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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 1s
selected and a new shallow surface and groundwater model GSHAWS 1s 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, Cumbna, 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. GSHAWS 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 considered 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 GSHAWS 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 ombrotrophic mires. A mire 1s 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 1dentified
in terms 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 1s 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 1n Chapters 3
and S 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-




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 ombrotrophic 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 GSHAWS (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



the ombrotrophic region of Trough End Bog. Testing of GSHAWS using the data collected 1n
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

considered.

Excluding Chapter 3, all Chapters of this thesis have been published separately or submitted
for publication (see ‘Declaration’). 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 journals 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
concerned 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 MRG
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



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., 1999), almost accompanied by Hydrology
and Hydrochemistry of British Wetlands
(Hughes and Heathwaite, 1995). Wheeler and
Shaw (1993) also published an ecological
‘manual’ for wetland managers, Restoration of
Damaged Peatlands, while Kevin Gilman's
Hydrology and Wetland Conservation (1994)
outined 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
‘dry’ 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



Figure 1.
balance.

Primary model of mire water
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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 Darcy's
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'.

Equation2  U/K =H, /L2

U = net recharge = lateral discharge by
seepage to lagg

K = hydraulic conductivity

Hm = 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 Darcy’s
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:

o that the hydraulic gradient is equivalent to,
and given by, the slope of the water table,
which is generally small;

o that flow is approximately horizontal;

o that equipotentials are vertical planes
normal to flow.

Equation3 Q=K A dH/dL

where Q = rate of flow [m’s™)
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 [m?] 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 Darcy’s 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



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 s

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 Iif
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

10



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 Walsum 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 (1973), 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

Malmstrdém (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™
for highly decomposed moss peat (Romanov,
1968), to 0.12 md™' 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™ (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 Ilow 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 Iloss 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 Ilimiting 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 Sphagnum 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 Ilysimeter 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 Wedhoime Flow,
Cumbria (MacAlister, 1996), the recorded
hydraulic conductwnty was so low (geometric
mean of 0.013 md™ within the acrotelm, defined
by lowest annual water table as 0-0. 5m from
surface; geometric mean of 0.008 md™ 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 s
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 sulting in the creation of an
open channel neftwork, and by the prevailing
hydraulic gradient, & illustrated in Figure 2.
O

Figure 2 shows oRe possible scenario as the
water table reacl'és the surface and water
beglns initially to q:gnd (Figure 2b - water level
is 5cm above datggn) then as ponded depth

D.

bl
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increases pools become channels and flow
occurs down the hydraulic gradient (Figure 2c -
10cm 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 Iin 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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Fig. 2a Microtopography (5¢m contours)

FIGURE 2 Schematic representation of rising surface water levels and surface water flow through a
hummock-hollow complex over three time steps (t1.3).

Fig. 2b Surface water level, t;

Fig. 2¢ Increased surface water level -
surface flow as pools link, t:

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

HYDRAULIC GRADIENT

Fig. 2d Surface water level and flow, t;3

—

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 unti
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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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: 1n 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 1n
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 10m 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 1n

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 spectes 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 1 illustrates a potential distribution of the major hydrological processes to be
monitored within an idealised wetland system. The inset to Figure 1 indicates the potential
range 1n scale of hydrological processes within a wetland. The micro-relief within a 1m

quadrat has been mapped on a 0.05m grid, revealing a range in topography of 0.28m over

1m®, 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 tSW

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 1 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 1s
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 1n turn 1n Section 3, Monitoring Methodologies.

Figure 1. Large and small-scale wetland water balance. Inset: 1m® 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 pertods of maximum potential evapotranspiration, in addition to any diurnal
fluctuations 1n 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:
® Project aims and objectives, both short and long term should be clearly 1dentified.

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

determined prior to implementation.

e The appropriate degree of accuracy and measurement scale of any instrumentation should

be agreed.

e Suitable monitoring methodologies and equipment should be identified within the

limitations of budget and habitat constraints including access and disturbance.

¢ (ollation and analysis of resultant data should be ongoing so that appropriate changes to

monitoring strategy can be made.

e 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 1s
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 1s 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, 1t should be kept in mind when considering possible water level monitoring strategies. In

particular this applies to the form 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 1n 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
change - « p_ rlil 4 Well cap
sleeved el 1o ‘;Well casing E:
“ IXxed to
| J 0 rod ' «4— Ground
el | o Surface
T . | q— Perforated
_ N Pipe I
Optional . & loind
plate .
« Fllter or
mesh -
4— Pressure
| Transducer
Wetland solil / il
organic fubstrate .
: Perforated
, [ .
Rod extends ' Fpe 8. FyL
«=into s SR <« Well extends
Alluvium/silt/drift layer into silt layer

29



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 1n 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 1n-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 1nstalled 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

31



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 1s 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
matenals. 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,
i1s 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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el .

susceptible to disturbance by waves. To prevent this the casing should not be perforated along

its full length, but only some distance below the mimimum 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

external 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 gnd 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 concemning 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 3.4: 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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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 1s
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

humification 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 1s,
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

= Ppet) that contributes to watertable rise (Ah):

Equation 2. Sy = (Ppe/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 1n 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 1s

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 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,
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 1s 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 1s considerable potential for transition to rapid near surface
and overland flow as the watertable nises. In this situation, lateral flows are likely to exert a

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

condition 1s not specific to peat mires and may occur in any wetland.

38



3.2 Precipitation

Of all inputs into a wetland system, precipitation (rain, hail, and snow) is the most readily
recorded. In the case of ombrotrophic (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 127mm in diameter and 305mm above ground in the UK, and 203mm and
305mm 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 2.5mm 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 1n

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.
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Gauge orifice

S -

T Removable
Potential 4 funnel
ground

lavel e — Removable e o) —

LS

|
<o Tipping
e I 1 bucket
Collectin
= vessel ) Data
Iogger

Gauge

Small orifice to prevent 53?5'223
further evaporative loss S CrEWS Outlet

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 normally 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 1s

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 1s 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
1s more likely to be automated, in which case, the recording gauge would be connected to the

MET station data logger 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, 1n
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
contrnibution can introduce a high degree of inaccuracy into a site water balance. Evaporation
1s 1n 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 1n 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 1s 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, 1t 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 (FAQO), 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 Thornthwaite 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 mantime 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. Mintmum and additional data parameters required by standard software for

evapotranspiration calculation.

Minimum data parameters Additional/alternative parameters

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 spectfic humidity

Dry/wet bulb temperature

Dewpoint temperature

Average wind speed Atmospheric pressure

Net radiation Incoming solar radiation
Reflected radiation

Albedo

Lysimeter reading

— 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 1s likely to
be very different to that of a surrounding agricultural or urban area. For example, detatled
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 1s 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.
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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 1s 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 1solated 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 algonthms) 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 1in 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.

48



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 1n 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-dnlled

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 1n 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 1ts 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 1t 1s 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 1s
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.
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