble du 
d6me de tourbe induits par I'affaissement 
localisd causd par le dess&hement. L'aug- 
mentation cons6cutive de la pente en sur- 
face a accru le taux de ruissellement, ce qui a 
provoqu6 d'autres phenom6es de dess&he- 
nient et d'affaissement. Cet effet s'est rýpandu 
progressivement du site Sendommagement 
initial jusqu'i la partie principale de la tour- 
hi&e. Les travaux de recherche permanents et 
I'analyse des informations recueillies A cette 
epoque-[A nous ont permis d'identifier les liens 
entre les modifications des complexes v6- 
gkaux, des pentes en surface, les voies 
d'6coulement et 1'6paisseur de Vacrotelme. 

. -x partir de ces informations, il est possible 
de &terminer si le site est en bon 6tat et les 
possibilitds de restauration. Les meilleures 
tourbi&es qui subsistent en Irlande ont fait 
l'objet Vtudes &o-hydrog6ologiques 
intýgr6es i des fins de s6lection comme 
ZSC et d'identification des actions de con- 
servation fondamentales n&essaires sur 
chaque site. Des donn6es seront prdsentdes 
pour cinq tourbi&es qui illustreront I'ap- 
proche utilisde et les conclusions qui peu- 
vent ýtre tir6es de ces informations. 

In 1989 an effort was made to block these 
drains by peat dams. In order to measure the 
effect of the blocks and the drains, three sites, 
each with three mini-transects ofphreatic tubes 
between two drains were installed. Based on 
the analysis of the data S. v. d Schaaf (1994) 
came to the following conclusions: 

Almost all sites show a regime with a 
deeper phreatic level and larger fluctua- 

tion than normally occur in the central part 
of Irish Midland bogs. The drain levels on 
the phreatic level shows that the drainage 

must have had and still has a strong impact 

on the bog vegetation. 

Because the distance between the peat 
dams is relatively large (50-100 m) they 
are not very effective where the surface 
slope exceeds a few tenths of a percent. 

The distance between peat dams also increases 
generally with a distance to the road that inter- 
sects Clara Bog. It is therefore highly impor- 
tant that the drains on Clara-East be blocked as 
effectively as possible. Therefore, a manage- 
ment plan for blocking superficial drains on 
the high-bog is made. 



L'acrotelme d'un systýme de tourbiýre est la 
couche supdrieure de tourbe dans Iaquelle les 
processus de formation de la tourbe sont en 
grande partie rdgulýs. Les fluctuations annu- 
elles du niveau de la nappe pWatique se 
produisent ä portee de Pacrotelme et en 
consequence cette couche superficielle est a& 
rýc dans une rnesure plus ou moins grande. La 
prisence de micro-organismes aerobies dans 
Pacrotelme induit une ddcomposition relative- 
ment rapide de la matiýre organique. L'dpais- 
seur de Facrotelme ddpend du degre 
d'humifieation prýs de la surface de la tour- 
biere et varie entre 0,1 et 0,7 niýtres. Dans un 
acrotelme intact, la mati&e organique esý mal 
ddcomposýe et il s'ensuit que la permýabiliti 
est en gýndral assez ýlevýe. Les types de vý- 
gdtation prýsents sur un acrotelme intact sont 
gdndralement dominds par les esp&es de 
sphaignes. 

Dans un acrotelme dess&h6 et fortement hu- 
mifi6, la permýabilitý diminue consid6rable- 
ment. Le niveau de ]a nappe phr6atique fait 
l'objet de fluctuations plus iniportantes et est 
relativement bas en &6. Dans de telles condi- 
tions, la couverture v6g6tale prýsente souivent 
une abondance 6lev6e de bruy6re commune, 
tandis que les esp&es de sphaignes jouent un 
rble moms important. 

Les conclusions suivanies peknent ýtre tirýes 
de Ntude de la výgdtation ei de l'acrotelnie de 
la partie orientale de la tourbi&e de Clara 
(Clara Bog-East) : 72 % de la superficie de 
205 ha sont couverts de types de vdgdtation 
qui tdmoignent clairement d'un dessýchement 
de la tourbe ei contiennent des dIdments de 
communautýs de sphaignes qui fonnent de la 
tourbe. Toutefois, un systýme bien ddveloppe 
de tertres-ddpressions, comme celui que l'on 
trouve sur de vasies &endues de la moitid 
occidentale de la tourbiýre, est en grande par- 
tie absent, ce qui indique un abaissement du 
niveau de la nappe pWatique dans la tour- 
biete. Cela est dgalement suggdrý par le fait 
que les esp&es de sphaignes que l'on trouve 

11 existe une corrdlation dtroite entre la carte de 
la vegetation et la carte de Facrotelme (v. d. 
Cruysen et al 1993). Des communautes de 
plantes qui týmoignent clairement du 
dess&hement de la tourbe se trouvent sur les 
parties de la tourWre oü Pacrotelme est en 
grande partie absent, alors que la localisation 
des communautes centrales micux 
ddveloppdes est caracterisee par la prdsence 
d'un acrotelme (dont Npaisseur ne ddpasse 
toutefois pas en gýndral 0,1 m). 

La partie orientale de la tourbiere de Clara a 
Ad drain& par Bord na Mona en 1983, par 
amdnagement de canaux paralleles, espacýs de 
18-20 m et d'environ 0,40 ä 0,60 m de profon- 
deur. 

En 1989, un effort a 6t6 fait pour bloquer ces 
canaux au moyen de barrages en tourbe. Afin 
de mesurer 1'effet des blocs et des canaux, trois 
sites, dotds chacun de trois mini-sections trans- 
versales de tubes phr6atiques entre deux ca- 
naux, ont ýtd am6nag6s. Sur la base de 
I'analyse des donn&s, S. v. d. Schaaf (1994) est 
arriv6 aux conclusions suivantes : 

Presque tous les sites pr6scntent un r6gime 
avec un niveau phr6atique plus bas et des 
fluctuations plus grandes que ceux qui caract& 
risent noralement la partie centrale des tour- 
bi&cs du centre de I'Irlande. Les niveaux de 
drainage sur le niveau phrýatique montrent que 

Du fait que la distance entre les barrages en 
tourbe est relativement importante (50- 100 m), 
ceux-ci ne sont pas trýs efficaces 1ý ob la pente 
en surface est superieure 5 quelques diziýnies 
d'un pour cent. 

La distance entre les barrages en tourbe s'ac- 
croit ýgalement d'une manierc gen6rale avec ]a 
distance par rapport ý la route qui intersecte 
Clara Bog. 11 est done de la plus haute impor- 
tance que les canaux dans Clara-East soient 
bloqu6s d'une mani&e aussi efficace que pos- 
sible. Par cons6quent, on plan de gestion pour 
le blocage des canaux de surface dans la tour- 
bi&e haute est en cours d'61aboration. 

References 
3 If Gvd CruyWn, Irish-Dutch Bog Study; Geohydrology and Ecology; "Experimental management measures 
*C Cr, wt in the South-East corner of the Raheenmore raised bog reseive", Landbo- Universiveit 
*v Wolftwinkel Wageninigen, 1993 

S, d Sch.. f (in print) Irish-Dutch Raised Bog Study; Final Report: Bog Hydrology, Landhouw 
Universiteit Wageningen, 1994 

JC Streefkerk el al (in print) Irish-Dutch Raised Bog Study; Gcohydrology and Ecology: "General proposals for 
technical measures for the conservation and restoration of the raised bogs Chma Bog and 
Raheenmore", National Parks and Wildlife Service in Dublin Ireland and National Forestry 
Service in Driebergen, Netherlands 

27 

nornialement sur les tertres sorit linut&s a Ic drainagc a& uwii cl a toujours un grand 
Fhabitat des d6pressions. impact sur la vdgdtation de ]a tourbi&re. 



Water management in the peatlands of France: an overview of the situation 

* 

Nicholas Dupieux 
Principle Scientist, Espaces Naturels de France 

Among the different types ofhabitats managed 
in France for Nature Conservation, peatlands 
surely form the ecosystems on which conser- 
vationists, until now, have focused their atten- 
tion in the most accurate way. Indeed, the 
French peatlands which benefit from various 
types of biogeographical situations, offer a 
wide range of biodiversity and landscapes 
which shelter a huge natural heritage. Unfortu- 
nately, during the last 50 years the surface of 
peatlands has been reduced by half in France, 
victims of agriculture, afforestation, drainage, 
filling up, pond digging, infrastructure, peat 
extraction... Their actual surface is estimated 
around 60,000 hectares. 

In this situation, the different organisations in 
charge of nature conservation have developed 
actions to protect the sites with an outstanding 
natural heritage. It isn't surprising that the first 
natural reserve ever created in France was 
proposed to protect a bog. 

In 1995, Espaces Naturels de France (the fed- 
eration of the Conservatoires R6gionaux 
d'Espaces Naturels which manage 36,000 hec- 
tares on almost 1,200 sites) has been in charge 
of the management of a European Life pro- 
gram for pearland conservation. 

Several types of actions have been achieved, 
such as the protection through land tenure of 
over 1,000 hectares of peatlands, conservation 
and restoration actions on 38 sites of emer- 
gency actions, the implementation of a na- 
tional strategy for peatland conservation... In 
the framework of this program, we have ana- 
lysed the different actions carried out by nature 
conservationists in France for peatland conser- 
vation, in order to publish a practical hand- 
book for peatland and management and 
restoration. This handbook was released in late 
1998 and published at 5,000 copies. 

This study has enabled us to strike the balance 
of the experiments so far carried out in France 
in the field of peatland conservation and in as 
various types of actions as peatland grazing, 
mowing, scrub control, turf stripping, or water 
management. Analysing these experiments 
from about 150 different sites has enabled us 
to propose practical solutions for peatland con- 
servation in France, solutions that we have 
completed with the analysis of experiments 
carried out in foreign countries such as the UK, 
Germany, Belgium or Switzerland. 

Concerning water management and hydro- 
logical restoration of peatlands, we came to the 
conclusion that in France, very few experi- 
ments had been implemented so far. This 
situation can be easily explained by the fact 
that the strategy of peatland conservation in 
France has, until now, consisted, most ofthe 
time, in giving protection to undamaged sites, 
or at least to sites with a good conservation 
status. Actually, experiments worthy of the 
name turned out to be very rare. Only a few 
sites, here and there, had been concerned by 
ditch blocking, most of the time carried out on 
very small scale. What was striking in the 
analysis ofthese few experiments was the fact 
that, in most cases, the techniques imple- 
mented consisted in home-made. hand-con- 
structed dams with biodegradable materials 
(wooden logs, peat ... ) chosen for their cheap- 
ness in both cost and labour but also because 
of a lack of knowledge concerning the differ- 
ent dam designs and their efficacy. Most of 
these dams suffered from seepage problems 
and their efficacy as well as their longevity 
were very uncertain. In fact, the French man- 
agers were discovering and testing ditch block- 
ing methods exactly the way the managers in 
the UK, Germany or Switzerland had done it 
ten or twenty years ago. And we can confess 
that our knowledge in this field was quite poor. 

Anyway, this was the situation until the publi- 
cation of the management handbook which 
informed the French managers of the different 
techniques implemented for years abroad to 
face problems of peat drainage. This synthesis 
was important at the very time when manag- 
ers, little by little, got more and more involved 
in problems of peatland restoration because 
their actions did not concern only undamaged 
sites anymore, and also because more and 
more managers wanted to make demonstrative 
actions to incite forestry and agriculture serv- 
ices not to drain peatlands. 

Despite this information ofpeatland managers, 
we can observe that the techniques imple- 
mented don't change much : the managers 
seem reluctant to use new designs or new 
materials to build dams, they are reluctant to 
take all the precautionary measures that are 
advised to make these dams efficient. in fact 
they are reluctant to use techniques that seem 
for them expensive in both cost and labour, 
and also artificial : most of them refuse to use 
plastic or metal sheet dams, corrugated sheet 
dams, even plywood dams. even if their effi- 
cacy and longevity has been proved. The idea 
that an expensive long-life dam is more cost- 
effective less than a cheap one that will need 
repair after repair has not gained ground 
among the managers. For instance, we have 
just been asked to make an expert appraise- 
ment for a National Park which planned to 
restore a large drained bog. This valuation 
came to the conclusion that 120 plywood dams 
and 50 corrugated sheet dams should be in- 
stalled on the site. The Park authorities have 
decided to build 170 wooden logs dams 

The French managers in charge of peatland 
conservation need time and information. They 
still suffer from a huge deficit of knowledge 
and information in the field both of peatland 
hydrology, techniques for peatland restoration, 
and hydrological monitoring. This informa- 
tion. as well as education, turns out to be 
essential to avoid reproducing the mistakes 
that have already been done in the past. 

Q. Why are restoration practices lim- 
ited in their extent on so many French 
sites? 
A. Site managers are reluctant to appý,,, 
'nevv' techniques which are now standard 

procedure in other parts of Europe, as they 
are not confident of their success and be- 
lieve them to be obtrusive. In particular 
man-made materials suitable for damming 
are considered a visual evesore. Proofof 
the rate at which they become overgrown 
and invisible must be provided to convince 
managers oftheir suitability. 
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Parmi les diff&cnts types d'habitats ger6s en 
France pour la conservation de la nature, les 
tourbi6res constituent certainement les 6co- 
systýmes sur lesquels les sp&ialistes de la 
conservation ontjusqu'ici conccntrý leur atten- 
tion de la mani&e la plus pr&ise. En fait, les 
tourbi6res franqaises, qui b6ýficient de divers 
types de situations biogdo-graphiques, se 
caract6risent par leur bio-diversit6 6lev6e et 
leurs paysages tr6s vari6 abritant un patri- 
moine naturel d'une richesse remarquable. 
Malheureusement, au cours des cinquante der- 
ni&Tes ann6es, ]a superficie des tourbi&es a 
diminu6 de moitiý en France, celles-ci ayant 
W victimes de ]'agriculture, d'op&ations de 
boisement, de drainage et de remblaiement, de 
I'am6nagement de plans d'eau, de la construc- 
tion d'infrastructures, de Pextraction de la 
tourbe... Selon les estimations, elles couvrent 
actuellement une superficie d'environ 60 000 
ha. 

Dans ces circonstances, les diff6rentes struc- 
tures en charge de la conservation de la nature 
ont 61abor6 des mesures pour protýger les sites 
abritant un patrimoinc naturel remarquable. 11 
West pas surprcnant que la premi6re r6serve 
naturelle jamais cr66e en France ait a6 propo- 
sde dans le but de prot6ger une tourWre. En 
1995, Espaces Naturels de France (la fdddra- 
tion des Conservatoires R6gionaux d'Espaces 
Naturels g6rant 36 000 ha r6partis sur prýs de 
1 200 sites) a& charge de ]a gestion d'un 
programme Life europ6en pour la protection 
des tourbi&res. Plusieurs types d'actions ont & 
rMis6s, tels que la protection par la maitrise 
fonci6re de plus de 1 000 ha de tourbi6rcs, des 
actions de conservation et de restauration dans 
38 sites d'intervention d'urgence et la mise en 
ceuvre d'une strat6gie nationale de conserva- 
tion des tourbi6res. Dans le cadre de ce pro- 
gramme, nous avons analysý ics diff6rentes 
actions en faveur de ]a conservation des tour- 
bi&res men6es en Francc par les sp6cialistes de 

]a conservation de ]a nature afin de publier un 
guide pratique pour la gestion et la restauration 
des tourbi&res. Cc guide a &6 publi6 A la fin de 
1998 et tir6 A5 000 exemplaires. 

Cette 6tude nous a pennis de faire le bilan des 
exp&iences men6esjusqu'ici en France dans le 
domaine de ]a conservation des tourbi6res et 
dans des types d'actions aussi divers que le 
piturage des tourbi6res, la fauche, la lutte 

contre les broussailles, Ntrýpage ou la gestion 
de Feau. L'analyse de ces exp&iences 6manant 
d'environ 150 sites diff6rents nous a permis de 
proposer des solutions pratiques pour la con- 
servation des tourbi&res en France, solutions 
que nous avons complýt6es par I'analyse 
d'expdriences men&s dans des pays 6trangers 
tels que ia Grande-Bretagne, I'Allemagne, la 
Belgique ou la Suisse. 

S'agissant de la gestion de Peau et de la restau- 
ration hydrologique des tourbi&es, nous 
sommes arriv6s A ]a conclusion qu'en France, 
tr6s peu d'exp6riences ont 66 mendes jusqu'i 
pr6sent. Cette situation pent ýtre facilement 
expliqu6e par le fait que ]a strat6gie de conseT- 
vation des tourbi&es en France a, jusqu'ici, 

consistý la plupart du temps A accorder une 
protection aux sites non endommagds, ou tout 
au moins aux sites en bon dtat de conservation. 
En fait, les exptýriences dignes de ce norn se 
sont r6v6l6es tr&s rates. Seuls quelques sites, 
ici et IA, avaient W coneem6s par le blocage 
des foss&s, effectuý la plupart du temps sur une 
tr6s petite dchelle. Cc qui dtait frappant dans 
I'analyse de ces quelques expdriences 6tait le 
fait que, dans ]a plupart des cas, les techniques 
mises en ceuvre consistaient en des barrages 
maison construits A la main avec des mat6riaux 
biod6gradables (rondins de bois, tourbe ... ) 
choisis pour leur camct&re peu on6reux en 
termes de coat et de main-d'owvre, mais aussi 
en raison d'un manque de cormaissances con- 
cemant les diff6rents types de ban-age et leur 
cfficacitd. La plupart de ces ban-ages souf- 
fraient de proWmes de filtration et leur effi- 
cacA6 ainsi que leur long&it6 6taient tr&s 
incertains. En fait, les gestionnaires franVais 
dkouvraient et testaient des m6thodes de 
blocage des foss&s exactement de la mani&e 
dont les gestionnaires en Grande-Bretagne, en 
Allemagne ou en Suisse Favaient fait dix ou 
% ingt ans plus t6t. Et nous pouvons avouer que 
nos cormaissances dans cc dornaine 6taient 
m6diocres. 

Ainsi, telle 6tait ]a situation jusqu'a ]a publica- 
tion du guide de gestion qui a inforrn6 les 
gestionnaires franýais des diff6rentes tech- 
niques mises en ceuvre, depuis des arindes A 
Ntranger pour faire face aux proWmes de 
drainage des tourbi&es. Cette synth6se 6tait 
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tr&s importante au moment m6me ou les ges- 
tionnaires, petit A petit, se pr6occupaient de 
plus en plus des proWmes de restauration des 
tourbi6res parce que leurs actions ne concer- 
naient plus uniquement les sites non endom- 
mag6s, et aussi parce que de plus en plus de 
gestionnaires voulaient mener des actions 
d6monstratives pour inciter les services sylvi- 
coles et agricoles A ne pas drainer les tour- 
bi&es. 

En &pit de cette information des gestion- 
naires de tourbi&es, nous pouvons observer 
que les techniques mises en ceuvre ne chan- 
gent pas beaucoup : les gestionnaires semblent 
peu dispo&&s A utiliser de nouveaux mod&les 
ou de nouveaux mat6riaux pour construire des 
barrages, ils sont peu dispos6s A prendre toutes 
les mesures de prdcaution qui sont recom- 
mand6es pour rendre efficaces ces barrages. 
En fait, ils sont peu disposes a utiliser des 
techniques qui leur semblent on6reuses en 
termes de coOt et de main-d'ceuvTe, et 6gale- 
ment artificielles : la plupart d'entre eux re- 
fusent d'utiliser des barrages en feuilles de 
plastique ou de m6tal, des ban-ages en t6le 
ondul6e, rnýme des barrages en contreplaqu6, 
m8me si leur efficacit6 et leur long&46 ont 
&6 prouv6es. L'id6e qu'un barrage cofiteux A 
longue dur6e de vie est plus rentable qu'un 
barrage bon march6 qui n6cessitera r6paration 
aprýs r6paration n'a pas gagn6 du terrain parmi 
les gestionnaires. Par exemple, on vient de 
nous demander d'effectuer une expertise pour 
un Pare national qui envisageait de restaurer 
tine grande tourbi&e drainde. Cette dvaluation 
est arriv6e a la conclusion que 120 ban-ages en 
contreplaqu6 et 50 barrages en t6le ondul6c 
devraient &c installýs sur le site. Les autorit6s 
du Parc ont d6ci& de construire 170 barrages 
en rondins de bois.... 

Les gestionnaires fi-anýais en charge de la 
conservation des tourbi&es ont besoin de 
temps et d'informations. Us souffrent toujours 
d'un 6norme d6ficit de cormaissances et On- 
formations dans le domaine de Yhydrologie 
des tourbi&res, des techniques de restauration 
des tourbi&res et de ]a surveillance hydro- 
logique. Ces informations, ainsi qu'une 6duca- 
tion, s'av&ent essentielles pour dviter de re- 
produire les erreurs qui ont &ja 6ý commises 
dans le pass6. 
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Ferriýre peat bog : an example of drained peat bog restoration in the Massif- 
Central - Limousin France 

v 

Estelle Coumez 
Chargýe d6tudes, Conservatoire Rýgional EspacesNaturels du Limousin. (CREN) 

The Ferri&e peat bog, which totals 100 ha, is 
localised on the Plateau de Millevaches, a 
large shelf with a high peat bog density. 

Situated at an altitude of875 metres, on Massif- 
Central west foothills, this peat bog has a typical 
vegetation community with mountainous and 
atlantic tendency, such as Andromeda polifolia 
or Narthecium ossifragum. On this area, 40 
hectares have been managed by the "Conserva- 
toire des Espaces Naturels du Limousin" since 
1998. 

At the beginning of 1995, this peat bog has 
been damaged by drainage, afforestation and a 
diversion stream. The damage is concentrated 
in a central area that covers 8 hectares and 
includes: 

* 14 drainage ditches totalling 4.5 km of 
drains over 8 hectares 

* average spacing between the drains is 25 
metres 

* drain depth is 80 cm 
* drain width is Im at the top and 60 cm at 

the bottom 
* slope ofthis drained area is I% on average 
* turves left lying at the side of the drain 

* 15,200 planted Pinussylvestris 

The stream that originally ran across the 
drained area has also been diverted by the 
main drain. 

Two years after planting, the economic and 
ecological failures of this afforestation were 
recognised by the proprietor and the manager 
of the area, Office National des For6ts. In 

recognition ofthe nature conservation interest 

of this peat bog, a rehabilitation programme 
was proposed by the Limousin CREN. 

The objectives of this programme are: 
" To restore the sheet flows and stop the 

drainage. 
" To restore pre-drainage surface flows and 

allow the diverted stream to follows its 
natural course. 

The rehabilitation work started in January 1999 
with the hand pulling of Pines, which weren't 
higher than 40 cm on average, after 4 years. 

We had not found references ofsimilar experi- 
ences therefore we have decided to realise the 
rehabilitation work in two phases. The first in 
August 1999 concerned the southern halfofthe 
drained area. The second in August 2000 con- 
cerned the northern half of the drained area. 

Each phase has been realised in the same way. 
First, the sides of drain were mowed with a 
little tractor and the trees were cut (Salix sp. 
essentially). Then, this vegetation has been 
exported. The drains have been blocked with 
peat dams. This peat dams were made of the 
peat localised in the side ofthe drains. We were 
conscious of the risk that this peat could shrink 
but the difficult of access on the site and the 
budget that we had, didn't allow us to use 
another source of peat. We decided not to 
in-fill the totality of the linear drains because 
we didn't have enough materials and we chose 
to take advantage of the drains in order to 
constitute some aquatic areas. The peat dams 
have been built by machine, a mechanical dig- 
ger. 

mouth of some drains. The natural bed of the 
diverted stream has been recovered by the 
vegetation. The restoration of the stream bed 
has been realised by hand with adapted tool 
and with the mechanical digger when it had 
disappeared. The return of this stream in its 
natural bed has been realised in august 2000. 

The methods used for the first phase seemed to 
give good results, so the same methods have 
been employed for the second phase. In total, 
70 peat-dams have been built, 23 wood-dams 
have been installed. 

This rehabilitation programme is experimental 
and to confront the lack of references at the 
beginning of the programme, we decided to set 
up some scientific monitoring. 

The objectives of the monitoring studies are: 
" To assess the impact of the drainage on 

" the water table, 
" the quality of the peat, 
" the vegetation communities and species 

" To assess the efficacy of the rehabilitation 
methods. 

A precise mapping of the vegetation was done 
in July 1999 and is brought up to date each 
year. The presence ofmany indicators, such as 
dipwells and drains, made this operation eas- 
ier. The vegetation in the drains is mapped 
before the dam up. Inventories of flora and 
fauna using transect lines and quadrats have 
also been implemented. 

A hydrological study started in February 1999, 
six months before the beginning of the dam- 
ming up work. The duration of this study is 30 
months, divided in 3 phases. For this study, 
important equipment has been installed on the 
drained area including, 31 dipwells, 2 rain 
gauges, 2 evaporation-pans and 5 stage-boards 
in the surrounding drains and streams to meas- 
ure the flow ofwater. Readings are taken every 
2 weeks. This study is achieved by the Univer- 
sity of Limoges and the Conservatoire. 

Currently data collected are not sufficient to 
assess the all effects ofthis rehabilitation, but 
we can observe the first reactions of the water 
table. 

This experience is too new to give conclusions. 
The study of the evolution of the two half areas 
of the drained area must to be continued. Al- 
ready, we can notice in the field that the por- 
tions ofdrains that have not been in-filled are 
full ofwater. This area and some areas that had 
been stripped arc colonised by the bog plants 
including Sphagnurn species. 

Q. Will the mire continue to be grazed 
when the restoration program planned so 
far has been completed? 
A. The site management will include grazing 
of Limousin cattle across the site at a low 
imensit 

, v. It is hoped that the peat dams will 
not be destroyed by cattle crossing drains. 

For the rehabilitation of the diverted stream, 
some wood dams have been installed in the 
drain in each intersection with the bed of this 
stream, in order to support the peat dams. The 
same wood dams have been installed at the 
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Comparison at the low water period 
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23 June 1999 16 August 2000 

Thisfigureshovis wateriablelevelat the love waterperiod. K'e note a regular waterflow belbre the drains dam up, in June 1999. Thesouth 
haU'area has been rehabilitated in august 1999. One year after. on the secondfigure, we can observe a difference. On the upstream area, Vve 
not a raising ql'the level water table. On the other hand, on the downstream area, vve notefiew modifications. This situation can be explained 
kv thefact that this downstream zone is vety close to the main stream qj'the peat bog, which creates a natural drainage. We observe this 
phenomenonfin- all the dipivells localised close to this stream, including the dijowells situated out ofthe drained at-ea. The raising of the 
level of the water table q/ the upstream area is all the more as important since this part ofthe site is localised next to sources. 

La tourWre de la Ferri&c est une tourbi6re 
acide A Sphaigne couvrant une centaine d'hec- 
tares, localis6c sur le Plateau de Millevaches, 
plateau granitique riche en tourWres. Situ6e 
A une altitude de 875 m, sur les contreforts 
ouest du Massif Central, elle accucille une 
faune et une flore A tonalit6 montagnarde et 
atlantique. 

D6but 1995, cette tourbi&e a subit d'irnportan- 
tantes d6gradations avec l'ouverture de 4,5 km 
de foss6s de drainage sur 8 ha an centre du site 
et le d6toumement d'un ruisseau, en vue d'une 
mise en valeur sylvicole (plantation de Pins 
sylvestres - Pinus sYlvestris). 

Le CREN Limousin a d6couvert ce site en 
1997.11 y est aujourd'hui gestionnaire de plus 
de 40 ha. Le maintien de ce r6seau de drainage 
risquait de compromettre 5 terme Fintft& 

6cologique de 1'ensemble de la tout-Wre. 
Devant I'echec dconomique et dcologique de 
cette tentative, il a 6t6 d6cidd, avec le pro- 
priýtaire (commune) et le co-gestionnaire 
(O. N. F. ), la mise en place d'un programme de 
restauration conduit par le CERN Limousin, 
visam A: 

. restaurer les 6coulements de la nappe 
stopper 1'effet drainant do r6seau de fossds, 

restaurer les dcoulements superficiels : 

permettre au cours d'eau de retrouver son 
ht naturel. 

Apres une phase de prýparation du site (arra- 
chage des Pins plantes, bücheronnage et 
fauche), ]es fossds ont etý obstru& avec des 
bouchons de tourbe, issus du ddcapage des 
bords de fossýs. Cette opdration a dtý rýalisee 
ä Paide d'une pelle mdcanique. Ainsi, 64 

bouchons, d'une longueur de 6m pour la 
plupart, ont &6 implante6s. 

Le retour du ruisseau d6ourn6 dans son fit 
naturel a n6cessit6 par endroit la r6ouverture 
de cc lit, manuellement au taille-pr6 ou m6- 
caniquement avec la pelle m6canique. Des 
barrages en bois ont W install6s aux intersec- 
tions entre les foss6s et le lit nature] do ruis- 
seau et aux embouchures des foss6s, afin de 
renforcer les bouchons de tourbes. 

En raison de son caract6re expdrimental ei de 
I'ampleur des travaux, ce programmes s'est 
d6rou]6 en 2 tranches : aoat 1999, pour la 
moiti6 sud de ]a zone at aofit 2000, pour la 
moitiý nord. 

Peu d'exp-&riences de cc type ont 6td men&s 
en France. C'est pourquoi des suivis scienti- 
fiques ont &6 entrepris, visant A 6valuer l'im- 
pact du drainage puis 1'efficacit6 de la 
rdhabilitation : 

6tude hydrog6ologique, confide A I'Uni- 
versit6 de Limoges, sur 2,5 ans (fdv. 99 - 
sept. 2001) : 31 pi6zom&tres r6partis sur 
10 ha, 5 6chelles bathy-m6triques, plu- 
viom6res, dvaporom&tres, relev6s tous les 
15 joures : 
suivis de la vdgdtation, rdalis6s par le 
CREN Limousin (cartographic annuelle 
pr6cise, transects, placettes); 

suivis de la faune, confi6s aux associa- 41A. 
tions naturalistes spkialis6es. 

Nous n'avons encore que tr6 peu de recul sur 
cette op6ration mais il semble que les mdth- 
odes employ6es soient relativement efficaces. 

Cc programme a bdndfici6 du soutien financier 
de I'Agence de I'Eau Adour-Garonne, I'Eu- 
rope, I'Etat franýais, la R6gion Limousin, 
l'Office National des For&s. 
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Restoration Project of the FochteloErveen raised bog 

Nicko Stmathof, 
Senior Consultant, Naluurmonumenten, Netherlands 
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Funding from the European Union and the 
Dutch government is enabling Vereniging 
Natuunnonumenten to implement an ambi- 
tious plan to regenerate Fochteloerveen, one of 
the largest remnants ofraised bog in the Neth- 
erlands. 

Fochtelodrveen is a nature reserve in the north 
of the Netherlands situated on the border be- 
tween the provinces of Friesland and Drenthe. 
The reserve, an expanse of peatland sur- 
rounded by arable land and forests, covers an 
area ofabout 2,500 hectares. 

The original bog extended over an area of 
about 15,000 hectares. More than 801/o ofthis 
bog has been cut away in 19th century for fliel 
production followed by reclamation into ar- 
able land. although the remainder of the bog 
escaped large-scale excavation of turf it has 
not remained unscathed by human activities. 

Turf was cut here on a small-scale up until 
1980. Furthermore burning and drainage prac- 
tices associated with the cultivation of buck- 
wheat have destroyed the acrotelm, the top 
layer of the peat. The loss of this layer has 
resulted in greater fluctuations in water level, 
with low levels in the summer months. 

These dry conditions favour the growth of 
purple moor-grass and restrict the growth of 
characteristic bog species such as bog mosses, 
Sphagnum capillifolium, Sphagnum Magel- 
lanicum and Sphgnum papillosum and the 
plants bog rosemary, sundew, cranberry and 
common and hare's-tail cotton sedge. Purple 
moor-grass with its deep root-system is able to 
continue drawing water as levels drop, thus 
accelerating further water-loss. Besides that 
drainage of the surrounding, lower lying, ar- 
able land and forests resulted in an increase in 
seepage losses from the remaining bog. 
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The restoration Process 
Lssential to the plan is the gradual raising of 
the water-level in each compartment in steps 
of 10-20cm. 

The first inundation creates a sufficient water 
depth to drown the purple moor-grass in the 
lower parts of the compartment and yet is 
shallow enough for the growth of pool bog 
mosses. Deep water hinders this growth due to 
the lack of sunlight. Large surfaces of open 
water should also be avoided because of the 
disturbance from the wind preventing terrestri- 
alisation of the water body. 

Once the first lagoons have been filled by the 
growth ofpool bog mosses, the water level is 
again raised by 10 - 20 cm. This process will 
be repeated several times. Pool bog mosses 
will continue to grow in the low areas. In the 
higher areas remaining purple moor-grass will 
be drowned and conditions made more favour- 
able for the growth of bog mosses, Gradually 
the mosses will start to form a new acrotelm. 

In time the wooded sheet piling will become 
overgrown and a united raised bog will be 
formed. I'lie new acrotelm will be able to 
produce the water-level fluctuations in the bog. 
A large area of Fochteloerveen will once more 
be a self-regulating water-system, a living 
raised hoý,,. 

Dam Construction 
Wooden sheet piling is used to construct the 
dams. From earlier experiences we teamed 
that the available peat itself was not suitable 
for this purpose. It is mechanically unstable 
and vanishes relatively quickly due to shrink- 
age and oxidation. Besides the permeability of 
the peat was too high to prevent leakage 
through the dams. The wooden planks are 
driven through the peat into the semi- 
impermeable layer at the base to prevent leak- 
age. The dams are covered with cut peat to 
prevent them drying out and warping. The 
choice for wood is based on its strength and 
because it is an environmentally friendly alter- 
native to peat dams lined with plastic. Wood 
is a natural material. It rots extremely slowly 
in anaerobic conditions. Once the acrotelm 
has been restored, a process that will take 
several decades, the dams will have fulfilled 
their function and will be absorbed into the 
peat body. 



Grice A un financement de l'Union 
europ6enne et du gouvernernent n6erlandais, 
Vereniging Natuurnionumenten met en (ruvre 
actuellement un ambitieux plan visant A ]a 
r6g6n6ration de Fochicloerveen, l'un des plus 
vastes vestiges d'une tourbi&rc haute aux Pays- 
Bas. 

Fochteloörveen est une r&crve natureile situ& 
dans le nord des Pays-Bas, ä la limite entre les 
provinces de la Frise et de la Drenthe. La 
rýserve, qui est une vaste &endue de tourbiere 
entourýe de lerres arahles ei de forets, couvre 
une superficie d'environ 2 500 hectares. 

La tourbiýre originelle occupait une aire de 
quelque 15 000 hwares. Plus de 80 1/o de cette 
tourbiere ont ete exploites au XIX' siecle pour 
la production de combusüble puis transforrnds 
en terres arables. Bien que le reste de la tour- 
Wre ait dchappd aux op&ations de prýlývernen( 
de tourbe ä grande &helle, il a neanmoins dtd 
affectý par ]es activitýs huniaines. 

La tourtx- ya 616 extraite sur une petite echelle 
jusqu'en 1980. En outre, les pratiques du brillis 

ci du drainage a%soci6es A la culture du sarrasin 
ont d6truit Facrotelme, la couche supericure de 
la tourbi&e. La disparition de cette couche a 
provoqu6 des fluctuations plus importantes du 

niveau phreatique, avec des niveaux bas pen- 
dant les mois dW. Ces conditions s6ches 
favorisent ]a croissance de la canche bleue et 
limitent celle des esp&ces caracteristiques des 
tourbi&res, comme les sphaignes Sphagnum 

capill4olium, Sphagnum Magellanicum et 
Sphagnum papillosum ainst que le romarin 
des marais, le rossolis, Fairelle des marais, la 
linaigrette commune et la queue-de-Rvre. 
Grice A ses profondes racines, la canche bleue 

peut continuer A prýlever Feau A mesure que 
les niveaux baissent, cc qui accýl&e les 
pertes d'eau. D'autre part, le drainage des 
terres arables et des for6ts d'altitude plus 
basse avoisinantes a provoquý un accroisse- 
ment des pertes par infiltration de ]a tour- 
biere restante. 
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Processus de restauration 
Un dWrnent essentiel du plan es[ l'ýlý%ation 
progressive du niveau d'eau dans chaque coni- 
partirnent par etapes de 10-20 cm de hauteur. 

La premi6re inondation cr6e une profondeur 
d'eau qui est suffisante pour submerger les 

canches bleues dans les parties inf6rieures du 
compartiment tout en &ant suffisammem faible 
pour permettre la croissance des sphaignes des 
mares. Une eau profonde entrave cette crois- 
sance en raison de Pabsence de lumi&e du 
soleil. Il faut 6galement 6viter de cr6er de 
vastes 6tendues deau libre parce que les penur- 
bations provoqu6cs par le vent empkitent la 

terrestrialisation de ]a masse d'eau. 

Une fois que les premi&es lagunes sont rem- 
plies par ]a croissance des sphaignes des mares, 
le niveau de I'eau est de nouveau Oev6 de 
10-20 cm. Cc processus sera r6r)W plusieurs 
fbis. Les sphaignes continueront A croitre dans 
les parties inf6rieures. Darts les parties plus 
61ev6es, les canches bleues restantes seront 
submerg6es et les conditions seront rendues 
plus favorables a la croissance des sphaignes. 
Petit i petit, les sphaignes commenceront A 
former un nouvel acrotelme. 

Avec le temps, le rideau de palplanches en bois 

sera envahi par ]a v6g6tation et une tourbi6re 
haute unifi6c se cr6cra. Le nouvel acrotelme 
sera en mesure d'engendrer des fluctuations du 

niveau d'eau dans la tourbi&e. Une vaste 6ten- 
due de Fochtelodrveen redeviendra un systýme 
hydrique auto-r6gulateur, une tourbi&re haute 
vivante. 

Construction de barrages 
Des rideaux de palplanches en bois sont util- 
is6s pour construire les barrages. Sur la base de 
Vexpdrience acquise, nous savons que, la 
tourbe elle-mýme West pas adapt6e A cet usage. 
He est m6caniquement instable et disparait 

assez rapidement en raison de son retrait et de 

son oxydation. Par ailleurs, la perm6abilit6 de 
]a tourbe 6tait trop dlev6e pour emp6cher les 
fuites A travers les barrages. Les planches en 
bois sont enfonc6es A travers la tourbe dans la 

couche semi-imperm6able A la base pour 
emp&her les fuites. Les barrages sont ensuite 
couverts de blocs de tourbe pour emocher 
leur dess&chement et ]cut gauchissement. Le 
bois a 6t6 choisi en raison de sa r6sistance et 
ýgalement parce qu'il constitue une alternative 
&ologique aux barrages en tourbe rev&us de 

plastique. Le bois est un mat6riau naturel. 11 se 
d6compose tr&s lentement dans un milieu 
anadrobie. Une fois que I'acrotelme aura 6t6 

rýtabli, un processus qui prendra plusieurs 
d6cennies, les barrages ont rempli leur fonc- 
tion et seront absorb6s dans la masse tourbeuse. 
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Final Discussion 

Chaired by Roger Meade 
Senior Peatlands Advisor, English Nature 

The following areas were identified as recur- 
fing issues throughout the workshop and as 
such require conclusion: 

What are effective starting conditions for 
mire restoration in terms of 
" Land form 

" Peattype 

" Vegetation 

" Water quality? 

Can climatic constraints be identified on a 
local and regional scale? 

What are the main objectives in achieving an 
optimum water level? 

Can baseline monitoring strategies be out- 
lined for vegetation and hydrology? 

What are effective starting conditions for 
mire restoration? 

it appears that a post-milling surface is simpler 
to rewet, being profiled 'flat' and therefore 
lacking the high-dry/low-wet features of old 
machine and hand-cut terraces. However, long 
term maintenance of a high water table in such 
an area will be dependant on local hydrology 
and mire edge conditions. For example, if the 
mire surface has been extensively mined at the 
boundary so that a realistic lagg must re- 
establish according to the hydraulic gradient 
and hydraulic properties of the peat, then this 
must be taken into account when attempting to 
increase the water level in the adjacent mire 
areas. Several water table maintenance strate- 
gies were outlined throughout the workshop 
including the construction of extensive dam 

structures at Clara and Raheenmore Bogs to 
overcome draw down at the boundaries and 
support the 'peat cliffs' created by peat 
removal. In addition, the pumping of sur- 
face water against the hydraulic gradient to 
maintain wetness in central areas, was 
demonstrated in the Thorne Moor field trip. 

The surface profile then has a strong influence 

on the ability to rewet a site, but wetness alone 
does not constitute restoration. The type of 
peat left at the surface will determine largely 
the ability of the site to retain moisture, par- 
ticularly in dry periods and during raised 
flow rates. The degree of hurnification of the 
new surface peat, positioned until recent times 
within mire catotelm, will determine largely 
the rate at which an acrotelm can be re- 
established. If peat removal has been so 
extensive that the material now at the sur- 
face is of fen morphological origin then this 
situation will be exacerbated. The fen peat will 
potentially have a lower pH, different organic 
composition, higher mineral content, lower 
water holding capacity, and quite different 
hydraulic behaviour to an ombrotrophic 
acrotelm peat. Given such immediate ob- 
stacles the rate at which a Sphagnum domi- 

nated surface can be established will be 
greatly reduced. and will require far more 
management intervention and ingenuity than a 
milled deep peat. Several techniques including 
the creation, flooding and seeding of shallow 
'scrapes' in which rush and sedge species 
could be use as nurse crops were described 
from sites across Europe. 

A wide range of practices for the re- 
establishment of an acrotelm vegetation 
community have been described, ranging 
from re-wetting and allowing invasion of 
species from remnant communities, to 
scraping the surface and transplanting Erio- 
phorum, and to flooding old drains, broad- 
casting Sphagnum cuspidatum propagules, 
and combinations ofall of the above. Obvi- 
ously it is only possible to allow invasion by 
remnant species where remnant acrotelm 
communities exist in some form such as the 
upper terraces of old machine and hand cut- 
tings. In a vast milled plain. effectively a 
peat desert, more active vegetation manage- 
ment is essential. 

The underlying mineral topography and the 
quality of water available for re-wetting will 
also exert an influence on the new mire sur- 
face. Mineral islands in the peat where ex- 
traction has exposed underlying material 
may present both negative and positive 
issues. Potentially mineratrophic ground- 
water may enter the mire aquifer in phreatic 
zones. 

The converse may also be true, in that loss to 
the underlying aquifer may increase. This is 
less likely as, by virtue of its continued exis- 
tence, leakage from the mire body is likely to 
be low. Where a conflict between more re- 
cent but ecologically valued dry features has 
arisen during the mire restoration process, it 
may be possible to trans-locate the 'dryer' 
communities to the higher ground, which is 
by definition more difficult to rewet. Such 
areas may be utilised for viewing platforms 
and educational features where appropriate, 
such as those seen at Thorne Moor. 

Water quality problems may also occur where 
drainage regulation is d4ficult to enforce, 
such as in Fenns and Whixhall Mosses for 
example, where domestic sewage infiltrates 
the old drainage network and can be found 
within the mire drain channels. In cases where 
water quality may not be quite what is desired 
(too high pH or nutrient concentration) any 
problem will be exacerbated by the relocation 
of such water by pumping for example. 

It was suggested that observed differences 
between sites within similar climatic zones, 
could point to potentially achievable future 
conditions. 
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Which of the countries represented can 
prescribe the condition and or depth of 
peat left by peat mining corporations 
when peat removal ceases? 

Eneland and Wales - the mineral planning 
consent which gives peat merchants license 
to extract, can he used lospeci)ý, the depth 
ofpeat left across a site. 

Nordiem Irelaid and - no regulation 
within the current planning law structure. 

R=blic Qflrela - no guidelines to regu- 
late site conditions. 

BeIght - no indtistria/ exploitation so this 
is not a consideration. 

Can climatic constraints be identified on 
a local and regional scale? 
There are climatic restraints on mirefor- 
motion, anti these will continue to appýv to 
the restoration ofmireforming conditions. 
Man 

'v sites now degraded ma 'v 
have been 

initiated under colder and wetter condi- 
tions. As a minimum. peat formation 
requires sufficient excess recharge to 
slow humification and subsequent minerali- 
zation oforgant .c matter, so that peat accu- 
mulales. Some aegraded sites, now subject 
to restoration management schemes, are in 
regions with small net precipitation, and 
this will slow ani, recoverv rate. 

What are the main objectives in achieving 
an optimum water level? 
There was agreement within the group that 
the tvater table should be kept as close to the 
mean ground surfixe throughout theyear as 
is possible. This is most commonlY achieved 
kv s/owingflon, rates within, and lossesfrom 
the site, in most caves by blocking drains 
created bV peal cutters, and at manY sites by 
creating shallow, bunded open water to hold 
water at the surface in previouslY a5y areas 
with the aim ofincreasing the storage poten- 
tial of the peat. 

Can baseline monitoring strategies be 
outlined for vegetation and hydrology? 
The branches ofsite monitoring are identi- 

fied as water level and flow, basic water 
qualiýv indicators. temporal and spatial 
variations in vegetation communities and 
the presence of indicator species. A combi- 
nation of most of these are applied by the 
delegates present. The main issues which 
arose in discussion ofinethodologn, were the 
needfor clarification ofmanagement aims 
in monitoring, the scale ofapplication, ap- 
propriateness ofindicatorspecies with in a 
regional and national context, and thefinal 
processingluse of the data collected, such 
as predictive modelling. 



Les domaines suivants ont dtý identifi6s 
comme des questions qui se sont reprdsent6es 
tout au long de Fatelier et qui, A ce titre, 
doivent ýtrc rýsolucs : 

Quelles sont les conditions de d6part effec- 
tives pour la restauration des tourbi6res en 
tertnes de 
" forme du terrain 
" type de tourbe 

v6gaation 
quaM6 de Yeau ? 

Des contraintes climatiques peuvent-elles 
6tre identifi6es aux dchelles locale et rýgion- 
ale ? 

Quels sont les principaux objectifs de l'obten- 
tion d'un niveau phr6atique optimal ? 

Peut-on esquisser des stratdgies de surveil- 
lance de base pour la v6gdtation et I'hydrolo- 
gie ? 

Quelles sont les conditions de dkpart effec- 
tives pour la restauration des tourbiires ? 

11 semble qu'une surface apres broyage est 
plus facile A rdhumidifier, ayant un profil 
oplat>) et 6tant par cons6quent &pourvue des 
caract6ristiques de desskhement dlev&faible 
humidit6 des anciennes; ten-asses oý la tourbe 
a 6t6 extraite par des machines et A la main. 
Toutefois, le maintien A long terme d'un ni- 
veau phr6atique dlevd dans une telle zone 
d6pendra de I'hydrologie locale et des condi- 
tions A la lisi6re de la tourbi&re. Par exemple, 
si la surface de ]a tourbi&e a fait l'objet d'une 
exploitation intensive A la limite de sorte 
qu'une couverture r6aliste doit se r6tablir con- 
form6ment au gradient hydraulique et aux 
propridtds hydrauliques de la tourbe, il faut 
en tenir compte lorsqu'on essaie d'accroitre le 
niveau phrdatique dans les dtendues de tour- 
bi&e adjacentes. Plusieurs strat6gies de 
mainfien de ]a nappe phrdatique ont &6 
d6crites au cours de Vatelier, dont la con- 
struction de vastes barrages sur les tour- 
bi&res de Clara et de Raheenmore pour faire 
face A I'abaissement du niveau aux limites et 
soutenir les ((falaises de tourbe o crddes par 
Nxtraction de la tourbe. Par ailleurs, le pom- 
page d'eau de surface contre le gradient by- 
draulique pour maintenir I'humidit6 dans les: 
zones centrales a 6t6 d6montrd lors de la visite 
de terrain A Thome Moor. 

Le profil de ]a surface exerce ensuite une forte 
influence sur la capacitý de r6humidification 
d'un site, mais la rcstauration ne saurait se 
limiter A la seule humidification. Le type de 
tourbe subsistant A la surface d6terminera dans 
une grande mesure ]a capacit6 de r6tention 
d'humidit6 du site, en particulier en pdriode 
s&he et fors de 1'616vation des d6bits. Le degr6 
d'hurnification de la nouvelle tourbe de 
surface, situ6e jusqu'A une pdriode r6cente 
dans Pacrotelme de la tourbi&re, condition- 
nera dans une grande mesure le rythme auquel 
un acrotelme peut We rdtabli. Si Fextraction 
de tourbe a &6 si intensive que la mati&c qui 
se trouve maintenant A ]a surface tire son orig- 
ine morphologique dans les fagnes, cette situa- 
tion sera alors exacerb6e. La tourbe de fiagnes 
aura potentiellement un pH plus bas, une com- 
position organique diff6rente, une teneur plus 
haute en substances min6rales, une capacit6 de 
r6tention d'eau plus faible et un comportement 
hydraulique trýs diffdrent par comparaison 
avec la tourbe d'un acrotelme ombrotrophe. 
Compte tenu de ces obstacles mun6diats, le 
rythme auquel une surface domin6e par la 
sphaigne peut &re r6ablie sera consWrable- 

ment r6duit et cette opdration n6cessitera une 
plus grande intervention en mati&e de gestion 
et beaucoup plus cl'ingýnuiti que dans le cas 
d'une 6tendue dc tourbi&re prol'onde ayant fait 
Fobjet d'un broyage. Plusieurs techniques, 
dont la crtiation, Firiondation et I'en- 
semencement de opochm) dans lesquelles 
des esp6ces de jonc et de laiche pourraient 
Etre utilis6es comme plantes-abri, ont 6td d6- 
crites, celles-ci dtant employ6es sur des sites i 
travers I'Europe. 

Un large 6ventail de pratiques pour le 
r6tablissement d'une communautd v6g6tale 
d'acrotelme a 66 d6crit, allant de la rihu- 
midification et de 1'envahissement non entravd 
par les espkes des communaut6s restantes 
jusqu'au raclage de la surface et i la transplan- 
tation d'Ertophonim, en passant par l'inonda- 
tion des vieux canaux, la diss6mination des 
propagules de Sphagnum cuspidaium et des 
combinaisons de toutes ces m6thodes. Mani- 
feslement, on ne peut permettre 1'envahisse- 
ment par les espkes restantes que li oý des 
communaut6s d'acrotelme subsistent sous 
une forme ou une autre, comme les terrasses 
sup6rieures des anciens pr6l6vements effec- 
tu6s A la machine et A la main. Dans une vaste 
plaine ayant fait l'objet d'un broyage et qui est 
en fait un &sert tourbeux, une gestion plus 
active de la výg6tation est essentielle. 

La topographie des min6raux sous-jacents et 
la qualitý de I'cau disponible pour la rdhumidi- 
fication exerceront dgalement une influence 
sur la nouvelle surface de ]a tourbi&re. Les 
ilots rnikraux dans la tourbe oit 1'extraction a 
expos6 le matdriau sous-jacent peuvent prd- 
senter des d6fis ndgatifs et positifs. Les eaux 
souterraincs potentiellement min6ratrophes 
peuvent p6n6trer dans I'aquifere de la tour- 
bi&e dans les zones phr6atiques. L'inverse 
peut 6galement We vrai. en ce sens que les 
pertes dans I'aquifere sous-jacent peuvent aug- 
menter. Cela est moins probable Oant donnd 
que du fait de son existence continue, les 
fuites de la masse de la tourbi6re ont de fortes 
chances d'dtre lentes. En cas de conflit entre 
des caract&istiques skites plus r6centes mais 
6cologiquement prisdes durant le processus de 
restauration de la tourbi&e, il peut &re pos- 
sible de proc6der A la translocation des com- 
munaut6s <<plus s6chm> vers les terrains 
d'altitude plus 6lev6e qui sont par d6finition 
plus difficile i r6humidifier. Ces espaces 
peuvent &re utilis6s pour Pinstallation de 
plates-formes d'observation et d'6quipe- 
ments dducatifs, le cas 6ch6ant, comme cela 
est le cas A Thome Moor. 

Des proWmes de qualit6 de ]'can peuvent 
6galement surgir IA oý il s'av6re difficile de 
faire respecter la r6glcmentation en mati&e de 
drainage, comme dans les tourbi&es de Fenns 
et de Whixall, par exemple, oý les eaux us6es 
domestiques s'infiltrent dans I'ancien r6seau 
de drainage et se retrouvent A I'int6rieur des 
fossds de la tourbi&e. Dans les cas o6 la 
qualitd de 1'eau West pas ce que I'on souhaite 
(pH ou concentration d'616ments nutritifs trop 
61evd), tout probl6me sera exacerb6 par le 
transfert de cette eau, par pompage par exem- 
PIC. 

11 a dt6 sugg&ý que les diffidrences observýes 
entre des sites A l'intdrieur de zones clima- 
tiques similaires pourraient mettre en 
lumi&e les conditions futures potentielle- 
ment rdalisables. 

Quels sont les pays reprisentis qui sont 
en mesure de prescrire I'ktat et/ou la 
profondeur de la tourbe laiss6e par les 
producteurs de tourbe lorsque leurs opi- 
rations d'extraction cessent ? 

Angleterre et poys de Galles - Paulorisalion 
d'exploilation de min&aux qui permet aux 
producteurs de iourbe deffectuer des opi- 
ralions dextraction peut etre ulilis& pour 
sp&ifier la profondeur de la tourbe 6 lais- 
ser sur Pensemble dun site. 

Mande A Nord et France - aucune nýgle- 
mentation dans le cadre de la Mgislation 
acluelle en mafiýre d'amoýnqgement. 

Irlande - aucune figne directrice pour reýgle- 
menter Nlat des sites. 

Belgiqu - pas d'exploitation industrielle de 
sorte que ceci West pas une considýration. 

Des contraintes climatiques peuvent-elles 
kre identirties aux ichelles locale et r& 
gionale ? 
/I exisle des contraintes climaliques s'ex- 
erVant sur la formation des tout-Wres et 
celles-ci cominueront 6 sappliquer au 
r&ablissemew des conditions deformation 
des lourWres. De nombreux sites dýsormais 
d6grad6s ontpeut-Otre vu lejour dans des 
conditions plus froides el plus humides. 
Au minimum, le processus deformation 
de tourbe exige une rýalimentafion 
suffisamment excedentaire pour ralentir 
Phumification et la min&alisafion 
subsequente de la maliýre organique 
afin que la tourbe puisse saccumuler. 
Certains sites dýgrad6s, quifont maintenant 
Pobjet de programmes de gestion de leur 
restauration, sont situ& dans des rýgions oýr 
les pr&ipitalions nettes sont peu 4ýlev&s, ce 
qui ralentira leur r&ablissement. 

Quels sont les principaux objectills de l'ob- 
tention Won niveau phriatique optimal ? 
Le groape a Aý d'accord que le niveau de la 
nappephr&tique devrait Ctre maintenu aussi 
prýs que possible de la surface mqvenne du 
terrain, pendant une partie aussi grande que 
possible de Pann& Ceci est couramment 
rýalisoý en ralentissant la vilesse dVcoule- 
ment 6 l7w&ieur A site el les pertes A site, 
dans la plupart des cas en bloquant les ca- 
naux er66s par les tourbiers, et sur de nom- 
breux sites en crýant des &endues deau libre 
peu profondes relenues par des digues a la 
stuface de zones pr&Menvnent skhes dans 
le but d'accroilre le stockage polentiel de la 
tourbe. 

Peut-on esquisser des strat6gies de sur- 
veillance de base pour In vkgktation et 
I'hydrologie ? 
Les domaines, de la surveillance des sues 
sont identifijs comme &ant le niveau phrýa- 
lique et lVcoulement deau, les indicateurs de 
base de la qualiti de Ieau, les variations 
lemporelles et spatiales des communaWs de 
vc; gjtaux et la presence despkes servant 
d'indicateurs. Une combinaison de la phipart 
d'entre eux est appliquee par les Mýguýs 
pr6sents. Les questions principales soulevýes 
lors A dýbat sur la m&hodologie ont &ý le 
besoin de clarification des objectifis de la 
gestion en matiýre de surveillance, P&helle 
d'application, Padýquation des esp&es ser- 
vant d'indicateurs dons un contexte rigional 
et national ainsi que le trailementl 
Putilisation final(e) des donn&s collecties, 
comme la mod6lisation prMictive. 
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Tuesday 10 October 
Mardi 10 octobre 

Arrival & Welcome 
'5. Arriv6e & Ouverture 

Arrival and registration at the Belmont [fate[, Fhorne 

Wednesday II October h M 
Mecredi II octobre 

il orne oors 

Introduction to the Reserves to be visited by the Site Managers 
Pr6entation des r6erves par les gestionnaires des r6en-es af'English. Vature 

Peter Roworth Humberhead Peatlands 6 

Joan Daniels Fenn's Whixall and Bettisfield NNR II 

Frank Mawby Glasson Moss & Wedholme Flow 17 

Katharine Birdsall Water loss at Thorne Moors through different vegetation communities 8 
Pertes en eau et nappes phreatiques 6 Thorne Moors 

Tom Dargie Monitoring vegetation change at Thorne Moors following re-wetting 8 
Le suivi de la vegetation 6 Thorne Aloorl apr&s rernise en eau 

Kevin Bull Site Visit: The "umberland Peatlands NNR 9 
Visite de terrain: la r6serve de Humberland Peatlands 

Travel to Fenn's Moss and the Han? ner. -Irpm ýýONragcýcr, [,: nn', %Io- 

Thursday 12 October Fenn's & Whixall Moss 
Jeudi II octobre _J h. ý I i,. , tot ation NNork 

illa), n, ijqzw% dlo aldý lralauý d" 

Karen Horton Vegetation change in relation to restored water levels 14 
Changement de vigetation et restauration des niveaur d'eau 

Joan Daniels Site Visit: Fenn's, Whixall and Bettisfields Mosses NNR 15 
Vishe de terrain: Fenn's, Whivall and Bettis/ields Mosses RNN 

Travel to Posthouse Hotel, Carlisle / Voyage vers Carlisle. Installation au Posthouse Hotel 

Nicko Straathof Restoration Project of the Fochtelo#rveen raised bog 32 
Projet de restauration de la tourbiýre haute de Fochleloirveen 

Phillippe Frankard Peat bog rehabilitation work in Wallony, Southern Belgium 
' 

24 
allonie, suddc la Belgique Tr (nan v dc n; 17(jN1itati,, n dc, 1,, w ,n JJ 

Rvan &, Strectlcrk Raised Bog Restoration in Ireland 26 
Restauration des tourhiýrcýy hautes en Irlande 

Nicholas Dupieux Water management in the peatlands of France: an overview of the situation 28 
Gestion de Peau dans les tourbiýres de France: Un aper(-u de la. utuation 

Estelle Cournez Ferriýre peat bog : an example of drained peat bog restoration in the Massif-Central - Limousin France 31 
Restauration d'une tourbiýre dýgra(ke par des traiaikv de drainage el d'un navscaid dt; tourný 

Charlotte MacAlister Ulydrological regimes following rehabilitation work at NVedholme Flow 19 
Re'gimes hrdraziliques qprýs travaux de resiauration 

Andy McMullen Monitoring hydrological conditions from microfossils in the peat 20 
Suivi des conditions hydrauliques dam les macrojossile. % 

Frank Mawby Site Visit: Wedholme Flow 22 
Visite de terrain: Wedholme How 

Barbara Young The View From The Bogs 2 

Saturday 14 October Issues 
Samedi.,. 

11-4, 
octobre Les Enjeux 

Roger Meade Final Discussion 34 
Discussionfinale 
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Peatlands in Focus: 
A gallery of images capturing the nature of the English Bogs 

6.3 
Running in parallel to the main text is a collection of pictures from the various bogs. Here the 
various themes are brought together. 

Page 4 (bottom) 
All the delegates pose for a group photograph 
on Wedholme Flow [Geoffrey Lindop] 

Page 32 (Bottom left) 
Joan Daniels discusses a point with Frank 
Mawby while the other delegates look at a 
drainage ditch. [Geoffrey Lindop] 

Delegates on the workshop 

Page 32 (Centre right) 
Frank Mawby points out items of interest on 
the site visit to Wedholme Flow 

[Geoffrey Linclop] 
Page 33 (Bottom Left) 
Delegates looking at bubbles ofmarsh gas on 
Wedholme Flow [Geoffrey Linclop] 

P2ge 33 (Centre right) 
Roger Meade discusses a point with Frank 
Mawby at one of the stops on the Wedholme 
Flow site visit [Geoffrey Lindop] 

Thorne, Crowle & Goole Moors 
Page 5 (centre) Page 6 (bottom left) Page 7 (top right) 
Thorne Moors Location Map Thorne and Crowle Moor Drainage Map Thorne Moors: Middle Moor [Peter Roworth] 

[Geoffrey Lindop] [1--. nglish Nature 'Geoffrey Lindop] 

Fenn's Whixall & Bettisfield Mosses 
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Page 10 (centre) Page 13 (lower left) Page 24 (top right) 
Location Map [Geoffrey Lindop] Berrington Pool [J Mason) General view [J L Daniels] 

page II (top centre) Page 15 (top right) Page 28 (bottom left) 
Drainage Map Lifting Bridge over the Shropshire Union General view [P Boardman] 

[English Nature / Geoffrey Lindop] Canal [J Clarke] 

Wedholme Flow 

Page 17 (centre) Page 19 (bottom left) 
Locator Map [Geoffrey Lindop) Effects ofdarnming on Wedholme Flow 

[Frank Mawbyj 

Page 20 (top centre) 
Fire recovery [Frank Mawbyj 
Page 20 (Centre left) 
General view of Wedholme Flow 

[Frank Mawby] 

Page 23 (right) 
This sequence of pictures is roughly the same 
scene in different years 
(Top) prior to 1991 
(Middle) 1991 
(Bottom) 1994 [Frank Mawby] 

Page 19 (top right) Page 22 (bottom right) 
Aerial view of Wedholme Flow Feb. 1998 Dam construction on Wedholme Flow 

[English Nature] [Frank Mawbyj 

Page 18 (top right) 
Old ditches full ofwater on Wedholme flow 

[Frank Mawby] 
Page 18 (bottom centre) 
General view of Wedholme Flow looking 

south. Cumbrian Fells in the distance. 
[Frank Mawbyj 

All other delegates and site visit staff - continued 
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Peatland Maintenance 

Page 7 (centre left) 
Scrub clearing on Thorne Moors with a 
Morooka and brush flail [Peter Roworth] 

Page 9 (top right) 
Two 4-inch pumps on Thome, Moors 

[Peter Roworth] 

Page 7 (right) 
Spagnum on Thorne Moors 

[Peter Rc 
Page 7 (bottom) 
Cotton Grass on Thorne Moors 

[Peter Rc 
Page 8 (upper left) 
Juncus effusus growing in drains on Thorne 
Moors [Peter Roworth] 

Page 8 (bottom right) 
Mature birch killed off by rising water levels 
on Thorne moors [Peter Roworth] 

Page II (middle) 
Cloudberry (Fenn's & Whixall) 

[J L Danielsj 

Page 12 (top) 
Snipe at Fenn's Whixall & Bettisfield Mosses 

[J Robinson] 

Page 9 (lower left) 
Sheet pile dam on Angle Drain 

[Peter Roworth] 

Page II (bottom centre) 
Felling and stump treating on Fenn's 
Whixall & Bettisfield Mosses [J L Daniels] 

Page 16 (bottom left) 
Preparing the weed-wiper at Fenn's 

[J L Daniels] 

Peatland Vegetation, Trees & Plants 
Page 13 (top right) Page 
Utricularia minor (Fenn's Whixall Utrici 

)worth] [J L Daniels] 
Page 

Page 14 (right) Sundc 

)worth] Bog Asphodel CJ Robinson] 

Page 14 (lower left) 
Cotton Sedge at Fenn's Moss 

[J L Daniels] 

Page 15 (bottom right) 
Eriophorum on Fenn's Moss [J L Daniels] 

Page 16 (top left) 
Tussocks of eriophorum on Fenn's Moss 

[J L Daniels] 

Peatland Birds & Reptiles 
Page 25 (top right) 
Curlew photographed on Fenn's Moss 

[J Robinson] 

Peadand Insects, Butterflies, Moths & Caterpillars 

Page 12 (lower left) 
Common Darter (Fenn's & Whixall) 

(J Clarke] 
Page 18 (centre left) 
Dragonfly on Wedholme Flow 

[Frank Mawby] 
Page 24 (bottom left) 
Large Heath on Fenn's Moss 

[R Key] 

Page 14 (top centre) 
Hand cutting Tools [W Hankers] 

Page 22 (top right) 
Conventional peat cutting 

[Frank Mawby] 

Page 27 (upper Left) 
Common blue caterpillar (Fenn's Moss) 

[J Clarke] 
Page 29 (Top Left) 
Hymenoptera on tetralix (Fenn's) 

[A Berry] 
Page 29 (centre) 
Broad bodied chaser (Fenn's) 

[J Clarke] 

Peat Cutting 
Page 22 (centre left) 
Active peat cutting on Wedholme Flow 
(1988) [Frank Mawbyj 

Page 26 
Peat stack & Profile (Fenn's Moss) 

[W Hankers] 

16 (middle right) 
ilar at Fenn's 

20 (bottom left) 
:w (South Solway) 

Page 27 (Bottom right) 
Deadwood on Fenn's Moss 

[J L Daniels] 

[Frank Mawby] 

[P Boardman] 

Page 27 (Bottom left) 
Sundew (Fenn's Moss) [J Robinson] 

Page 25 (lower left) 
Adder on Fenn's Moss 

Page 29 (bottom left) 

[W Hankers] 

Bog bush cricket (Fenn's) [RWI 

Page 29 (bottom right) 
Common blue damsel fly (Fenn's) 

[J Clarke] 

Page 27 (top right) 
Peat Cutting on Fenn's Moss [J L Daniels] 

Illustrations for specific papers 
Page 21 
Wedholme Flow Macrofossil Diagram 

[Andy McMullen] 
Page 30 (bottom right) 
Monthly Rainfall on Ferri&e Peat bog 

[Estelle Coumez] 

Page 31 (top) 
Comparison of low water period on Ferri&c 
Peat bog [Estelle Coumez] 

Page 31 (Bottom) 
Map of the drained area on Feni&re Peat bog 

[Estelle Cournez] 

(J Robinson] 

Pages 32 & 33 
Three stages of the restoration process on 
Fochtelodrveen bog 

[Nicko Straathofl 
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