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Natural England commission a range of reports from external contractors to
provide evidence and advice to assist us in delivering our duties. The views in this
report are those of the authors and do not necessarily represent those of Natural
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Background
An important element of all peatland restoration
projects is a programme of monitoring to check
results and progress. Several peat project
workshops identified a demand for technical
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England commissioned this study to:

 Review the range of peatland restoration
monitoring techniques available.
 Identify those that were consistent, informative
and easily applicable for peatland restoration
projects at a range of scales and budgets.
Tables to identify appropriate monitoring
techniques for specific projects are published in
the Technical Information Note TIN097 Guidelines for monitoring peatland restoration.
Further information on these techniques is
provided in this report.

 Inform hydrological monitoring programmes for
the Dartmoor and Exmoor Mires Project.
These findings are being disseminated to:

 Encourage the use of balanced and consistent
approaches to peatland restoration monitoring.
 Develop consistency in monitoring approaches
so as to enable possible future collation of
peatland monitoring data as a single database
resource.
A single database resource of peatland
restoration would enable more robust analyses
of monitoring data to support the development
and implementation of future support and
management techniques for peatland
restoration.
This report should be cited as:

The findings of this study have been used to:

 Inform the JNCC project to design a research
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and Carbon Flux.
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1. PREFACE
1.1. Some challenges to monitoring of peatland restoration and management
‘Peatland’ is a term used to describe the physiographic, geomorphological, ecological and
biogeographical setting of peat and may include areas which no longer support peat-forming plant
communities (Moore & Bellamy, 1974; Clymo, 1983; Maltby, 1997). Ecosystems which are actively
peat-forming are called mires (Moore, 1975; Gore, 1983).
The environment in which peat formation and subsequent development has taken place has
experienced both natural fluctuations and human-induced impacts. It is unclear whether current
environmental change (e.g. climate, land use, nitrogen deposition) can continue to support peatformation or even peat stabilization. Change is a feature of the natural environment and a significant
part of the peat resource in the UK, especially in the uplands, is undoubtedly the outcome of
previous as well as more recent human intervention in the landscape.
Fundamental challenges to monitoring arise because (a) we do not necessarily know with certainty
the conditions necessary for the development and maintenance of a particular desired state of a
peatland, and (b) environmental change may restrict the restoration options, meaning that
monitoring may be focused on unattainable objectives.
Any monitoring strategy needs to be mindful that
(1)

Different ecosystems can exist in more or less stable forms on the same land surface.

(2)

There is considerable variation in the genesis, pattern and stage of development and
functioning of peat systems.

(3)

Final goals may be attained only after a long (and possibly unplannable) period of
intervention.

Mires are arguably amongst the most sensitive ecosystems on the planet due to their limited
capacity for self-repair (Maltby, 1997). Human intervention may redirect the course of ecosystem
development along different pathways with divergent end-points. If effective monitoring strategies
are developed to determine restoration success, it is important that the techniques also inform us
about critical tolerance levels or thresholds for physical pressures, hydrological change, temperature,
pH and pollution, among others, and the effect these have on ecosystem functioning rather than just
structure and appearance. Monitoring can inform us if restoration is successful, but it should also
help us evaluate why it has been successful. This is a high priority for the science agenda. It is
underlined in the current policy shift towards better recognition of the importance of natural
systems such as peatland in the maintenance and enhancement of ecosystem services essential to
human well being.
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EXCUTIVE SUMMARY


Peatlands account for approximately one-third of the world’s soil carbon and contribute to
the carbon (C) storage capacity of the UK. In many areas, peatland has been affected by
grazing, burning and drainage. These forms of management have led to severe degradation,
erosion, flooding, poor water quality and loss of ecological biodiversity. There is therefore a
great deal of interest in restoring peatland ecosystems to a less degraded state. However,
restoration has been based more on management and public values rather than scientific
foundations. Monitoring of restoration is required to provide information that can be used to
assess progress and guide adaptation of methods and goals to ensure long-term success.



This document aims to review common techniques for monitoring the success of restoration
of both upland and lowland peatlands that can be built on in the future. This report provides
the detailed evidence base for the guidelines presented in the accompanying report.



Restoration can either aim to restore the natural composition, structure and processes, and
dynamics of the original ecosystem, or restore ecosystems to a sufficiently productive state
to provide ecosystem goods and services to humans. The ultimate goal of restoration is to
restore the ecological quality and functioning (self-sustaining ability) of the habitats within
landscapes with full integration of nature conservation and other legitimate land use
objectives as well as meeting wider social and economic objectives. Restoration trajectories,
however, rarely approximate to natural trajectories that existed prior to degradation.
Ecosystems may not always undergo ordered and predictable, gradual development but
rather undergo rapid transitions between different stable states. Restoration can be viewed
as an attempt to force transitions towards a desired state, and therefore requires an
understanding of the variables that need to be manipulated to achieve these transitions.



Monitoring is a necessary step in the restoration process to assess how successful restoration
and management activities have been in achieving objectives, goals or targets, both on
individual sites and across site series as a whole. This permits adaptive management to
address specific issues or objectives that have not been met within a specific time frame to
achieve those future goals at a later stage. Monitoring techniques used must be closely
related to the restoration goals and objectives. A monitoring protocol may consist of a
framework that goes beyond specifying only the monitoring techniques and targets, and
includes objectives, goals, criteria, protocols, cost/benefit analysis, monitoring and
evaluation of success.



Setting of specific reference conditions as goals maybe unrealistic if the reference system
itself were the product of specific past environmental and management events. The
evaluation of long-term permanent plots provides not only more insight on their specific
dynamics, but unexpected peculiarities may also lead to questioning of ecological theories or
formulation of new ecological concepts.



For each ecosystem attribute, there needs to be a clear set of defined objectives and goals
for particular time periods. Some suggested measures include similarity indices between the
restored system and some reference system, the use of indicator species such as Sphagnum,
and some estimate of system response in relation to resilience measures. Indicator species
or functional indicators can be used to assess the condition of a peatland. Suitable indicators
would typically include species characteristic of a range of different micro-habitats, and, if
possible, conspicuous species that could be recorded by a non-specialist.
1



The monitoring objective is a target level of a particular monitoring parameter that indicates
that the objective of restoration has been met. There are three phases of monitoring. The
initial phase monitors the site prior to restoration, providing a baseline or control to assess
restoration success (pre-restoration monitoring); the second phase monitors the success
over a period after restoration (post-restoration) on the environmental conditions of the site;
and the third is required to establish the effectiveness of longer-term site management
and/or sustainability of restoration in terms of the biogeochemical functioning of the site.



In order to evaluate the functional status of restored ecosystems, it is imperative to establish
reliable criteria that will help to assess the success or failure of a given restoration project,
and to set realistic and appropriate goals beforehand. These criteria are based on an
understanding of the reference peatland condition that is the goal of restoration and draws
on the existing understanding of how a peatland system is likely to respond in a broad way to
the main restoration techniques applied. Targets should focus on short term achievements
along with longer term goals.



Two strategies exist for conducting an evaluation of restoration success: direct comparison
and trajectory analysis. In direct comparison, selected parameters are measured in the
reference and restoration sites. A restored peatland at a project site should be compared to
an average of a number of reference sites within the same climatic zone rather than a single
reference site. Trajectory analysis examines trends in the data sets that lead towards the
reference condition and confirm that the restoration is following its intended trajectory.



Once monitoring has been completed and an assessment made of the condition of the
attributes, a feedback loop to site management or restoration is necessary in order to review
the original objectives of restoration and monitoring. An unexpected response does not
represent a failure for the restoration plan if it can be used to improve our understanding of
a complex system so that corrective actions can be made. Adjustments in the models and
measures based on information coming from the monitoring and assessment, and from
supporting research and simulation modeling, is the best route to increased levels of
certainty as future iterations of the restoration plan are implemented.



Although objectives of peatland restoration are defined mainly in terms of hydrology, water
chemistry and vegetation in the short term, much monitoring has focused on vegetation.
Nonetheless, collecting data on hydrology, greenhouse gas fluxes, and peat and water
chemistry can be very useful for the interpretation of vegetation data as well as informing
about important processes and functions necessary for peatland restoration. Environmental
parameters can show a response to restoration measures more rapidly than might be
detected in a plant community, so an indication that the correct conditions to support the
target habitat are being met may be achieved sooner by monitoring selected environmental
parameters alongside vegetation. Recovery of the population of a target species may be the
key objective of restoration management or it may provide valuable indication of complex
environmental conditions, ecosystem functioning and/or habitat status.



For peat integrity, quick and inexpensive assessment by erosion pins and the measurement
of peat depth are recommended. However, where more detail and precision are required,
POC flux and LIDAR may be more appropriate. LIDAR in particular appears promising for
large-scale monitoring and mapping of surface pattern as an indicator of hydrological and
ecological status in lowland raised bogs and therefore potentially in upland peatland
ecosystems. Aerial photography is widely available and can also be a useful monitoring tool
for large and inaccessible areas such as blanket bog. Bulk density can be determined
2

accurately if compression of the peat mass is avoided by collecting large peat monoliths or
using a Wardenaar corer with a serrated cutting edge and large cutting diameter.
Humification can be measured simply and rapidly in the field using the von Post squeeze test,
although this method may suffer from personal bias, water content and is not useful for
statistical analysis. Therefore, it may be most appropriate for longer-term monitoring. Other
techniques such as percent transmission and luminescence can be used as a proxy for peat
humification which are more detailed and precise but require costly laboratory equipment
and time.


The choice of vegetation monitoring method depends on the available resources and the
scale of the site. Small permanent plots are recommended with significant replication for
assessing vegetation change over time. Within large permanent plots, random sampling can
be used to overcome biases. However, a large number of replicates may be required in
raised bog surfaces that have a high level of small scale variability. Therefore, stratified
random sampling can be used when there are obvious differences in habitat, to compare a
reference and restored site, or where environmental characteristics are expected. However,
this technique is limited in the statistical techniques that can be applied. The point quadrat
method is time consuming but gives precise data for a limited number of species, while
frame quadrats are quick but allow for recording only large changes in cover. Braun blanquet
and Domin are not amenable to statistical analysis. Frequency is very quick although biased
against clumped species (i.e. Sphagnum). Transects are used when there is an environmental
gradient. The nested quadrat may be the most appropriate technique where there is a wide
range of vegetation types. The size of quadrat will depend on the vegetation types i.e.
shrubs, bryophytes. Phase 1 habitat survey categories are too broad to be of use for peatland
restoration monitoring. The NVC methodlogy may be more suitable for sampling and
describing vegetation. Also, Higher Level Stewardship vegetation type covers restoration of
habitat types with a set of criteria, although they are unlikely to be suitable for analysis of
restoration success.



Fixed point photography is recommended for rapid, repeatable and inexpensive recordings
of plant communities, species composition and habitat distribution. Whilst they do not
provide primary data for statistical analysis, there are techniques available for assessing
vegetation changes over time. Remote sensing techniques using low altitude, high resolution,
colour and colour infrared photographs provided an accurate and efficient means of
sampling vegetation cover, but individual species may not be identified, precluding estimates
of species density and distribution. Aerial photography is suggested to be an effective tool
for vegetation monitoring of simple habitat types dominated by a single species or when
species identities are not important and vegetation structure is the main parameter to be
recorded. However, the inability of aerial photography to identify individual species suggests
it is limited in its usefulness for monitoring restoration success. LIDAR may be used to map
past drainage of bog or the presence of colourful Sphagnum species in active raised bog. A
combination of aerial photography and ground-based methods may be the most effective
means of monitoring the success of large wetland restoration projects.



Birds are often used as biological indicators of environmental quality as bird populations can
change rapidly as a consequence of conservation management. The CBC and BBS methods
are recommended as they are established techniques with available literature and data for
detailed analysis and evaluation. Counting leks may be suitable for specific sites such as
blanket bogs with grouse management. Mist netting is more expensive, time consuming,
requires expertise and a license. However, more detailed information on productivity and
survival can be obtained. Point counts are efficient and particularly good in scrub habitats,
3

and open bog, although they are not good for less detectable species. Tramsect counts are
useful in large open areas and linear habitats such as bogs.


The choice of invertebrate techniques to use will depend on the peatland type: upland or
lowland, due to differences in habitat, and therefore depends on knowledge of autecology.
The choice to monitor invertebrates will depend on the status of the restoration site (i.e.
SSSI) and also on whether invertebrate indicators are deemed important for indicating
restoration success. Spiders may be a particularly good indicators of total invertebrate
mesofauna and therefore useful for determining habitat changes in peatland restoration.
Enchytraeids and nematodes may be useful indicators for functionally important changes in
the C cycle. Grouping of species by habitat preference may be a useful technique for
assessing habitat disturbance and hence peatland restoration. A sampling period over at
least one or two years is needed to accommodate the different phenologies, and a variety of
collecting methods are needed to sample the various faunistic elements. Pitfall traps are the
main techniques used in the study of the terrestrial arthropod fauna in peatlands, and special
techniques are required for sampling the aquatic habitats encountered in bogs. Even if such
detailed sampling is possible, sorting of such sampling is time consuming, expensive and
requires specialized knowledge. Further, cooperation of numerous taxonomic experts is
essential for accurate species identification in most groups.



Microbiological techniques may be particularly useful for evaluating restoration success in
peatlands. However, these techniques are time consuming and expensive to perform
routinely due to equipment and staff training. However, this may only be possible via
collaboration with academic research groups. Techniques such as extracellular enzymes may
be of more ecological relevance than bacterial counts/microbial biomass alone, although
trajectory analysis of microbial biomass has proven useful in some studies. Assessments
based on PLFA, CLLP and/or DNA analysis combined with enzyme substrate utilisation
profiles would ideally provide substantial scientific benefits.



Given the role of hydrology in determining the functioning of peatland ecosystems,
monitoring hydrological parameters is likely to be important to gauge the effectiveness of
restoration techniques where they significantly affect hydrological processes, either directly
or indirectly. Monitoring water levels using dipwells is a straightforward way of establishing
how the overall water budget of a site is changing over time and determining the net effect
of changes to hydrology. They can be implemented with varying degrees of technological
sophistication and at their simplest can be installed very cheaply. Monitoring other
components of the hydrology of a site can be more complex and costly but, without
monitoring a range of processes to identify causal links between changes in hydrological
parameters, it may not be possible to fully assess the effectiveness of restoration techniques.
For example, increases in water levels may be due to gully blocking or increased rainfall, or a
combination; reduced water levels may be due to increased evapotranspiration as a result of
changes to vegetation cover.



Peat and water chemistry measurements are straight forward and relatively cheap for the
amount of information that they provide. Nutrient concentrations, pH and redox potential
should be included on every monitoring protocol and monitored at least seasonally every
year at different peat depths to provide important information that relates to both plant and
microbial functional development on the site. Advantages of these methods are that they are
precise and repeatable, provide information necessary to identifying cause of community
changes, and give an indication of when things are going to change prior to the change
happening permitting remedial action. Disadvantages are that the techniques can be
4

expensive, difficult to analyse, long-term monitoring requires expensive equipment and
specialist knowledge may be required. Subsequent analysis of nutrient ratios may be used as
important indicators of rutrient deficiencies that may aid adaptive management decisions.


Determining parameters associated with the C cycle in peatlands is useful not only for
understanding the C budget , but relating C to other parameters may offer deeper insight
into the progress of peatland restoration success. Dating methods used for assessing the C
budget of peatlands only capable of measuring past peat accumulation and may not reflect
ongoing accumulation. NPP of Sphagnum species can be determined accurately using the
cranked wire method. Determination of SOM may be useful for long-term studies but will
probably not provide useful information in the short-term. Loss on ignition is relatively
straight forward and inexpensive. However, CN analysis which is more expensive and time
consuming may be more accurate as well as providing a C/N ratio. Both methods require
accurate estimation of the bulk density to provide good estimates of the carbon budget. POC
and DOC are major fractions of the C budget in peatlands and should be monitored at least
seasonally when possible. The methods are straight-forward, and relatively inexpensive but
can be time consuming. These determinations are particularly important for catchment
blanket bog with grip management. Restoration of the water table by blockage of drainage
ditches has a positive impact on C sequestration in peatlands, and DOC may be a good
indicator of that impact and the success of restoration over a sufficiently long time period.



Determination of greenhouse gas fluxes particularly CO2 and CH4 is critical to assessing the C
budget of peatlands. The sink or source strength of these gases will also indicate the state of
restoration of a peatland. Enclosure techniques are recommended for the majority of
restoration projects at small scales and short time periods due to their accuracy, ease of use
and lower cost relative to micrometeorological techniques. However, gas chromatographic
analysis of gas samples can be expensive and so analysers such as IRGAs with flow-through
enclosures are recommened as alternatives as they can be purchased commercially with
loggers for CO2 measurements. Also, a very high number of measured points are needed to
sufficiently describe an ecosystem level. However, for large expansive areas of open
homogenous peatland restoration sites such as upland blanket bog where considerable
academic interest is present may provide support for techniques such as eddy covariance
where specialist knowledge is required. Micrometeorological methods provide
nondestructive, integrated measurements of gas fluxes over large areas, but may
underestimate CO2 flux as well as not analying CH4 or N2O flux. Tower-based and airborne
eddy flux correlation methods require expensive fast-response sensors and logistical support.
Proxies are indirect measures of GHG fluxes that are less expensive and time consuming.
Vegetation reflects long term water level, is controlled by the same factors as GHG emission,
is partly responsible for GHG emission and allows fin scale mapping. However, it cannot be
used to provide an estimate of GHG with a view to trading on the carbon market, it may take
along time to reflect change, and the method must be calibrated with different climatic
conditions.
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2. INTRODUCTION
Peatland ecosystems have been estimated to contain 329-528 billion tonnes (Gt) of carbon (Immirzi
& Maltby et al., 1992). Globally, they occupy only 3 % of total land area (Immirzi & Maltby et al.,
1992) but account for approximately one-third of the worlds soil carbon (C) stock (Gorham, 1991).
The high watertable in pristine peatlands leads to a situation where primary production exceeds the
rate of organic matter decomposition; therefore they accumulate peat and act as a store of carbon
(Kivimäki et al., 2008). However, the hydrology, soils and ecology of peatlands are very sensitive to
small changes in the local environment. Moorlands are typical upland peatland or blanket bog in the
United Kingdom and thus contribute to the C storage capacity of the UK. Moorland covers around 38
% of Scotland, 5.5 % of England and Wales and 8 % of Northern Ireland (Holden et al., 2007). In many
areas these moorlands have been affected by grazing, burning and drainage practice. These forms of
management have led to severe degradation with erosion, flooding, poor water quality and loss of
ecological biodiversity. In the UK, prior to disturbance, peatlands may have held 2.1 Gt of C in 1.64
million hectares (Mha) of peatland (Maltby et al. 1992). In Ireland, an additional 1.18 Mha may have
held 1.5 Gt of C. Bellamy et al. (2005) showed that peat and organic soils have lost carbon an order of
magnitude faster than brown soils and man-made soils, and bogs and upland grass lost carbon an
order of magnitude faster than lowland heath. In England and Wales, the net loss of heather moors
was estimated at 20% between 1947 and 1980 (Anon, 1986). By 1995, moorland was in poor or
suppressed condition with 24% and 38% in England and Wales, respectively, at that time showing
signs of over-grazing and management neglect (Bardgett et al. 1995). However, since then there have
been a number of major changes to policy including AE schemes, Cross compliance, and CAP reform.
There continues to remain a great deal of interest in restoring peatland ecosystems to a pristine
state, particularly in light of the potential bi-directional feedback relationship between peatlands and
climate (i.e. temperature ↔ greenhouse gas flux).
Tackling the problem of ecosystem restoration in general has led to the development of general
guiding principles for restoration (Hobbs & Norton, 1996). A continuum of restoration efforts can be
recognised, ranging from restoration of localised highly degraded sites to restoration of entire
landscapes for production and/or conservation reasons. Hobbs & Norton (1996) emphasised the
importance of developing restoration methodologies that are applicable at the landscape scale.
Restoration of ecosystems in most cases is rehabilitation to some acceptable state, a state based
more on management and public values than scientific foundations (Loomis & Patten, 2005).
Management decisions based on ‘desired’ conditions within the context of historic range of
variability may be the ultimate set of guidelines determining the magnitude of restoration activities.
As restoration continues, Loomis & Patten (2005) suggest that information and learning be used to
assess progress and guide adaptation of methods and goals to ensure better long-term success.
Key processes in restoration include identifying and dealing with the processes leading to
degradation, determining realistic goals and measures of success, developing methods for
implementing goals and incorporating them into land-management and planning strategies, and
monitoring the restoration and assessing its success (Hobbs & Norton, 1996). The concept that many
ecosystems are likely to exist in alternative stable states, depending on their history, is relevant to
the setting of restoration goals (Hobbs & Norton, 2006). Loomis & Patten (2005) stated that
monitoring in river and lake restoration is one of the most needed components of adaptive
management, but also one of the most overlooked processes in restoration science. Holl & Cairns
(2002) argued that monitoring is essential to assess the success of restoration. In order to determine
the success of peatland restoration, ideally monitoring is needed prior to restoration in order to
provide a pre-restoration baseline or, if this has not been possible, by comparing monitoring results
to a carefully defined control or reference site. Monitoring may be required long after restoration
techniques are applied to evaluate responses of the peatland habitat that might not be detectable
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until some years or decades later. Not only is monitoring critical to determining the state of
restoration within a specific site and informing future strategies for restoration, but the types of data
collected could be extremely useful for evaluating the success of restoration techniques more widely
and informing an on-going database that could provide restoration managers and researchers with a
tool for evaluating peatland restoration. This could substantially reduce the costs inherent to longterm restoration programmes as well as increase our knowledge of restoration ecology on a local,
regional and/or national scale. It is monitoring that allows us to learn at every stage of restoration
and adjust scientific actions, policy and values when appropriate (Loomis & Patten, 2005).

2.1. Aims of technical report and guidance document
Moors for the Future produced a compendium of UK Peatland restoration and management projects
as part of research commissioned by the Peat Project (Walker et al. 2008). To support the assembly
of this compendium a conference was held attended by peatland restoration and management
practitioners. The conclusions of both the conference and the project report indicated that there
were key issues relating to monitoring of peatland restoration which need resolution. Specifically:


Existing monitoring data was being collected using a wide variety of techniques and
approaches, and this may result in difficulties in collating or comparing the results to draw
wider conclusions.



Existing monitoring has concentrated on biodiversity and simple hydrology, with other
aspects of peatland restoration being under represented during monitoring.



Monitoring data collected in individual projects had not been collated or analysed
collectively.



There is a paucity of pre-restoration monitoring, owing to pressure to commence restoration
works within a short timescale.



No current guidance is available on the most appropriate techniques for monitoring the
success of different aspects of peatland restoration.

Given the rising interest of the potential impact of peatland restoration on greenhouse gas
emissions, as well as the delivery of a wide range of ecosystem services, and the range of different
monitoring techniques possible, there was a need for guidance that would allow peatland restoration
projects of all scales to collect repeatable, useful and comparable monitoring information on the
success of their projects. Also, there was a need to collate current monitoring data in a format which
facilitates comparison of monitoring data between projects, to allow this data to be used to develop
good practice and inform the approaches of other projects.
This document aims to review common techniques for monitoring the success of restoration of both
upland and lowland peatlands that can be built on in the future. This report provides the detailed
evidence base for the guidelines presented in the accompanying report. The guidelines document is
intended to be as simple and clear as possible to allow a monitoring protocol to be developed by
stakeholders with different levels of experience of setting up monitoring strategies. This report
focuses on monitoring techniques rather than restoration techniques and therefore an
understanding of current restoration techniques being utilised in UK peatlands is expected.
This document has drawn on, and recommends, the information and protocols in the Common
Standard Monitoring Guidance for upland (JNCC, 2008) and lowland wetland (JNCC, 2004b) habitats
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as well as Schumann & Joosten (2008), Bardsley et al. (2001), Tomàs Vives (1996), NAVFAC (2004),
SER (2004), Quinty & Rochefort (2003), Clarkson et al. (2004), Stoneman & Brooks (1997), Perrow &
Davy (2002) and Wheeler & Shaw (1995) that each detail aspects of restoration monitoring for
wetland ecosystems. In particular, Holl & Cairns (2002) provide monitoring and appraisal of
ecosystem restoration. Details on specific monitoring techniques were drawn from Robertson et al.
(1998a), Holland et al. (1998), Sala et al. (2000), Davidsson et al. (2000), Grossman et al. (1994),
Maskell et al. (2008) and Sutherland (1996).

2.2. Peatland restoration objectives
Restoration is the process of bringing something back that has been lost (Schumann & Joosten,
2008). Ecological restoration assists the recovery of a degraded, damaged or destroyed ecosystem to
recreate a naturally functioning self-sustaining system (Wheeler & Shaw, 1995). Restoration can
either aim to restore the natural composition, structure and processes, and dynamics of the original
ecosystem, or restore ecosystems to a sufficiently productive state to provide ecosystem goods and
services to humans (Chapin III et al, 2002, p.360). Restoration has therefore several objectives. It is a
key nature conservation objective for degraded habitats. Policy targets are set by the European
Habitats and Species Directive (92/43/EEC, 1988) and European Birds Directive (79/409/EEC, 1979),
UK Biodiversity Action Plan (BAP) targets and the SSSI PSA target. Restoration can also serve land
management interests by enhancing the carrying capacity for agriculture, game management and
forestry, the potential for carbon storage and sequestration, regulation of water quality and
provision, management of natural hazards such as flood and wildfire risk as well as enhancement of
landscape aesthetics and potential for recreation and tourism (after Anderson et al, 2009). The
ultimate goal of restoration is to restore the ecological quality and functioning of the habitats within
landscapes with full integration of nature conservation and other legitimate land use objectives as
well as social and economic objectives (NE/MFF, in prep). This should increase resilience in the
ecosystem to absorb impacts through further external and internal drivers (e.g. pollution, climatic
variation, fragmentation, invasive species, and disturbance).
Restoration aims to return the degraded system to some form of cover that is protective, productive,
aesthetically pleasing, and/or valuable in a nature conservation sense. It must also consider the
integrity of the substrate itself, which is integral to the ecosystem, and may be the source of interest
(e.g. carbon, archaeology). A prerequisite for achieving this is returning the peat substrate to a
functioning condition. A further aim is to develop a system that is sustainable in the long term with
regard to its requirements for ongoing management.
Within the survey of 56 peatland management and restoration projects within the recent UK Peat
Compendium (Walker et al, 2008) most projects focussed on restoring ecological and hydrological
function, or whole ecosystem function. In terms of project justification, biodiversity came across
overwhelmingly strongly and was used as a justification for all projects. This is likely due to the SSSI
PSA target as strong policy and funding driver to get 95% of SSSIs into favourable condition by 2010.
Hydrological function and carbon storage were stated as the second and third most important
justification factor respectively. Given the new cross government Natural Environment PSA28 target
“to secure a diverse, healthy and resilient natural environment, which provides the basis for
everyone’s well-being, health and prosperity now and in the future; and where the value of the
services provided by the natural environment are reflected in decision-making”. This sets out the
government vision to embrace an ecosystem approach, and therefore future restoration targets are
likely to include a broader spectrum of targets for multiple benefits next to biodiversity conservation.
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2.3. Why monitor peatland restoration success?
Wheeler & Shaw (1995) state several reasons why it is important to record and monitor progress in
peat restoration:


All schemes must be regarded as essentially experimental, and therefore recording is
important in increasing the knowledge of techniques;



Provision of ‘baseline’ data so that progress can be assessed and changes to the
programme made where necessary;



Provision of ‘hard’ data so that current and future managers know the starting
conditions, exactly what has been done and can continue to assess the degree of
success, in order to formulate appropriate further management strategies;



Provision of information that can be used to assess the applicability and potential of
similar schemes at other sites.

Monitoring is a necessary step in the restoration process to assess how successful restoration and
management activities have been in achieving objectives, goals or targets, both on individual sites
and across site series as a whole. This permits active management to address specific issues or
objectives that have not been met within a specific time frame to achieve those future goals at a
later stage.
Monitoring can provide the information necessary to undertake these assessments
of goals and targets. However, objectives, goals and targets are not necessarily attributable to
restoration success and an understanding of the ecology of restoration is required to assess the
degree of success. For example, restoration of the water table level may not always lead to the
reestablishment of target species along a desired gradient of succession and therefore monitoring of
vegetation patterns and associated ecosystem processes may identify positive or negative trends and
potential issues of restoration.
As another example, if the objective of restoration is to reduce the production of greenhouse gases,
restoration of the water table and reestablishment of vegetative cover may be used as a proxy to
indicate a reduction in greenhouse gas flux (see Couwenberg et al. 2008). Whilst it can predict a
reduction in greenhouse gases due to variation in proxies, it cannot accurately and precisely
determine greenhouse gas fluxes for carbon trading or national emission inventories. Thus the
monitoring techniques used must be closely related to the restoration goals and objectives. On a
separate note, determination of actual greenhouse gas fluxes at a national scale for all peatland
restoration projects would provide significant data for validation of proxy based methods as well as
accurate data for carbon trading and national greenhouse gas inventories. Thus we would
recommend that primary monitoring techniques are considered over proxies or indicators where
expenditure is not an issue.
Monitoring is necessary to:
1. Determine that the objectives of restoration have been achieved;
2. Assess management impacts in the wider context and contribute information to
other projects and the scientific community;
3. Generate results which can be used to communicate the success of the project to
public and partners.
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2.3.1. Alternative stable states and thresholds
Restoration aims to return a degraded system to a desired state by accelerating biotic change or
reinstating successional processes (Luken, 1990; Edwards et al. 1993). The restoration process directs
the development of the system along a desired trajectory (Fig. 1; see also Dobson et al. 1997).
Aronson et al. (1993) defined restoration as “endeavors that seek to halt degradation and to redirect
a disturbed ecosystem in a trajectory resembling that presumed to have prevailed prior to the onset
of disturbance.” However, restoration trajectories rarely approximate to natural trajectories that
existed prior to degradation (Zedler & Callaway, 2002). A remedial trajectory is usually followed and
once the habitat has recovered, a management trajectory is established. Ecosystems may not always
undergo ordered and predictable, gradual development but rather undergo rapid transitions
between different stable states (Klötzli & Grootjans, 2001; Drake, 1990; Hobbs, 1994). Such stable
states are the result of positive feedback mechanisms that stabilize a certain development stage
(Holling, 1973; Scheffer, 1998). A positive feedback switch occurs when a certain vegetation state
modifies its environment in such a way that it becomes more favourable for itself and can persist for
a long time (Klötzli & Grootjans, 2001).

Figure 1 Traditional view of restoration options for a degraded system, illustrating the idea that the
system can travel along a number of different trajectories and that the goal of restoration is to
hasten the trajectory towards some desired state. In this view, the past history of the system is not
considered, yet the route by which the system reaches the present point can have a large impact on
the potential for restoration (Hobbs & Mooney, 1993; Hobbs & Norton, 1996).

In past restoration projects, very persistent semi-stable states were considered as obstacles, because
the goal of restoration was a full regeneration of a former reference state (Wheeler & Shaw, 1995).
Such transitions indicate non-linear and threshold responses to management and environmental
factors, with the occurrence of particular states depending on particular combinations of driving
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factors (Hobbs & Norton, 1996). Indeed, transitions leading to increased degradation may be easier
to force than transitions desired to restore systems, due to the presence of pronounced system
thresholds (Aronson et al. 1993). Once a system crosses a threshold, it may require significant
management inputs to restore it to its original condition (Hobbs & Norton, 1996). Restoration can be
viewed as an attempt to force transitions towards a desired state, and therefore requires an
understanding of the variables that need to be manipulated to achieve these transitions. Luh & Pimm
(1993) pointed out the possibility that restoration may produce a persistent community that may not
be the desired community. Thus, consideration of the potential for alternative stable states is
important when setting restoration goals and objectives. A bog restoration project in the
Schierhorner Moor in northern Germany is a good example of the occurrence of such long-lasting
intermediate stages (Klötzli & Grootjans, 2001). After raising the water table in an old pasture with
Alopecurus geniculatus (marsh foxtail) in 1985, Juncus effusus (soft rush) became the dominant
species and Carex rostrata (bottle sedge), C. canescens (gray sedge) and Agrostis stolonifera
(creeping bent) were very abundant. Sphagnum species and Polytrichum commune reached the
restoration area within three years and spread over approximately 1 ha, even beginning to form
hummocks. Then the succession toward bog vegetation stopped. A stable state with small sedges
and Sphagnum mats under the shade of tall J. effusus persisted for many decades. Klötzli &
Grootjans, (2001) suggested that J. effusus has a similar strategy to dominate the vegetation as
tussock species, such as Molinia caerulea (purple moor-grass) and Eriophorum vaginatum (hare’s tail
cotton grass) that can coexist with Sphagnum swards for long periods of time. Kooijman and Kanne
(1993) reported on the occurrence of semi-stable states in a fen restoration project. They showed
that Sphagnum fallax and P. commune rapidly expanded in pioneer stages of eutrophic
terrestrializing fens and formed a vegetation stage, which was stable for at least 10 years. However,
such stable states may function as a necessary stage towards a final target stage.
Environmental thresholds are the tolerance points at which the conditions necessary to maintain a
prevailing ecosystem state are exceeded. This may lead to a shift between alternate equilibrium
states. It is important to realise, however, that these alternative states may be equally ‘stable’ but
represent the preference of different stakeholder groups at least in part because of different
functional characteristics.

2.4. Evaluating restoration success
2.4.1. Reference states
Restoration efforts seek to restore damaged systems to a defined indigenous ecosystem that
resembles the original in a number of aspects. This strict definition of restoration is handicapped by
ambiguous goals and criteria for success (Aronson et al. 1993). Because we seldom understand the
composition, structure, function, or dynamics of historic ecosystems, it is difficult to measure success
against such models (Hobbs & Norton, 1996).
The idea of “natural” communities and ecosystems is commonly stated but it is not always clear what
this means in the context of peatlands that have been created and developed due to anthropogenic
impacts on the environment. For example, many upland peatlands are probably the result of
deforestation by man at the end of the last glaciations approximately 10,000 years ago as well as
climate change (Charman, 2002). Also, the continual management of upland moorland for grouse
shooting has supported the persistence of heather communities. The true natural state of these
areas without intervention by man may be different to the intended goal of restoration. Even more
important, climatic and environmental change make it potentially impossible to restore these
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systems to a pre-defined target (see, for example, the apparent cycling between Calluna vulgaris and
Molinia caerulea on some upland blanket peatlands based on paleoecological data, Chambers et al.,
1999). Thus the setting of specific reference conditions as goals maybe unrealistic if the reference
system itself were the product of specific past environmental and management events (Hobbs &
Norton, 1996). Many restoration projects are focused on unattainable goals relating to restoring
some historic natural condition, an approach that is unrealistic, unachievable and static. There is a
requirement for goals that are dynamic and that take into account the changing nature of the
environment (Hobbs & Norton, 1996). As stated above, the goal may be to enhance ecosystem
functioning for different ecosystem services, which may not require a return to ‘original’ conditions
in the full. The evaluation of long-term permanent plots provides not only more insight on their
specific dynamics (Herben, 1996), but unexpected peculiarities may also lead to questioning of
ecological theories or formulation of new ecological concepts. For example, Klötzli & Grootjans
(2001) as described in Section 2.3.1.
For each ecosystem attribute, there needs to be a clear set of defined objectives and goals for
particular time periods. For instance, which attribute do you consider to be the most important –
structure, function or composition? How do we measure or monitor the redevelopment of the
attributes for comparison with reference ecosystems? Some suggested measures include similarity
indices between the restored system and some reference system, the use of indicator species such as
Sphagnum, and some estimate of system response in relation to resilience measures (Kondolf, 1995;
Cairns, 1989; Berger, 1991; Westman, 1991). Costanza et al. (1992) proposed using a range of
structural, compositional and functional measures for estimating ecosystem health. Ecosystem state
could be assessed in a similar way relative to the natural variability of a number of different
parameters, as has been used for the measurement of ecosystem health in some North American
forests (Fig. 2 ; Caraher & Knapp, 1995).For example, a variety of hydrological parameters could be
assessed relative to known variation in these parameters within reference sites. Alternatively, where
the functions of the peatland are deemed important a number of different parameters could be
specified such as water level, Sphagnum cover, pH, and nutrient status. While these approaches aim
to assess the success of ecosystem management, they could equally well be applied to restoration,
where the aim is to return the target parameters to a predetermined range (Hobbs & Newton, 1996).
For more information on selecting reference sites see Holl & Cairns (2002).

Figure 2 A restoration “scorecard” in which the current condition of a number of key parameters of
the restored ecosystem is assessed relative to the estimated range of natural variability (from
Caraher & Knapp, 1995; Hobbs & Newton, 1996).
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2.4.2. Species as indicators of success
Habitats are often described in terms of the species or communities of species found there.
Therefore, changes in peatlands can be assessed by monitoring the species status that inhabits them.
Species that can be used to monitor the status of a peatland are (Bardsley et al. 2001):


Definitive species – These are species used to define habitat.



Integral or “keystone” species – These are species that contribute to the form and physical
nature of the habitat, for example, Sphagnum mosses build the structure and form the peat
associated with bog habitats.



Dominant species – These are species which dominate communities and may be used to
define habitats.



Characteristic species – These are species consistently found within a habitat.



Indicator species – These are species that react to particular aspects of the habitat quality,
for example, certain aquatic invertebrates are very sensitive to water pollution and are
therefore indicators of water quality . Blooms of algae can be caused by nutrient enrichment
and can therefore be used as an indicator of nutrient status.

Indicator species or functional indicators can be used to assess the condition of a peatland. Suitable
indicators would typically include species characteristic of a range of different micro-habitats, and, if
possible, conspicuous species that could be recorded by a non-specialist. Examples include
Sphagnum which indicate reestablishment of the water table depth or the hydrological regime (see
Wheeler & Shaw, 1995; O’Reilly, 2008), and invertebrates that can indicate water quality or
conservation value (e.g. Scott et al., 2006).
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3. FRAMEWORK FOR DESIGNING A MONITORING PROTOCOL
Monitoring may be defined as the collection and analysis of environmental data (biological, chemical,
and/or physical) over a sufficient period of time and frequency to determine the status and/or trend
in one or more environmental parameters toward meeting a management objective (Elizinga et al.
1998).
The JNCC (2004a) define monitoring as:
An intermittent (regular or irregular) series of observations in time, carried out to
show the extent of compliance with a formulated standard or degree of deviation
from an expected norm.
In line with this definition, a description is required of the desired state of the restored peatland in
terms of objectives, goals or targets, and monitoring is undertaken to determine whether those goals
have been achieved within a specific time frame.
Monitoring is distinct from surveillance, which is a repeated survey using a standard methodology
over an extended period of time but without a specific objective in mind. This type of monitoring (or
surveillance) is used by the acid waters monitoring network and is also used in long-term monitoring
programmes such as the Environmental Change Network at Moorhouse NNR. They are generally
designed to determine whether significant change has occurred and help to indicate the underlying
cause. Whilst those data provided are useful to determine relationships between variables, they do
not establish whether objectives have been met based on specific pre-determined criteria. A
monitoring protocol may consist of a framework that goes beyond specifying only the monitoring
techniques and targets, and includes objectives, goals, criteria, protocols, cost/benefit analysis,
monitoring and evaluation of success (Fig. 3).
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Figure 3 Framework for designing a monitoring protocol.
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3.1. Defining objectives of restoration and monitoring
3.1.1. Identify restoration objectives
Hobbs & Norton (1996) identified a number of key processes in restoration ecology that they
considered essential for the successful integration of restoration into land management:
1) Identify processes leading to degradation or decline.
2) Develop methods to reverse or ameliorate the degradation or decline.
3) Determine realistic goals for re-establishing species and functional ecosystems, recognizing
both the ecological limitations on restoration and the socioeconomic and cultural barriers to
its implementation.
4) Develop easily observable measures of success.
5) Develop practical techniques for implementing these restoration goals at a scale
commensurate with the problem.
6) Document and communicate these techniques for broader inclusion in land-use planning and
management strategies.
7) Monitor key system variables, assess progress of restoration relative to the agreed goals, and
adjust procedures if necessary.
Restoration measures that do not ameliorate or reverse the processes causing degradation may not
work as hoped because the degrading influences will continue to operate and work against
restoration efforts (Hobbs & Norton, 1996). However, it was suggested at a meeting of experts at the
Natural England peat restoration workshop that most peatland restoration projects are at the stage
of peat stabilization and have not yet begun true restoration (Appendix 2). Many restoration projects
have proceeded with only the broadest of objectives, often with little consideration of whether these
objectives are attainable, and with no means of assessing the degree to which the objectives have
been met. Monitoring methodologies developed for restoration projects also have been largely ad
hoc and site-specific, and there has been little attempt to generalise from one site to another
(Berger, 1990). The drivers for restoration in recent years have been the government’s public service
agreement (PSA) to have 95 % of the SSSI area in favourable or recovering condition by 2010, SAC
and SPA management driven by the Habitat Regulations, Biodiversity Action Plans (BAP) and Higher
Level Stewardship (HLS) targets. It has been mentioned that one objective of restoration should be to
aim to restore the functions attributed to biogeochemical processes in wetlands rather than shortterm gains in biodiversity since functions support the goals of restoration such as Sphagnum growth
and development and carbon sequestration (Appendix 2). The results of a survey on restoration
monitoring (Appendix 1) showed that of the 29 projects biodiversity, conservation status (e.g. BAP),
and vegetation cover/composition were deemed the most important for instigating the project
followed by hydrological parameters and carbon storage/sequestration. The importance of
restoration purpose was obvious from results presented for Wicken Fen at the Natural England
conference (Appendix 2) that showed that standing water above the soil surface was required to
increase the soil carbon (C) store, but that this environmental condition was adverse to the situation
required by the BAP for the habitat. Also, the question was raised whether restoration should aim for
the most sustainable habitat rather than the most bio-diverse. As an example, it was suggested that
bunded grazing marsh would be better at Wicken Fen than fen or bog as that type of wetland would
be more sustainable in the long-term (Appendix 2). Agreement was reached that no loss of peat or
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chemical change in the peat was a common restoration objective which may not be achievable in
practice and that the objective of restoration needs clear definition prior to even pre-restoration
monitoring.
A properly planned restoration project attempts to fulfil clearly stated goals that reflect important
attributes of the reference ecosystem (SER, 2004). Goals are attained by pursuing specific objectives.
The goals are ideals and the objectives are the desired results of actions taken to attain those goals.
In the case of peatlands, Quinty & Rochefort (2003) state that the goal of current restoration is often
to re-establish self-regulatory mechanisms that will lead back to functional peat accumulating
ecosystems. Peat will not accumulate during the short-term period of restoration. However, the
objective in the short-term is to establish plant communities which will eventually in the long-term
(10-100 years) produce debris that will accumulate and become peat. Dead plant parts will
accumulate only if the water table is high enough throughout the year to impede decomposition, and
a restoration target identified some years ago for important peatland sites was to retain rainwater
within 10 cm of the peat surface for ombrotrophic peatlands, and reduce seasonal fluctuations
(Johnson, 1997).
Objectives are linked to activities that produce measureable results that determine or indicate if a
site develops toward successful restoration (Quinty & Rochefort, 2003). For example, the approach
to peatland restoration developed in Canada, has two specific objectives:
1. Re-establishing a plant cover dominated by peatland species including Sphagnum mosses,
and
2. Re-wetting harvested sites by raising and stabilizing the water table near the surface.
These two specific objectives focus on peatland vegetation and the hydrological regime because they
are the key factors responsible for most functions of peatlands as well as being the principal
elements affected by degradation such as peat extraction (Quinty & Rochefort, 2003). However, this
example relates to restoration of raised and blanket bogs in Canada and objectives can differ
between habitats and countries. The principle restoration methods in lowland peat are blocking
drains, felling trees, raising ground water levels, landscape change and reducing cover of purple
moor-grass (Appendix 2). In some cases objectives might be synergistic or contradictory, such as
management for biodiversity, carbon storage and greenhouse gas emissions. For example, re-wetting
through ditch blocking in upland peat bogs, for instance, may enhance biodiversity but may also lead
to increased methane emissions. At Wicken fen, restoration is occurring but there is no remaining
mire vegetation present, leading to discussion as to whether restoration or re-creation was the
objective. It is therefore important to implement an ecosystem approach by considering all
objectives carefully and assessing also their effects on other ecosystem services. More details on
setting restoration goals and objectives can be found in Quinty & Rochefort (2003), and Schumann &
Joosten (2008) as well as from the survey results presented in Appendix 1; Q5 for each restoration
project surveyed.

3.1.2. Identify monitoring objectives
In this section, we consider the monitoring objective to be a target level of a particular monitoring
parameter that indicates that the objective of restoration has been met. Goldsmith et al. (1991)
suggest that monitoring can be considered at a number of levels, for example:
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Site level mapping to ascertain different vegetation types with relation to geomorphology
and hydrology, and to identify areas that retain species or assemblages of particular interest.



Quadrat based techniques within identified areas, which can include:



o

Fixed quadrats and fixed point photography.

o

Random quadrat approaches – stratified, along transects, and/or nested to account
for different vegetation types.

Monitoring of weather and climate that extends beyond the site boundary

For peatland restoration, Bardsley et al. (2001) suggest three phases of monitoring. The initial phase
monitors the site prior to restoration providing a baseline or control to assess restoration success
(pre-restoration monitoring); the second phase monitors the success over a period after restoration
(post-restoration) on the environmental conditions of the site; and the third is required to establish
the effectiveness of longer-term site management and/or sustainability of restoration in terms of the
biogeochemical functioning of the site. Ideally, the restoration objectives can determine the goals for
setting monitoring objectives. If restoration objectives are to achieve a specific level of ecosystem
functioning, then the monitoring objective will address the attribute, indicator or criteria of
ecosystem functioning (e.g. species present, water table depth).
A secondary purpose of monitoring objectives may be what the monitoring programme will achieve
in terms of provision of information about a site. In setting up a monitoring programme, Usher
(1991) suggested the following questions need to be addressed:


Purpose: what is the aim of the monitoring?



Method: how can this be achieved?



Analysis: how are these data, which will be collected periodically, to be handled?



Interpretation: what might these data mean?



Fulfilment: when will the aim have been achieved?

It may be wiser to relate the monitoring objectives to the restoration goals rather than a wide range
of parameters. For example, if the goal of restoration is to restore the water table level, then
monitoring could focus on the water table itself and/or a number of hydrological parameters or
vegetation indicators of water table depth (i.e. the percent cover of Sphagnum increases, Calluna
decreases) (see Appendix 1). However, if restoration goals are more complex such as to restore
ecosystem functioning, a wider variety of parameters might be required for monitoring such as
Sphagnum cover, NVC dynamics, nutrient status as well as hydrological parameters as ecosystem
functions are dependent on a number of interactive biogeochemical processes. An understanding of
the biogeochemical processes that affect the ecosystem function is therefore required to evaluate
which parameters are most appropriate to measure. In some cases, the scientific literature may
provide evidence that specific parameters relate closely to an ecosystem function. For example, the
function of carbon sequestration is determined by a variety of abiotic and biotic factors or processes
that interact over time. It would be impossible to monitor all of them and would not necessarily
provide useful information without modelling techniques. However, key processes are known to
relate to C sequestration such as primary productivity, DOC and gaseous C flux that are relatively
simple to measure (see sections 4.8 and 4.9; Worrall et al. 2009). Alternatively, the goals may be
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broken down into a series of smaller, possibly shorter term objectives that lead the site to the final
goal and enable those evaluating the monitoring to identify that the restoration is moving the
peatland toward the goal over time. Examples of relating restoration objectives to monitoring
objectives for specific restoration goals are provided in Table 1.

Table 1 Examples of relationships between restoration objectives, monitoring objectives and
techniques
Rationale

Restoration Objective

Monitoring Objective

Monitoring
protocol

technique

/

Sequester
carbon

To prevent further loss
of fen peat carbon, and
re-establish
carbon
sequestrion and net
negative emissions of
GHGs.

CO2 flux values are
negative,
and
emissions of CH4 and
N2O are low enough
not to counteract CO2
benefits

Gas collars established at
20 locations across site,
with headspace sampling
taking place monthly for 1
year prior to restoration
and following restoration
for 3 years.

Improve
biodiversity

To develop 50% of site
into fen, 25% into
shallow open water
habitats and 25% into
grazing marsh.

45% of site has fen
NVC class, 25% has
vegetation typical of
grazing marsh and 25%
is open water

NVC survey of 200 gridbased sample points, on
fen/marsh
area
to
establish vegetation type,
conducted once a year
during July.
GPS mapping of extent of
open
water,
to
be
conducted
following
restoration, and repeated
every 2 years until

Common Standards Monitoring (CSM) was developed by the Joint Nature Conservation Committee
(JNCC) for monitoring conservation activity on SSSIs and analysis of the resulting information (Crowle
& McCormack, 2009). CSM defines favourable condition when objectives are being met for European
interest features in the UK, and can include physical aspects of the SSSI, vegetation type/condition
and the presence of certain species (both flora and fauna) depending on the feature of interest being
assessed. Unfavourable condition is indicated when features are currently in unsatisfactory condition
and may decline or recover, i.e. move away or towards desired states or not change. The CSM for
upland and lowland wetland habitats (JNCC, 2004a; 2004b; 2008) provide monitoring objectives that
may be applicable to peat restoration projects. These objectives contain target values or ranges
which are met if the feature is to be judged to be in favourable condition. Each interest feature will
have one or more measurable characteristics that together can be used to define favourable
condition. These attributes will either describe the condition of the interest feature directly or be
good indicators of its condition. The choice of target range in relation to favourable condition is
critical. It is important to relate these to the feature under consideration. However, the targets set by
the CSM are aimed at maintaining SSSI habitats and features. Many peatland restoration projects are
below the minimum criteria for favourable condition and the method may not be able to identify
small scale changes that indicate the slow process of restoration. Results of a survey on monitoring
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techniques used in restoration projects in England and Wales provide examples of objectives that
have been used for determining the success of restoration (Appendix 2; Question 14).

3.2. Pre-restoration monitoring
Bardsley et al. (2001) recommend that pre-restoration monitoring should consist of site appraisal as
a minimum such as legal or planning considerations, site size and location, existing biodiversity value
of the site, and physicochemical properties of the site. Wheeler & Shaw (1995) suggested that any
preliminary surveys of topography, hydrology and biological interest of the site made prior to the
start of restoration measures could act as a baseline for monitoring. Experts at the Natural England
workshop on peatland monitoring techniques, run as part of this project for assessing restoration
success, suggested that baseline data from pre-restoration monitoring was key to evaluation of
restoration success (Appendix 2).However, there can be drawbacks to the use of such data when
there have been changes in methodology which affects the precision of estimates and the validity of
comparisons.
Pre-restoration information gathered can help to determine an appropriate monitoring strategy, for
example, by identifying areas, species, communities, etc. to be specifically targeted. However, under
many circumstances restoration works begin prior to monitoring and thus reference sites must serve
as a baseline. This may require extra monitoring (such as increased replication) to account for
variation between sites. A large number of projects in the Peat Compendium include pre-restoration
monitoring although this was dependent on planning, funding and collaboration of academic
research (Appendix 1; Q9).

3.3. Establish monitoring criteria
In order to evaluate the functional status of restored ecosystems, it is imperative to establish reliable
criteria that will help to assess the success or failure of a given restoration project, and to set realistic
and appropriate goals beforehand (Erhenfeld, 2001).The objectives of restoration are typically
assessed against specific criteria or standards (SER, 2004). These criteria are based on an
understanding of the reference peatland condition that is the goal of restoration and draws on the
existing understanding of how a peatland system is likely to respond in a broad way to the main
restoration techniques applied (Johnson, 1995). The criteria provide an empirical basis for
determining whether or not project objectives have been attained. Clearly, the goals, objectives and
criteria must be stated prior to implementation of restoration. The criteria described here have been
compiled from a number of sources including the JNCC (2004a).


All criteria must be measureable, so that targets can be set as part of the restoration
objectives.



Criteria should describe the condition of the feature and not the factors which influence it – in
general, restoration activities are not suitable criteria.

There are a wide range of suitability criteria. For example, habitat criteria may include extent, floristic
composition, vegetation structure, and physical characteristics; species criteria may include
population size, distribution, diversity and habitat factors. For habitat interest features, floristic or
vegetative criteria have generally been used as indicators of the condition of the habitat. However,
the requirements of animal species may also be important. This includes suitable habitat criteria,
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such as microhabitat and microclimate conditions (vegetation structure, soil moisture), but also
availability of food sources (plants or prey and their habitat requirements), and breeding sites (host
plants, nest sites etc). Habitat requirements may change throughout the reproductive cycle, and
many animal species require a habitat mosaic to serve different needs during the reproduction circle
(mating sites, breeding habitat, foraging habitat for juveniles and for mature individuals within the
differing home ranges). Other objectives are the removal of disturbance factors, such as sources of
pollution, vegetation damage or soil compaction, and the control of invasive species or sometimes
predators.
Dargie (2003) guards against becoming too focussed on the final ‘end point’ of the restoration, but
suggests that while an overall aim is very useful in setting out the project scope initially, targets
should focus on short term achievements along with longer term goals. This ensures the information
on what is occurring on a peatland site during its restoration towards the ‘end point’ is not lost.

3.4. Design the monitoring protocols
For some sites such as SSSIs, the parameters to monitor will be identified by the special interests for
which the site was designated. However this is not always a simple option. Many SSSIs are
designated for their species assemblages. Estimating the population trends for a range of
invertebrates, for instance, would be enormously resource intensive. What are the limits of
acceptable change for a species assemblage? Choosing standards or criteria is one of the most
difficult parts of monitoring as it requires an in depth knowledge of the species or habitats involved.
The number of plots, size of plots and number of replicates to take within each plot are also difficult
questions to be answered, depend on site characteristics as well as the monitoring parameter. Some
parameters or variables such as vegetation only require monitoring once per year as the percentage
cover varies little, although increased replication will increase accuracy whilst the number of plots
and replicates will affect the final result. Parameters such as physicochemistry and greenhouse gas
exchange vary greatly with seasons and therefore require monitoring weekly or monthly or at least
seasonally. The amount of replication therefore depends principally on the restoration objectives and
the size of the budget for monitoring. A minimum of 4 or 5 replicates is suggested with an upper limit
determined by costs vs. benefits. However, some parameters particularly microbiological processes
will require more replication.
Monitoring objectives, methods and periods of assessment have to be adapted to the individual
characteristics of each project (see Schumann & Joosten, 2008). However, the time of sampling will
depend on the attribute being monitored and the techniques applied. Where possible, Wheeler &
Shaw (1995) recommend that a monitoring programme be set up taking the following aspects into
account:


Careful recording of management operations undertaken (including time taken and costs);



Base-line data on flora, fauna and water levels (based on field investigations, but with
additional detail if possible);



Selected species or priority areas, plus species of special conversation status identified for
regular monitoring checks to assess response to management operations;



The hydrological and biological response within a representative selection of areas to be
regularly monitored;
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Dipwells or staff gauges inserted at key points for monitoring of water levels;



Photographic record, for example:
o

‘fixed point’ photographic records of selected representative areas, including
‘before’ and ‘after’ pictures and regularly thereafter;

o

Selected management operations (such as bund and dam construction)

o

Ground-based stereoscopic photographs (Lindsay and Ross, 1993)



Regular checks to be made on any water control structures and remedial action taken as
necessary;



Records made of events beyond the control of site managers (e.g. heavy storms, fires etc.)
which may influence the future interpretation of ‘success’ of the project;



Annual review of results to allow assessment of any changes needed to management
programme.

Over the long term, monitoring can improve peatland restoration methods by contributing to a
national database that can help identify factors responsible for the success or failure of restoration
by comparing different sites (see Appendix 3 on the accompanying electronic database structure). To
do so, consistent and standard information on site conditions and restoration procedures must be
collected. It is important to use the same monitoring method to ensure that data from different sites
can be compared. Consistency is the key for reliable monitoring data and the principal cause of
irregularity is the human factor. It is paramount to allow the most appropriate resources for
monitoring. This means having the same people doing it year after year and that they be trained to
identify species and properly understand the methods being used. It is often worthwhile to hire a
specialist to do the monitoring (Quinty & Rochefort, 2003) such as utilizing the skills and funding of
academic research via partnerships with universities. Examples of research attractive to universities
and institutes include Artz et al. (2008), Anderson et al. (2006) and Scott et al. (2006).

3.4.1. Site characteristics
Davidsson et al. (2000) suggested that the location of the peatland in the landscape should be
considered when designing a monitoring programme as it strongly influences ecosystem functioning
e.g. hydrology, topography, geology, land management. Knowledge about interrelationships
between the peatland and the surrounding landscape is important for the success of peatland
restoration as well as for the protection of natural, presently undisturbed peatlands. Catchments and
sub-catchments relevant to the peatland may have to be distinguished. In general, it is necessary to
know the origin of the inflowing water, flow paths in the landscape and possibly the fate of the water
leaving the peatland if such factors as flood events and water quality of potable water sources are
deemed important. For both, the setting-up of a monitoring programme and the evaluation of the
results, information about the catchment geology, geomorphology, vegetation and land-use would
be useful.
Describing the site characteristics in terms of the broader landscape helps place the peatland in the
local and regional (and in some cases, national or European) context. Wheeler and Proctor (2000)
provide a useful summary of north-west European mire terminology and propose a ‘framework’
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within which different mire types can be placed based on ecological variation. They identify the most
important sub-division of peatlands as being the difference between bog and fen habitats, based
largely on waterchemistry and vegetation types. The importance of the variation in base status is
further underlined by Proctor’s (1992) evaluation of regional and local variation in peatland water
chemistry, in which analysis of data from 193 mire water samples from Britain and Ireland shows a
natural subdivision falling on the line between rich fen and poor fen and bog.
Taken together, this research indicates that bogs and poor fens generally have pH values < 5, and low
Ca 2+ concentrations (<10 mg l-1), with Cl- and SO4 2- as the main anions. Rich fens in contrast, are
characterised by pH values >6.0, and much higher concentrations of Ca 2+ and HCO3- (up to 60 – 120
mg l-1) (Table 2). Peatland types that are around the mid-values in terms of pH and Ca2+
concentrations are often termed ‘transitional mires’ (Shaw and Wheeler, 1991) and selected
examples of these habitats are classed as ‘transition mires and quaking bogs’ under Annex 1 of the
Habitats Directive. This base-poor to minerotrophic gradient is usually defined by the incoming
ground-water and is generally relatively independent of land-use and most sources of nutrient
enrichment. Rich (i.e pH >6) fens can, however, vary along a wide gradient nutrient enrichment, in
terms of the availability of plant nutrients, principally N and P, defined as an oligo/meso/eutrophic
gradient. The most nutrient limited fen communities usually consist of open-field layers of small
calcicole sedges and forbs with a more or less prominent ground-layer of “brown” mosses. With
increasing nutrient levels a more vigorous field layer develops and the bryophyte ground layer is
progressively excluded. This leads in turn to tall sedge/herb communities and highly eutrophic and
species poor “reed fens”.

Table 2 Summary of the key characteristics of peatland habitats
Habitat
Bog

Fen

Nutrient
status

pH

Ca2+ mg
l-1

Oligotrophic

<5

Mesotrophic

<5

Buffering
ions

Vegetation
type

Main NVC
Type

1 – 10

Cl-, SO42-, and
humic acids

Ombrotrophic
raised and
blanket bog

M17 - M20

1 – 10

Cl-, SO42-, and
humic acids

Molinia bog

M25

Acid rush
pasture

M23

Oligotrophic

>6

10 – 100

Bicarbonate
system

Small sedge
fen

M10, M13,
M14

Mesotrophic

>6

10 – 100

Bicarbonate
system

Fen meadow

M22

Tall herb fen

M24, M26

Bicarbonate
system

Tall sedge fen

S1, S3, S7, S11

Wet
Woodland

W6, W7

Eutrophic

>6

10 – 100

Swamp

S1, S23, S27,
S28

In addition, the Common Standards Monitoring Guidance for Upland Habitats (JNCC 2008) and
Lowland Wetlands (JNCC 2004b) provide useful summaries of the eco-hydrological/topographical
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classification of peatlands, based on Guidelines for the Selection of SSSIs (NCC 1989). These
descriptions and explanations can provide useful ‘working’ definitions/descriptions of peatland sites
for the site manager and use widely recognised terms that can aid communication between
practitioners of peatland restoration. Wheeler et al. (2004) undertake a similar but more detailed
assessment and classification of the lowland wetland communities, including wet meadow, fen,
reedbed and swamp habitats, for the Anglian Region of England. In this report the ecohydrological
requirements of examples of each vegetation community in the region is assessed in order to aid the
evaluation of hydrological management in the area and identify potential effects of SAC and SPA
areas. Although the report covers a specific area it is extremely useful and clear information on the
ecohydrological character of different wetland types that could be applied more widely across the
peatlands of Britain. This is a more detailed assessment than the WetMecs classification (Wheeler &
Shaw (2000) which combines landscape situation (e.g. floodplain or valley head), water supply
mechanism, topography, base status (pH) and fertility.

3.4.2. Scale of assessment
Davidsson et al. (2000) suggest that when planning a monitoring program, the appropriate selection
of the scales to be studied (e.g. landscape, catchment, sub-catchment, peatland, sites within a
peatland) depends on the objectives of the study. Holl & Cairns (2002) suggest that ideally, all
restoration projects should be monitored at large spatial scales, for long time periods, and high levels
of detail. Michener & Houhoulis (1997) suggest that given typical personnel and budget constraints, a
trade-off usually occurs between:
1. Frequently sampling a number of parameters at a few points;
2. Infrequently sampling many parameters at relatively few locations; and
3. Infrequently sampling a few parameters at many locations.
Results from the survey (Appendix 1; Q3) showed that restoration project sites may cover a number
of peatland types from upland blanket bogs to lowland fens. Clearly, the restoration and monitoring
objectives must be specified for each peatland type.
For example, at the large scale the results of the National Peatland Resource Inventory (NPRI)
evaluation of lowland peatlands across Britain using satellite imagery identified that the extent of
lowland peatland soil deposits was much greater than the remaining extent lowland peatland
habitats (Lindsay & Ross, 1993). The repetition of monitoring at this scale can be applied to show
dramatic changes that take place over longer time periods. In a similar way, the increase in the
extent of heather burning on English uplands was assessed at the moorland scale by the
interpretation of aerial photography using Geographical Information Systems (Clutterbruck, 2004). At
the small scale, changes in plant species composition can be detected by very fine-scaled monitoring.
These need not be complex, and can use simple assessments such as plant ‘presence/absence’ or a
basic abundance scale. The key point is that these data are collected within small sample areas
(perhaps 10cm x 10cm cells) within a fixed area that can be accurately relocated. These techniques
have been successfully employed to asses changes in dominant plant species under different Molinia
management techniques (Ross et al., 2003), the recovery of post-burn Sphagnum on a lowland raised
bog (Lindsay, 1977) and monitoring blanket bog translocation (PAA, 2006a). Combining scales of data
into modelling frameworks is also an option, allowing more detailed site specific monitoring
information to be extrapolated across wider areas. This approach has used by Acreman et al. (2009)
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to extrapolate wetland ecohydrological datasets from across Great Britain to successfully create a
‘baseline’ from which climate change effects may be predicted.
The scale selected for monitoring must be appropriate for the population/community or process
being monitored (Holl & Cairns, 1995).The objectives also influence where the sampling plots might
be located in the peatland (e.g. along transects, as nested plots, in a regular or random design). For
surface-flow peatlands, all water inlets and outlets have to be included in a monitoring program in
order to set up a water and mass balance. For subsurface-flow peatlands recharge and discharge
areas could be distinguished. These guidelines generally deal with a scale of the size of a given
peatland and scales within the peatland.

3.4.3. Starting point
Monitoring of restored peatlands should ideally start two or three years before the work commences
to account for temporal seasonal effects on certain parameters, however in many cases this is not
practical and a single pre-restoration ‘baseline’ evaluation may be all that is available or possible.
Even when a strict baseline dataset has not been gathered, if for example some restoration works
have already started on a site, collecting data on change over time can still provide very useful and
important information on which direction change is occurring and if it is progressing toward the
target set for the site. The assessment of the starting situation is necessary in order to evaluate the
success of the realised measures at a later date. When measures to restore habitats are being taken,
selection of a reference peatland can facilitate the interpretation of biological development
(Davidsson et al. 2000) and where baseline data are limited or absent, a reference site can be useful
for all forms of restoration monitoring as this enables some assessment of time-related changes that
are independent of the restoration technique (J. Carroll, pers. comm.).

3.4.4. Intensity and duration
Intensity and duration of monitoring have to be adapted to the objectives of the peatland
restoration, and to the amount of funding available as well as to the specific technique. The ‘what’
and ‘why’ you are monitoring will determine the periodicity of monitoring (Appendix 2). Intensity can
change during the monitoring period. Davidsson et al. (2000) suggest that it is beneficial to start on a
high intensity level and reduce the monitoring program when the main patterns of water flow and
biogeochemical processes are known. However, parameters such as hydrology and physicochemistry
undergo heavy fluctuations within and between years (for example, Proctor, 1992, 2005), and
therefore it is important that monitoring programs for these parameters proceed during longer
periods (at least several years) to identify trends in peatland performance (Davidsson et al. 2000).
However, some data analysis packages such as ‘Temporal Analyst’ for ArcGIS (DHI Software) can
reduce the effect of seasonality on time-related datasets and also bridge gaps where data are
missing.
Quinty & Rochefort (2003) state that it is paramount to consider the right timeframe when setting
specific objectives and evaluating the success of restoration. Peatland restoration is a process that
typically takes several years and often decades to achieve. D’Avanzo (in Kusler & Kentula, 1990)
stresses the importance of long term evaluation during wetland restoration, suggesting the 1 to 2
years is too short and that 10 to 20 years is desirable. In particular, D’Avanzo indicates that restoring
peatland function such as stores of organic matter, can take 15 to 30 years or longer. For Canadian
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cutover peatlands, Quinty & Rochefort (2003) state that establishing a full plant carpet dominated by
peatland species including Sphagnum and stabilizing the water table near the surface can be
achieved in about five years. For these sites, they suggested they be monitored only from the second
year after restoration work. Its development toward a functionally restored peat bog should be
determined after plant establishment and hydrological conditions have been monitored two or three
times (Quinty & Rochefort, 2003). However, the timing or start date of monitoring could start
immediately following restoration and will depend on the type of peatland and type of restoration.
Holl & Cairns (2002) and Cairns (1991) suggest that ideally monitoring should be continued until the
ecosystem is self-regulating for some particular period of time. Self-regulating means that the
structural and functional attributes persist in the absence of whatever subsidies may have been
necessary during the intitial restoration efforts (Holl & Cairns, 2002).
Several studies have monitored peatland vegetation restoration on blanket bogs and provide useful
information on timing/duration of monitoring. On severely degraded bare peat area at Holme Moss
in the Peak District (Anderson et al., 1997), the addition of heather seed along with a grass ‘nurse’
crop plus lime and fertiliser showed the importance of monitoring for the first two to three years
after restoration is applied (along with a pre-restoration baseline). This enabled the success of the
establishment of the all important ‘nurse’ crop to be monitored along with the germination and
establishment success of the heather. The approach would allow any failure in establishment to be
addressed quickly by re-applying all/part of the treatment as necessary. Once the critical first few
years are known to be successful, monitoring could be reduced to a more infrequent timescale
(every other year or perhaps longer as the restoration progressed). Similarly, a study monitoring the
recovery of blanket bog vegetation at Fylingdales in the North York Moors, after fire (Manners, 2009)
indicated there was rapid change in the three years after the fire suggesting the monitoring of any
post-fire restoration would be annual in this period at least, but could be less frequent after. A study
assessing the effects of a reduction of sheep grazing levels on blanket bog vegetation at Kinder Scout
(Peak District) monitored vegetation change annually over 10 years and results were still detecting
useful and important (Anderson et al., 1997). In cases of severe over-grazing the response of dwarf
shrub species to a reduction in grazing pressure may also be delayed by one or two seasons as the
plants recover, as was observed on Caldbeck Common in the Lake District (PAA, 2006b). All these
studies show the need to consider the anticipated rate of response to the restoration technique to
inform the frequency and length of the monitoring programme.

3.4.5. Costs and expertise
The average annual cost of monitoring for 10 of the 29 projects evaluated in this survey was £18720
ranging from £200 per year to £70000 per year (Appendix 1; Q15a). Details of costs for specific
monitoring techniques are provided in Appendix 1; Q16a. Costs can be minimised by recruiting
volunteers to conduct monitoring protocols when they do not require a high level of experience and
training but they may require supervision at some point (Appendix 2) such as breeding bird surveys.
Other monitoring techniques such as hydrological monitoring and remote sensing can be expensive.
In many cases, collaboration with peatland academic research groups at a number of UK universities
may reduce the funding required for monitoring. This advice cannot be overstressed enough as the
collection and evaluation of data from restoration projects provided from experienced research
groups will ultimately provide evidence to support monitoring and restoration techniques used for
the success of peatland restoration.
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3.4.6. Documentation
A well prepared recording sheet which draws attention towards the previously selected indicators
helps to standardise the recordings of every field visit. Examples for the design of recording sheets
are given by Mitchley et al. (2000), Quinty & Rochefort (2003). Peatland monitoring programs could
be coordinated by regional or local partnerships or groups in cooperation with experts from the
different investigation fields. A digital database structure accompanies this report that could be used
and modified by a consortium of peat restoration projects. If a monitoring program is carried out in
different areas (regions, countries) the selection of parameters and the sampling methods could be
coordinated in order to ensure the comparability of the data (Hellawall, 1991). Furthermore, among
different working groups working in the same area, effective coordination can bring many
advantages, e.g. data exchange. Both the integration and adaptation of existing monitoring programs
and the development of new techniques for integrated monitoring can help to reduce costs and to
improve data quality and information content (Brown & Rowell, 1997; Bricker & Ruggiero, 1998).

3.5. Assessment of restoration success
The interpretation of monitoring data against the criteria that are set, allows evaluation of whether
the restoration objectives have been met. The goals of restoration will be fulfilled once the
objectives are attained. However, the validity of this assumption is not guaranteed, since the
objectives and criteria may prove to be inadequate. Ecological succession does not always show an
expected trajectory. Statistical analysis of monitoring data is a means to assess the success of
restoration. When determining whether or not a hypothesis has been supported by the monitoring
data, the causes of variability (e.g. climate) and extent of variability (from replicated plots) in the
data must also be recorded. This is particularly important when natural fluctuations (e.g. in water
depth or population levels) are highly variable or even unknown.
The success of wetland creation projects in America has been evaluated in a broad way by D’Avanzo
(in Kusler & Kentula, 1990). The assessment was based on six criteria that were chosen because they
are typically measured in some way on wetland creation sites and because comparison across
schemes is possible, as follows:


Comparison of plant growth (for example, biomass or density) in artificial and natural
wetlands after two or more growing seasons.



Habitat requirements (e.g. upland versus wetland) of plants naturally
invading/establishing in the created wetland site. The persistence and dominance of
either planted or naturally invading obligate wetland plants was considered a good
measure of success.



Success of planted species.



Comparison of animal species composition and biomass in the created and natural
wetlands. The studies assessed concentrated on evaluating macroinvertebrate species
diversity and total biomass between naturally occurring and artificially created wetlands
using replicated sediment core samples.



Chemical analysis of artificial wetland soils compared to natural wetlands.



Evidence of geomorphic or hydrologic changes with time.
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Using these six criteria, the author found that over 15 years the vegetation structure of the created
wetland site became similar to the natural site, and one 15 year animal study showed similar results
and several studies showed similar trends with soil chemistry. Therefore, although wetland systems
appear to be able to be successfully created the habitat and function of the created wetland does not
begin to work as a ‘natural’ system until a decade or more after creation. The assessment also
indicated that the key factor in the failure of wetlands to establish was due to incorrect hydrological
regime and that upland systems appeared more difficult to replicate in terms of hydrology than
lowland sites.
Two strategies exist for conducting an evaluation of restoration success (SER, 2004): direct
comparison and trajectory analysis. Socio-economic goals may be assessed by other techniques used
in the social sciences. The evaluation of socio-economic goals is important to stakeholders and
ultimately to policy-makers who decide whether or not to authorise and finance restoration projects.

3.5.1. Direct comparison
In direct comparison, selected parameters are measured in the reference and restoration sites. This
could involve the determination of a range of parameters including both biotic and abiotic
components. A suite of traits that collectively describe an ecosystem function fully yet succinctly
would be preferable. However, the complexity of peatland ecosystems means that the ecological
processes and functions occurring within two identical peatlands is unlikely to be the same. For this
reason, a restored peatland at a project site should be compared to an average of a number of
reference sites within the same climatic zone rather than a single reference site. It would be
impossible to measure all of the known ecological variables within a specific time frame in order to
determine the success of restoration. Therefore, the parameters chosen to indicate restoration
success will depend to an extent on value judgement.

3.5.2. Trajectory analysis
This is a strategy for interpreting large sets of comparative data. Data collected periodically at the
restoration site are plotted to establish trends. Trends that lead towards the reference condition
confirm that the restoration is following its intended trajectory. Under different views, the results of
evaluation may be different. For example, the restoration may appear to have been successful in
ecological terms, but not in aesthetic terms (Smale et al., 2001). However, this depends on the goals
and objectives of the restoration set at the start of the project.
Trends in monitoring data can be assessed by a variety of techniques in statistical software such as
Minitab, Sigma Plot and GraphPad Prism. These techniques include time series plots, trend analysis,
ARIMA modelling, simple regression analysis, and multiple regression analysis. The choice of method
should be based upon whether the patterns are static (constant in time) or dynamic (changes in
time), the nature of the trend and seasonal components. Stepwise regression analysis and Analysis of
Covariance (ANCOVA) may be useful when attempting to identify the impact of varying climatic
variables. Time series plots and trend analysis should be used first to gain an understanding of the
data trends i.e. linear versus non-linear, constant versus dynamic. Parameters that can be modelled
significantly with regression techniques are more likely to suggest a trajectory over time and
therefore suggest progress towards success if that parameter is an indicator of success. Trend
analysis is probably most suitable for assessing trends over time, whilst correlation and regression
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techniques can be used to determine if known relationships between dependent and independent
variables are following a trajectory over time. For example, increased Sphagnum productivity or peat
methane emissions with rising water table,

3.6. Adaptive management decisions
Once monitoring has been completed and an assessment made of the condition of the attributes, the
JNCC suggests a feedback loop to site management or restoration and a review of the objectives. The
monitoring assessment may trigger adjustments to site management or restoration practices, or
possibly be used to direct more detailed investigation into the reasons for apparent problems. This
relates to the assessment of the hypotheses and the development of new hypotheses based on the
outcomes of the original hypothesis being tested. Where the reasons for an unfavourable
assessment are unclear, or the appropriate management response is unknown, there may be a need
for further, more detailed survey, monitoring or even experimental research activities (JNCC, 2004a).
Monitoring and adaptive management is used to evaluate and adjust maintenance and design
remedial actions and should feedback on the restoration and monitoring objectives. Adaptive
management considers changes in ecological patterns and processes, including biodiversity of the
restoration project as it evolves or goes through successional stages. Adaptive assessment provides
the means for continually reducing the levels of uncertainty by learning from system responses and
using the new information to refine the design of the restoration plan (Ogden et al., 2003). Trends in
the surrounding area as well as in control plots and the restoration site itself must be taken into
account. One proactive methodology is incorporation of experimentation into the plan when
possible, such as experimental plots within a restoration site with different controls, replication,
different treatments etc., to determine if specific restoration efforts are meeting the desired goals.
This provides the advantage that different restoration techniques can be assessed and thus the
reason for failure or success can be evaluated. Disadvantages may be that whilst the area of peat
restored over time will be reduced within the plot, this strategy may also require more time and
funding. This could be overcome by keeping experimental plot sizes small relative to the total
restoration area. However, Ogden et al. (2003) state that adaptive assessment is valuable in that it
treats all responses, expected or not, as learning opportunities. An unexpected response does not
represent a failure for the restoration plan if it can be used to improve our understanding of a
complex system so that corrective actions can be made. Implementation of the restoration plan is a
“test” of the accuracy of the working hypothesis use to organize the conceptual models and to
support the performance measures. Adjustments in the models and measures based on information
coming from the monitoring and assessment, and from supporting research and simulation
modeling, is the best route to increased levels of certainty as future iterations of the restoration plan
are implemented. Busch & Trexler (2003) and Ogden et al. (2003) provide a number of detailed case
studies on monitoring design and adaptive management.
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4. MONITORING TECHNIQUES
4.1. Choosing monitoring techniques
Monitoring is performed by collecting data on measurable elements at different periods of time to
evaluate the development of a restoration site (Quinty & Rochefort, 2003). Although objectives of
peatland restoration are defined mainly in terms of hydrology, water chemistry and vegetation in the
short term, much monitoring has focused on vegetation. This is probably because the plant
communities which develop reflect the general conditions of a site because plants and the
communities they form, occupy distinct ranges of environmental conditions, such as soil hydrology,
or nutrient availability, and can be used to indicate these conditions. Nonetheless, collecting data on
hydrology, greenhouse gas fluxes, and peat and water chemistry can be very useful for the
interpretation of vegetation data as well as informing about the respective parameter.
Environmental parameters can show a response to restoration measures more rapidly than might be
detected in a plant community, so an indication that the correct conditions to support the target
habitat are being met may be achieved sooner by monitoring selected environmental parameters
alongside vegetation.
Monitoring these environmental parameters can also be very important where their current levels
may hinder the restoration of the target vegetation/habitat type, as ongoing measures to mitigate
these conditions may be required. For example, the application of lime and fertilizer has been used
to aid re-establishment of vegetation on severely eroded bare peat areas where highly acidic peats
were exposed, but the effects of the treatment declined over time (Anderson et al., 1997). Therefore
repeat applications in the first year of restoration may be beneficial, and is being undertaken on
some current bare peat restoration projects (S. Ross, pers. comm.).
Monitoring of a wide variety of attributes or parameters may be more useful than extensive
monitoring of vegetation or hydrology alone, particularly when habitat restoration is a central
objective. Gorham and Rochefort (2003) suggest that monitoring of all ecologically relevant
properties be continued long after restoration to follow the development of the system over time,
especially when the restoration approach is novel. For example, Sphagnum may not be recovering as
predicted in a re-wetted blanket bog. Monitoring of nutrients may identify eutrophication as a cause
of reduced growth, and thus nutrient pollution will also need to be addressed. Such a trajectory
analysis should include surveys of vegetation type and composition, hydrology, biogeochemical
cycles, water and peat chemistry as well as microbiological analysis (Chapin et al., 1992). However, it
has been suggested that measuring everything is simply not realistic, and it is not easy to make a case
for time and expense of long-term monitoring (Appendix 1; Q19).
Species of living organisms are the units of biodiversity and can represent the objectives of
restoration management or provide valuable indicators of complex environmental conditions,
ecosystem functioning and/or habitat status (Schumann & Joosten, 2008). Restoring for biodiversity
rather than, for example, carbon sequestration would restore ecosystem integrity that could support
other conservation objectives such as achieving favourable condition for SSSIs sensu Natural England
(Appendix 2). Plant species reflect habitat changes in a detailed way by their presence,
disappearance or absence (Schumann & Joosten, 2008) and therefore also represent change in the
peat environment. However, it has been suggested that not all peat biogeochemical processes and
functions can be restored via biodiversity restoration. Nonetheless, important regional overviews for
the indicator value of plant species are provided by Ellenberg et al. (1991) and Tiner (1991, 1999).
Also, the monitoring of selected animal species (e.g. dragonflies, butterflies, and amphibians) may
deliver insight into complex habitat conditions. Monitoring strategies are described by Stoneman &
Brooks (1997), Bardsley et al. (2001), Budd (1991), Clarkson et al. (2004), Dryden (1997) and Treweek
et al. (1997). Vives (1996) and Crofts & Jefferson (1999) offer an extensive monitoring bibliography.
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The Common Standards Monitoring guidelines for upland habitats and lowland wetlands link broad
habitats with NVC classification and provide targets for assessing the success of restoration that may
be suitable for some peatland habitats and restoration techniques. An excellent guide to monitoring
techniques for biodiversity assessments in conservation is given by Sutherland (1996 & 2000). We
also recommend the monitoring techniques used by the ECN at Moorhouse NNR
http://www.ecn.ac.uk/aboutecn/index.asp. A list of the minimum monitoring required to deliver
useful information is provided in Table 3. The guidelines which accompany this technical report
provide tables for selecting the appropriate methods for specific restoration objectives (Bonnett et
al., 2009).

Table 3 Priority list of minimum surveying required to monitor specific parameters (see Appendix 1;
Q10).
Parameters
Peat physical integrity

Method
Peat pins, fixed grid
monitoring,
sediment
transport, water colour
analysis (DOC)
Vegetation succession Vegetation quadrats %
cover and composition
Breeding birds
Breeding Bird Survey
(BBS), Common Breeding
Birds (CBB)
Invertebrates
Pitfall traps, BWMP
Microorganisms
Microscopy,
biomass,
enzymes
Hydrology
Dipwells, piezometers
Soil
and
water Ion chromatography, pH
chemistry
analysis
Carbon flux
Primary production, of
Sphagnum,
gas
exchange collars and
DOC analysis of pore
water
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Timing
Seasonally or monthly

Staff
Trained staff and
specialists

1 year or 2 yearly , July

Trained volunteers

1 year or 2 yearly, Trained volunteers
spring
Annually
Seasonally or monthly

Trained staff
Specialists

Monthly or weekly
Seasonally or monthly

Trained staff
Specialists

Seasonally or monthly

Specialists

4.2. Peat physical integrity
4.2.1. Introduction
Measurements of peat integrity include indications of the condition of the peat mass, and of the peat
itself. Parameters indicating the condition of the peat mass include the degree of erosion present,
and the degree to which the peat mass is dissected by grips. Parameters used to indicate the
condition of the peat material include bulk density, humification, mineral content, compaction
(drumminess), and hydrophobicity.

4.2.2. Measuring change in peat surfaces and peat depth
Erosion pins are used to measure the surface lowering of peats due to erosion, and comprise narrow
metal rods driven through the peat deposit and anchored firmly into the underlying substrate. The
rate of surface lowering is usually measured in mm or cm per year. In some experiments the metal
pins have been replaced by cheaper plastic or bamboo cane alternatives allowing more sample
points to be installed on a site (Phillips et al., 1981). However, these less expensive methods may
yield inaccurate results as the pins are prone to frost-heave unless well anchored within the
underlying structure (Tallis & Yalden, 1983).
Philips et al. (1981) also summarise the published and unpublished rates of surface lowering as
measured by erosion pins in Table 4.9 of their report, including blanket bog sites in North York Moors
(Imeson 1974), Wales (Bridges & Harding, 1971; Slaymaker, 1972), Yorkshire Dales (Harvey, 1974)
and the Peak District (Evans, 1977). Data from their own study is presented in Table 4.10. More
recently the ‘erosion pin’ technique has been used for a study of peatland restoration after forestry
plantation felling at Plynlimon, Mid-Wales (Stott, 2005) and in creating a sediment budget for a
moorland site at Upper Teesdale, Northern England (Evans & Warburton, 2005).
The general layout of peat pins is in a transect or grid form, the distance between each pin varying
but typically 30cm to 50cm apart. Frequency of measurement ranges from every 3 months to once a
year. The peat pin layout typically covers a range of topographic/erosion situations in a single study
to enable the surface lowering on different features (e.g. bare peat areas, felled plantation sites,
eroding gullies, stream sides) to be assessed. Areas where erosion was likely to be reduced or less
(e.g. vegetated areas) are usually included for comparison. Peat pins can also be used to assess rates
and locations of the redeposition of mobile peat over the surface. Evans et al. (2006) measured rates
of erosion in blanket bog using 60 cm long 3 mm diameter stainless steel pins inserted normal to the
peat surface in groups of 11-14 pins in a cross formation to account for vertical and lateral variability
in erosion rates over gully walls. Pins were measured monthly.
A modified version of the peat pin based on the standard ‘point quadrat’ was developed to assess
peat erosion and redeposition (Tallis & Yalden, 1983). Two wooden stakes were anchored into the
mineral substrate 1.5 m apart across the area to be monitored. A removable wooden cross-bar,
perforated by 25 holes each 5 cm apart, was placed between the stakes and the distance between
the wooden cross-bar and the peat surface was measured by lowering a fine metal pin, using a
rubber washer to prevent slipping. A profile of the peat surface can be drawn and the change over
time along the profile measured. A diagram of the apparatus is presented in Fig. 5.1 of Tallis & Yalden
(1983, p. 49). In this study, the measurements were undertaken at a range of different locations on
Holme Moss in the Peak District, with measurements taken every month over 1 to 2 years.
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Peat erosion has also been monitored in the same study using fixed 0.75 m x 0.75 m quadrat placed
along an erosion ‘hagg’ created by sheep habitually sheltering in that area, also on Holme Moss. The
areas was split into 15 x 15 squares within which to record the turf line, and the turf lines mapped
four times over 22 months. This method successfully detected on average a 2 cm (and up to 5 cm)
recession of the turf line using a simple method that requires no specialist training. An indirect and
simple method to measure peat erosion is to use screens of varying mesh sizes to trap sediments
being mobilised on the peatland (see pg. 103 on POC flux). POC flux has been determined as the
major component of fluvial carbon loss from eroding mires (Evans et al. 2006).
Peat depth can be measured relatively easily using a narrow rod that can be pushed into the peat at
regular intervals across a site, and the depth to which the rod sinks reflects the local peat depth. On
shallow peats a single narrow metal rod can be quickly and easily used. On deeper peats a series of
rods that screw together can enable measurement of relatively deep peats allowing the form of the
peat deposit to be assessed and this can be particularly useful in topographically constrained
peatland such as basin mires (e.g. Ross, 1999). However, measuring very deep peats can be
problematic as removing rods sunk to depth can be difficult and some rods bend as you push them
into peat, giving false depths. In many cases, however, there is not a need to know the precise depth
of deep peat deposits so getting to the very base of the peat deposit is not always necessary for
restoration monitoring but it can be useful. Accurate peat depth measurements can form the basis of
long-term estimates of peat loss and subsidence, or long-term rates of accumulation. In many cases,
restoration monitoring requires measurement of more subtle changes in peat depth, such as peat
erosion and re-deposition (see above), peat shrinkage following drying and peat swelling/expansion
as a result of re-wetting. Monitoring of peat shrinkage and swelling is important because they affect
peat subsidence and swelling can indicate that the peat is able to hold more water within its
structure and therefore has a greater water storage capacity. Oleszczuk & Brandyk (2008)
investigated peat volume changes in moss peat layers during drying-wetting cycles using the ‘sarin
resin’ method. Warburton et al. (2004) suggest several important hydrological controls for surficial
mass movements in peat but the prospect of predicting the location and timing of such events is still
a long way off.
Commonly, the surface levels of peat can change between winter and summer – a phenomenon
known as Mooratmung or ’bog-breathing’. Peat swelling can be relatively easily assessed using a
method that measures the movement of a metal plate buried just below the peat surface relative to
a datum post fixed into the underlying mineral substrate (Stoneman & Brooks, 1997). The top of the
fixed datum stays the same while the metal plate in the peat surface is expected to rise as the peat
re-wets and swells. The height difference between the fixed datum and the metal plate in the
surface should reduce as the peat swells and the surface rises (Stoneman & Brooks, 1997). Peat
anchors can be used to detect changes in the fall and rise of the bog surface or to detect peat
accumulation over many years. Wood and metal can be used, but wood is suitable only for shallow
peat and is more easily dislodged by frost and animals. Metal conduit pipe is generally suitable (Fig.
4).
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Figure 4 Design details of the anchor posts used to measure the rise and fall of a bog (adapted from a
design by J. Davis, CCW by and in Stoneman & Brooks, 1997).

During re-wetting the potential for ‘bog bursts’ should also be considered. Bog bursts occur when
large amounts of peat become very liquid and move, sometimes rapidly. On lowland raised bogs this
is often at the edges of the bog where the peat integrity has been compromised by peat extraction,
while on blanket bog it occurs when surface layers slip down the hillside. The IPCC
(www.ipcc.ie/infobogburst.html) suggest that bog bursts can occur on slopes of 4 degrees or greater,
but that slopes of only 2 degrees have been affected on occasions. Triggers for bog bursts include
heavy rainfall, especially after prolonged drought when the plant root mat has diminished and the
peat structure appears more vulnerable.
LIDAR is becoming an increasingly used remote sensing technique for assessing peatland habitats in
terms of description, identifying areas to target restoration measures and for subsequent
monitoring. It is an airborne mapping technique that uses a laser scanner to measure the distance
between the laser sensor and the ground, resulting in a surface map. However the increasing
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portability of LIDAR scanning units is making ground-based surveys more feasible in many situations
and this approach has already been used in field surveys (e.g. Loudermilk et al., 2007). The technique
is relatively expensive and requires technical input and data processing but there are several benefits
to using this approach. It can produce a detailed elevation map of the peatland surface over large
areas at a high resolution (in some cases, 15 – 35 cm) and with correct interpretation the depths of
grips, peat hagging and streams, catchment areas of grips and streams and other information can be
derived, on which both restoration and monitoring strategies can be based. Repeat flights can help
measure rates of erosion, infilling of grips, and down-cutting of streams. LIDAR can take surface
measurements through some vegetation types, such as heather cover or an open tree canopy,
allowing the underlying surface topography to be mapped. It is also not affected by weather or
seasonal changes in vegetation. The technique does not penetrate open water so cannot map the
basin shape of a lake, for example, but does enable the area of the open water to be assessed.
Bennie & Anderson (2008) report the promising potential for the large-scale monitoring and mapping
of surface pattern as an indicator of hydrological and ecological status in lowland raised bogs. Milton
et al. (2005) suggest that LIDAR may prove to be a highly effective method of surveying the surface
topography of degraded bogs, since this technique has sufficient vertical resolution to detect even
subtle changes in relief. More complicated automatic techniques are probably not necessary for
detecting damage that is sufficient to disrupt the overall site hydrology of raised bogs. These signs of
disturbance can also be detected from the air, either by simple manual interpretation techniques
using either air photographs or IKONOS imagery. Remote sensing provides a simple means of
identifying the extent of many lowland raised bogs, as the contrast between the area of bog and the
surrounding agricultural land is often very high, especially in the near infra-red region. Many satellite
sensors include a spectral band in the near infra-red, so, depending upon the spatial resolution
required, it would be possible to map the extent of lowland peat bogs using data from IKONOS, SPOT
HRV, Landsat ETM+ and many other systems (Milton et al., 2005).
Good quality aerial photography is widely available for peatland areas and can be a useful monitoring
tool for large and inaccessible areas such as blanket peat, or for placing several smaller sites in a
regional or national context. Features such as grips, erosion haggs and gullies, along with areas of
bare peat, open water and different vegetation types can be mapped and evaluated using GIS and
photographs from different time periods (including old photographs) can be compared over time.
Johnson (1997) suggests aerial photographs should be flown every two years for strategic monitoring
of peatland restoration on a selection of representative sites. However, there are now several
commercial providers of aerial photography which may mean that special commissioning of aerial
photography flights is no longer necessary and ‘off the shelf’ data are available. Aerial photograph
interpretation does have some restrictions, for example shadows cast by cloud cover, steep slopes
and the angle of the sun on tall vegetation (or other features) can change the appearance of the
photograph, as can the season that the photography was flown. The distortion of aerial photography
can make overlaying these data with Ordnance Survey or LIDAR imagery difficult without suitable
othorectification within the GIS system so the scale is uniform across the image and there is no
distortion. The interpretation of aerial photography requires experience particularly in identifying
differences in superficially similar vegetation types which is often impossible even by experienced
interpreters. There are also issues with availability – the data available may have been derived from
flights flown over several years, owing to weather conditions preventing a single year’s coherent
data. Light conditions and time of year also result in highly variable colour representation, which can
confuse interpretation. Aerial photography typically miss a proportion of some peatland features,
simply because they aren’t visible on the photos e.g. overgrown grips, or lead to misinterpretation
e.g. sub-soil drainage or rig and furrow as grips.
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4.2.3. Physical characteristics of peat
4.2.3.1. Bulk density
Peat bulk density (the peat oven-dry mass per unit volume) is an important parameter for estimating
the amount of C stored in peat as well as influencing the storage and flow of water, gases and heat,
the availability of nutrients, and providing habitats for organisms.
Bulk density is determined by collecting uncompacted peat cores of known volume from specific
depths of peat. Hammer-type core samplers with thin-walled metal sleeves that slide into a coring
tube are available commercially for soil analysis. However, for peat analysis great care must be taken
as compaction of the peat can occur easily and therefore this method is not recommended. The
length of the core will depend on the depth to be sampled and should be considered carefully as bulk
density increases with depth (see Elliot et al. 1998). Alternatively, large peat monoliths can be
removed using a spade from which smaller units can be removed using a knife. The volume of peat
can be determined using a ruler or by Archimedes principle in which the peat is sealed in watertight
film and placed in a beaker of known volume filled to the top with water. The water displaced is
collected in a container and the volume determined with a measuring cylinder as ml (equivalent to
cm3).
Givelet et al. (2004) state that the low density and the unsaturated environment of the topmost
layers of a peat bog make the collection of good quality peat cores challenging. It is difficult to cut
these layers as they are easily trampled and compressed. They suggest that the topmost layers of
peat can be collected using a 10 x 10 x 100 cm Wardenaar peat profile cutter (Wardenaar, 1987)
which is commercially available. Givelet et al. (2004) used a modified 1 m Wardenaar corer with XY
dimensions 15 cm x 15 cm, which was home-made using a Ti-Al-Mn alloy and includes a serrated
cutting edge; this new cutting edge cuts more easily through dwarf shrubs (e.g. Ericaceous shrubs)
and Eriphorum root fibres. This feature, combined with the larger cross sectional area means that
any given slice undergoes less compression in the Z (vertical) dimension. Moreover, the enlargement
of the XY dimensions to 15 cm of the new Wardenaar corer compared to the older version (10 cm)
provides enough peat sample material to conduct a wide range of analyses and still to be able to
preserve part of the material as an archive for futures work, even using thin slices (i.e. 1 cm). During
extraction, some compression of the peat core is unavoidable. However, the compression can be
measured, using the bog surface as a reference. After extraction, the Wardenaar corer is laid
horizontally on the bog surface, on a large sheet of plastic; the top half of the Wardenaar corer is
removed, exposing the peat monolith. This core is described visually in the field (length, colour,
texture, plant remains, moisture, special layers) and photographed. The core is inspected for modern
plants of the bog surface which may have ‘‘contaminated’’ the outside of the core; these are
carefully removed using a small knife. The core is wrapped in polyethylene cling film, with the film
pressed down around the sides of the core and ends using a plastic spatula. The core should be
stored in a tough plastic container in order to prevent compression. The volume of the peat core is
determined from the volume of the corer, and the depth of the peat which can be sub-divided into
depth bands. The core is then oven-dried at 70 - 105 °C until dry (usually 2 or 3 days) meaning no
change in mass, and then weighed:
Bulk density (g cm-3) = oven dried weight of core (g) / volume of core (cm-3)
This method can be laborious and time consuming, and therefore a simple and fast method has been
used involving estimation of the volumetric water content by dielectric constant techniques (time
domain reflectrometry [TDR], amplitude domain reflectormetry [ADR]) (Wijaya et al., 2003). The ADR
or Theta probe is relatively cheap and the output is direct current voltage, which can be measured by
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commercial multichannel logger to monitor change in water content (Gaskin & Miller, 1996). Dry
bulk density can be calculated as a function of the volumetric water content measured by a probe
combined with either wet bulk density (1) or gravimetric water content (2) (Wijaya et al., 2003):
(1) Dry bulk density (g cm-3) = wet bulk density (g cm-3) – [VADR x density of water]
(2) Dry bulk density (g cm-3) = (VADR / gravimetric H2O (g H2O g dry peat) x density of
water)
where density of water = 1 g per ml, and VADR is the volumetric water content measured using an ADR
probe (cm3 cm-3 or ml ml). For the first calculation, the volume of peat collected must be known in
order to calculate the wet bulk density. Thus this method suffers from the peat compression
limitations above. For the second calculation the sample must be oven dried to constant weight
although the peat volume does not need to be known. This method therefore may be more time
consuming although time may be saved in the field. Wijaya et al. (2003) showed that the estimation
of dry bulk density with wet bulk density was better than that with gravimetric water content. They
suggested that the accuracy of the probe is a critical factor in estimating dry bulk density.
Ground penetrating radar can also be used to determine the density of peat and the Environment
Agency regularly fly in lowland areas although at different times of the year. Also, the height from a
bridge or ground anchors can be used as reference points to calibrate the elevation data collected.
However, caution was stressed as GPS and Ordinance Survey can conflict and be 5-10cm out and the
height of raised mires can vary up to foot in a year depending on water input.

4.2.3.2. Humification
Peat humification is a measure of the decomposition and structure of the peat and higher degrees of
humification indicate a more well-decomposed peat. Humification and peat decomposition are
useful indicators of the preservation of the peat (low humification indicating good preservation) and
the likely hydrological conductivity of the peat body (low humification indicating high hydrological
conductivity).
Although sophisticated techniques exist to determine the chemical structure of humic compounds,
such as gas chromatography mass spectrometry (GCMS), pyrolysis mass spectrometry (PyMS), and
nuclear magnetic resonance (NMR), most often they are fractionated with a simple scheme based
upon their solubility at different pHs (Stevenson 1986; Bridgham & Lamberti, 2009). A
pyrophosphate extraction of polyphenolic humic substances is also used (Bridgham et al. 1998;
Bridgham & Lamberti, 2009).
Peat is commonly characterized by its degree of physical decomposition, either through its fiber
content or with the qualitative von Post index (Clymo 1983). Organic soils (Histosols) are classified
into three groups based on fibre content: fibrists, hemists and saprists (Mitsch and Gosselink, 2000;
Richardson and Vepraskas, 2001) that depend on the degree of decomposition. The degree of
humification or breakdown can be determined by the Von Post scale as a field method (Von Post and
Granlund in 1926; Bridgham & Lamberti, 2009). According to the von Post method, peats are ranked
on a scale from H1 to H10 relative to their degree of humification (Table 4). Within the organic soil
horizon are the fibrists (little decomposition; H1-H3), hemists (intermediate decomposition; H4-H6)
and saprists (high decomposition; H7-H10).
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Table 4 The von Post Scale of Peat Decomposition (after Hodgson, 1997)
Scale
H1
H2

Peat type
Fibrists

H3

H4

Hemists

H5

H6
H7

H8

H9

H10

Saprists

Peat Characteristics
Completely undecomposed peat; only clear water can be squeezed from peat
Almost undecomposed; mud free peat; water squeezed from peat is almost
clear and colorless
Very little decomposition; very slightly muddy peat; water squeezed from
peat is muddy; no peat passes through fingers when squeezed; residue
retains structure of peat
Poorly decomposed; somewhat muddy peat; water squeezed from peat is
muddy; residue is muddy but it shows structure of peat
Somewhat decomposed; muddy; growth structure discernible but indistinct;
when squeezed some peat passes through fingers but most muddy water
passes through fingers; compressed residue is muddy
Somewhat decomposed; muddy; growth structure indistinct; less than onethird of peat passes through fingers when squeezed; residue very muddy
Well decomposed; very muddy, growth structure indistinct; about one-half of
peat passes through fingers when squeezed; exuded liquid has a "puddinglike" consistency
Well decomposed; growth structure very indistinct; about two-thirds of peat
passes through fingers when squeezed; residue consists mainly of roots and
resistant fibers
Almost completely decomposed; peat is mud-like; almost no growth
structure can be seen; almost all of peat passes through the fingers when
squeezed
Completely decomposed; no discernible growth structure; entire peat mass
passes through fingers when squeezed

The von Post scale is a rapid field assessment technique. In this technique a sample of wet peat is
squeezed through the closed hand and the colour of the liquid that is expressed through the fingers
is noted, along with the proportion of the peat sample that is extruded and the nature of the
peat/plant residues that remain in the hand. The scale is provided below (Table 4), and is a
commonly used field technique to describe the nature of the peat, typically to characterise or
compare between sample sites rather than monitor change over time (e.g. Holden & Burt, 2003;
PAA, 2003). In terms of monitoring, the scale could be used as a coarse but rapid field assessment for
the long-term monitoring of peat decomposition over time as Malterer et al. (1992) found it to be a
relatively reliable indicator of the degree of peat decomposition. In degraded situations, von Post
scale scores can rise relatively rapidly over a few years. This scale can also be used to characterise
peat at different depths, since degree of decomposition usually changes over depth which may
inform monitoring conclusions about hydrology etc. However, it is not as accurate as empirical
techniques due to personal bias and the water content, and does not permit statistical analysis.
E4:E6 ratio is the ratio of humic acid (E4) and fulvic acid (E6), and is commonly used to indicate the
rate of humification in the peat and represent changes in the type of organic matter being mobilised
(Worrall et al., 2002). E4:E6 ratio is determined by filtering samples through 0.45 μm GF/A filter
paper and measuring the absorbance at 465 nm(E4) and 665 nm (E6) on a UV-VIS spectrometer (i.e.
Jonczyk et al., 2009; Chen et al.,1977). Percent transmission is also commonly used as a proxy for
peat humification and relative biochemical composition (Blackford & Chambers, 1993). The degree of
peat humification can be determined using a spectrophotometer to measure transmission of light at
540 nm through a solution containing a mechanically homogenised peat sample digested in NaOH
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solution. Well humified samples have more humic acid and, therefore, lower transmission. Caseldine
et al (2000) report that luminescence excitation and emission wavelengths suggest that high
molecular weight acids (humic acids') are altered by the NaOH extraction procedure to form lower
molecular weight acids ('fulvic acids'), amino acids and polysaccharides. Percentage transmission is
principally related to luminescence emission wavelength and thus to molecular weight of the
compounds present. Luminescence emission shows much more sensitivity to peat composition and
demonstrates that different plant species may be affected to different degrees by the NaOH
extraction process (Caseldine et al., 2000). The findings broadly support the underlying principle of
colorimetric determination of 'humification' whereby transmission levels decrease with increasing
plant breakdown, but show that it is based on an inadequate understanding of the chemical
processes occurring in peat decay and preparation procedures. Luminescence spectroscopy provides
a technique for resolving these issues (Caseldine et al., 2000). McMorrow et al. (2004) report that
this technique can be costly and time consuming. Klavins et al. (2008) suggest that humification
describes the transformation of organic matter to humus, and therefore propose that the degree of
humification should be expressed in terms of the quantity of formed humic substances as a fraction
of the total amount of organic matter.
McMorrow et al. (2004) reports on progress towards using HyMap data at 3m spatial resolution and
laboratory spectroradiometry to estimate physico-chemical properties of exposed peat, notably the
degree of humification. The strong relationship of HyMap SWIR reflectance and derived indices with
transmission provides a possible basis for estimating peat humification across extended areas, but
the confounding effect of moisture content cannot be ignored. McMorrow et al. (2004) suggest that
it is possible that higher moisture content were reinforcing the lower SWIR reflectance observed in
poorly humified peats, especially as poorly humified peats in the study area were associated with
wetter sites.

4.2.4. Palaeoenvironmental techniques
Palaeoenvironmental techniques can be usefully deployed to establish the location and variation of
more or less distinctive marker horizons in the peat e.g. recurrence surfaces, periods of
desiccation/tree invasion and time synchronous layers such as atmospheric pollution fallout
indicating the onset of the industrial revolution. In the specific context of restoration such monitoring
techniques can help in the assessment of success against past peat conditions (e.g. macroremains
and pollen) and future targets. Variations in the depth of time synchronous layers (e.g. determined
by magnetic susceptibility or ecological markers) can provide an indication of the specific status of
peat development pre-restoration. Palaeoecological records can provide valuable baseline data
regarding the physical and biological characteristics of peatland prior to human impact, and can also
serve to provide information on the natural variability of these characteristics over long periods of
time (Taff et al. 2006; Kowalski and Wilcox 1999). Palaeoecology has been used to set remediation
targets for peatland restoration (Lavoie et al. 2001, Girard et al. 2002) but it is an under-utilised tool
(Gorham and Rochefort 2003). Palaeoecology can supply a detailed reconstruction for a site, and is a
valuable tool for clearly establishing the goals of a restoration program (Lavoie et al. 2001).
Information on some of these techniques that may be relevant to peat restoration can be found in
Corfield et al. (1996), Charman (2002; Chapter 6 p. 155), and also Brown & Pasternack (2005) and
particularly Taff et al. (2006).

39

4.2.5. Conclusions
For peat integrity, quick and inexpensive assessment by erosion pins and the measurement of peat
depth are recommended. However, where more detail and precision are required, POC flux and
LIDAR may be more appropriate. LIDAR in particular appears promising for large-scale monitoring
and mapping of surface pattern as an indicator of hydrological and ecological status in lowland raised
bogs and therefore potentially in upland peatland ecosystems. Aerial photography is widely available
and can also be a useful monitoring tool for large and inaccessible areas such as blanket bog.
Interpretation of aerial photography and LIDAR do have restrictions including cloud cover, steep
slopes and therefore experience is required for their interpretation.
Bulk density can be determined accurately if compression of the peat mass is avoided by collecting
large peat monoliths or using a Wardenaar corer with a serrated cutting edge and large cutting
diameter. These methods are recommended where the carbon budget is important. If time is an
issue, bulk density can be assessed using a Theta probe for volumetric water content and gravimetric
water content determinations by oven drying. However, if the C budget is an objective of restoration
and monitoring then the coring technique should be used.
Humification can be measured simply and rapidly in the field using the von Post squeeze test,
although this method may suffer from personal bias, water content and is not useful for statistical
analysis. Therefore, it may be most appropriate for longer-term monitoring. Other techniques such
as percent transmission and luminescence can be used for peat humification assessment which are
more detailed and precise but require costly laboratory equipment and time. Work towards use of
HyMap SWIR reflectance and derived indices with transmission provides a possible basis for
estimating humification across extended areas, although currently confounding effects of moisture
content cannot be ignored.

40

4.3. Biota
4.3.1. Vegetation
4.3.1.1. Introduction
To monitor population changes it is not necessary (or usually possible) to have an absolute
population estimate and a relative measure of abundance is sufficient (Sutherland, 1996). To
determine if objectives are reached, the most important variables to consider are plant species, the
proportion of the ground they cover (or similar ‘dominance’ or ‘abundance’ measure) and their
development (or succession) through time. The recommended procedure describes vegetation at
three levels: the site level, the permanent plot level and the ground level. These levels are
complementary and allow a good assessment of the vegetation of an entire site (Quinty & Rochefort,
2003).
The vegetation might be monitored at different time periods after the implementation of restoration
procedures to determine if the new plant cover develops toward a peat bog plant community. Quinty
and Rochford (2003) recommend for cutover peatlands that vegetation monitoring is not carried out
during the first growing season after restoration and that monitoring should start on the second year
and be repeated after the third and the fifth growing seasons. However, there may be situations
were monitoring within the first year of restoration is crucial such as re-seeding an area of upland
bare blanket bog or to establish near baseline conditions in the absence of pre-restoration
monitoring
At the NE workshop on monitoring peatland restoration, experts stressed that Sphagnum cover (e.g.
S. palustre) was an important proxy for both water level and quality as well as peat surface
conditions in upland and lowland peat forming systems and thus has been used as an indicator of
restoration success (Appendix 2). Joosten & Couwenberg (2009) discuss the use of plant communities
as proxies for greenhouse gas emissions (see section 4.9.4). Also, NVC characterization was deemed
of importance for judging the restorability of lowland peat with M17 Scirpus cespitosus –Eriophorum
vaginatum blanket mire being less challenging to restore but that areas of M25 Molinia caerulea –
Potentilla erecta mire could complicate restoration efforts. Monitoring at Thorne & Hatfield moors
(http://www.thmcf.org/home.html) has shown that the vegetation changes following hydrological
restoration. These were initially recorded using indicator species followed by more detailed NVC
survey and CSM.
A list of suggested positive and negative indicators for the restoration of raised mire is provided in
Tables 5 and 6 (Wheeler and Shaw, 1995). The positive indicators in the restoration of raised mire for
instance would include the major peat forming species (Sphagnum papillosum, S. magellanicum, S.
capillifolium and Eriophorum angustifolium), in association with other species characteristic of
peatlands such as Erica tetralix, Scirpus cespitosus1 and Calluna vulgaris. Sphagnum species indicate
reestablishment of the water table depth or the hydrological regime (Wheeler & Shaw, 1995;
O’Reilly, 2008). Species selected as indicators will depend on the objectives of the restoration, and
the stage of recolonisation at which recording begins. Certain plant species can also be clearly
identified as ‘negative’ indicator species particularly where they for large, dense stands (Table 6).
Negative indicators in this context would include Juncus effusus, a range of Sphagnum (S. recurvum2,
S. fimbriatum, S. squarrosum) and other moss species (Pleurozium schreberi, Dicranum scoparium,
Hypnum cupressiforme), indicative of drier or more enriched conditions, also, Pteridium aquilinum
1
2

Also referred to as Trichophorum cespitosum
Also referred to as Sphagnum fallax
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(bracken), Molinia caerulea and Eriophorum angustifolium. Several studies focus on the control and
management of such species, illustrating their status as important ‘negative’ indicator species (Todd
et al., 2000; Milligan et al., 1997; Le Duc et al., 2003).
Table 5 Suggested plant indicator species for monitoring progress towards a raised-bog objective
(from Wheeler & Shaw, 1995).
Species
Sphagnum cuspidatum, S. recurvum
S. papillosum, S. magellanicum,
capillifolium
Eriophorum angustifolium

Notes
Often colonise areas with open/standing water
S. Indicate satisfactory development of bog species

May invade precursor floating Sphagnum carpets,
or root directly into peat
Erica tetralix / Scirpus cespitosus / Calluna These are only indicators of ‘success’ if associated
vulgaris
with peat-forming Sphagna (e.g. S. papillosum) as
they are also constant species of wet heath
communities
Other ‘desirable’ species include:Vaccinium
oxycoccos, Narthecium ossifragum, Drosera
spp., Rhynchospora alba, Andromeda
polifolia, Sphagnum subnitens, S. pulchrum,
(S. fulcrum, S. imbricatum)
‘Weed’ species, including birch/pine/Molinia Reduction in vigour and spread of these species
(through rise in water levels and vegetation
management) would be generally regarded as
indicative of ‘success’

Table 6 Vegetational indicators of potential problems with respect to revegetation with bog species.
Note that in many cases it should be possible to mitigate the effects of adverse conditions through
management and it should not be assumed that these are necessarily irreversible (from Wheeler &
Shaw, 1995).
Species
Juncus effusus
Birch/pine/Calluna/Molinia/Rhododendron
Sphagnum recurvum, S. fimbriatum, S.
squarrosum.
‘Heathy’ Sphagna (e.g. S. tenellum, S.
compactum, S. molle; plus other bryophytes
(e.g. Pleurozium schreberi, Dicranum
scoparium, Hypnum cupressiforme)
Fen species (e.g. Typha, Phragmites, Salix,
Alnus)
‘Weed’ species e.g. bracken, Rumex
acetosella,
Chamerion,
angustifolium,
Poaceae (e.g. Calamagrostis canescens)

Potential problem
May indicate a eutrophication problem and/or
disturbance
Extensive invasion probably indicates conditions
are too dry
May indicate some base or nutrient enrichment
(atmospheric deposition)
Although these species may be present in small
quantities in M18a vegetation, their establishment
and spread in the absence of the aquatic or main
peat-building Sphagna would suggest that
conditions are not generally sufficiently wet
Indicates minerotrophic water source and nutrient
enrichment
Suggests that conditions are too dry and possibly
disturbed
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Dargie (2003) reviewed the main methods of floristic assessment undertaken on three different
lowland raised bog sites affected by peat cutting operations as summarised in Table 7. The
approaches are similar but the study indicates a need for greater uniformity of methods, which the
author indicates is in part addressed by Common Standards Monitoring methods, for designated
sites at least. However, an important point noted by many authors (e.g. Dargie, 2003; Ross & Cowan,
2003; Mawby, 2003) is that although lowland raised bog sites may have the same overall restoration
aims (to re-wet the surface, reduce hydrological fluctuation, increase the cover and diversity of
wetland species, to reduce cover of bare peat) the combination of restoration techniques able to be
used on any one site has to be selected on a site by site basis. This is because restoration is driven
not only by ecological factors but also by budget, human resources, landowner agreement, adjacent
land use, access difficulties, and many other non-ecological issues. In addition, as more funds are
attracted as the interest in the site increases, as for example, seen at Glasson Moss (Mawby, 2003),
the restoration and hence the monitoring regime is added to and can become complex over time.
The focus needs to stay on the improvement of the site, and this may mean altering goals, target and
restoration approaches during the restoration period.

Table 7 Summary of the approaches to floristic monitoring on lowland raised bogs (Dargie 2003)
Method

Example

Floristic
monitoring of
indicator species
by subjective
overall cover

Fenn’s, Whixall and
Bettisfield mosses

Floristic
monitoring of
indicator species
using belt
transects

Humberhead
peatlands

Details
% extent of peat forming indicator species
(Sphagnum and Eriophorum) in each management
sub-section recording results in a set of classes.
5 year repeat.
Indicators are defined as (1) likely peat forming
species, (Sphagnum spp, Eriophorum spp), (2)
Andromeda polifolia and Vaccinium oxycoccos as
indicators of peat condition, and (3) Juncus effusus in
early stages of succession.
Estimation of % cover of each species for 10m either
side of the transect line.
% cover transformed to area estimates per subcompartment , and data incorporated into GIS

Floristic
monitoring of all
species using belt
transect and
vegetation
mapping.

Wedholme Flow

The quadrat data set records all vascular plants,
bryophytes and lichens along belt transects within
each restoration sub-compartment, and these data
are analyzed to provide area cover measurements for
each plant species that can be compared across subcompartments and over time. These data are
incorporated into GIS. For storage and manipulation.
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The National Vegetation Classification (NVC) can be used for surveying and mapping vegetation.
Phase 1 habitat survey can provide an initial “environmental audit”; this method is useful for
broadscale habitat mapping, which enable a more targeted selection of areas of high conservation
value
for
NVC-level
analysis.
The
Countryside
Survey
(http://www.countrysidesurvey.org.uk/reports2007.html) is a unique study or ‘audit’ of the natural
resources of the UK’s countryside and includes assessment of the UK’s lowland and upland
peatlands. The countryside is sampled and studied using rigorous scientific methods, allowing
comparison of the present year’s results with those from previous surveys. This allows detection of
the gradual and subtle changes that occur in the UK’s countryside over time. Maskell et al. (2008)
provides details from the Countryside Survey 2007, which includes assessment of the UK’s lowland
and upland peatlands. Table 8 provides an overview over the methods available and their
applicability to different plant types.

Table 8 Methods and their applicability to different types of plant (Bullock, 1996)
Key: * always applicable, ? sometimes applicable, no symbol indicates that the method is never
applicable to that plant type.
Monitoring
scales Trees
and techniques
Total counts
?
Visual estimates
*
Frame quadrats
?
Transects
*
Point quadrats
Harvesting
?
Plotless sampling
*
Marking and
*
mapping
Vegetation mapping
*

Shrubs
?
*
?
*

Grasses

?
?
*

?
*
*
*
*
*
?
*

*

*

Bryophytes

Fungi
lichen

*
*
?
*
?

*
*
?

?

?

and

?

4.3.1.2. Sampling regimes
4.3.1.2.1. Permanent sample plots
Permanent plots can be used as they detect changes in condition at specific locations (Clarkson et al.
(2004). Permanent plots are marked quadrats or areas for vegetation monitoring in regular intervals
(e.g. yearly) (Davidsson et al., 2000). Goldsmith (1991) and Herben (1998) summarise and discuss
principal considerations of permanent plot studies. Maskell et al. (2008) provide relevant information
on the permanent plots used in the Countryside Survey in which surveys have been repeated over
the last 29 years, permitting large-scale yet fine-grained change in vegetation over time to be
documented. Quinty & Rochefort (2003) recommend the permanent plot sampling as it gives a closer
look at the vegetation cover for a given sector of a restoration site.
To provide a representative image of the development of a whole restoration site, a number of
permanent plots must be installed at appropriate locations. Plot locations are selected on the basis
that they are a representative sample of the typical plant community within the vegetation type, e.g.
characteristic species composition, uniform habitat, and plant cover as homogeneous as possible
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with no obvious community boundaries (Clarkson et al., 2004). Plots may be established in each of
the main vegetation types within a peatland so that species-environmental relationships can be
characterised (Clarkson et al., 2004). The number of plots depends on the size and diversity of a site:
large and more variable sites need a larger number of permanent plots. Plot size should not be too
large in order to allow the detection of all plant species without disturbance of the plot. For
statistical analysis of the data it is more useful to have a higher number of smaller plots than few
larger plots (Davidsson et al. 2000). See Size and number of sampling units below.
An initial assessment using quadrats or aerial photographs could be performed to determine the
number of plots required to achieve a certain level of precision as well as the number of quadrats
required. The NVC users handbook provides excellent advice for the size of quadrat and monitoring
strategy. Roberts-Pichette et al. (1999) provide an excellent protocol for monitoring terrestrial
vegetation in permanent plots of different sizes from a range of ecosystems that are applicable to
peatlands. A minimum of one plot per major vegetation type is suggested, although replicate plots
are preferable. If the ecological pattern is heterogenous, or if there is mosaic of vegetation types, an
attempt should be made to sample the variation, by establishing several permanent plots (Clarkson
et al., 2004). Replicate plots will also be needed in order to know if an observation is due to a certain
environmental factor or only a random effect (Davidsson et al., 2000). For the detection of trends
and/or fluctuations in the data several statistical methods can be used (e.g. Jongman et al., 1987;
Huisman et al., 1993).
Maskell et al. (2008) state that being able to repeat plots (by re-locating their exact location) is a very
important aspect of the Countryside Survey. This is done by taking a photograph of the plot and also
providing a paper map for plot relocation in the next survey. They also provide relevant information
for the creation of new plots and how to mark them out using wooden stakes.
The representativeness of a permanent plot of the sector that it represents must be carefully
evaluated. Other features such as bare peat, and any unusual elements are also noted. Quinty &
Rochefort (2003) suggest that all plant species must be identified and their percent cover estimated
visually except for mosses that are pooled together at this level. However, if time is not an issue
species should be broken down into functional groups (e.g. Graminoids, dwarf shrubs, mosses) or
groups of indicator species. Different mosses can be used to indicate ecohydrological status e.g.
Campylous, Polytrichum, Sphagnum fallux, Sphagnum magellanicum. CSM for several upland habitats
recommends separating pleurocarpous mosses from acrocarpous, and crustose from non-crustose
lichens. The former in each case (pleurocarpous mosses and crustose lichens) can be used as
indicators.
Given the major role of Sphagnum and other moss species in peatland restoration, it is important to
get a precise estimate of the percent cover and the composition of the moss carpet (Quinty &
Rochefort, 2003). Five quadrats , for example, may be equally distributed on each side of a plot, 50
cm from its margin. If the centre part of the permanent plot differs substantially from the margin, it
is appropriate to place quadrats along lines across the plot. Commonly, a frame of the appropriate
dimension is used. It is recommended to evaluate separately the total cover of the vegetation
instead of adding the cover of each species. Dead plant parts are not considered as living plants but
their presence could be noted (Quinty & Rochefort, 2003). Advantages and disadvantages of
different sampling designs (random, systematic, stratified) are discussed by Knapp (1984), Økland
(1990) and Goldsmith (1991). Plant species composition as species richness on permanent plots can
be estimated using different methods as described below (see Knapp, 1984; Moore & Chapman,
1986; Økland, 1986; Goldsmith, 1991; Sutherland, 1996).
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4.3.1.2.2 Random sampling
Sampling theory emphasizes randomization in order to provide a probability structure for statistical
analysis or to give credibility to the statistical model used (Gillison and Brewer 1985). Gillison and
Brewer (1985) argue that randomization procedures may be counterproductive to the intent of
ecological surveys, especially where the occurrence of natural pattern is known to be non-random.
Data sets need to be representative of the full range of variability in biological patterns in response
to variability in the environment (Grossman et al. (1994).
In vegetation surveys, two aspects of pattern recognition should be considered: (1) the recognition of
the pattern itself (e.g., a specific peatland type) and (2) the frequency and distribution of patches of
the pattern (i.e., spatial distribution, number and size of plant stands) (Godron and Forman 1983,
Gillison and Brewer 1985). In landscapes, vegetation patch frequency and distribution vary as a scalesensitive function of environmental complexity and the level of resolution of the vegetation
classifications used to characterize the pattern (Gillison and Brewer 1985). This variability in
landscape level vegetation configuration should be analyzed in terms of the driving variables (the
abiotic factors) controlling the vegetation (Grossman et al. 1994).
It is often impractical to determine all of the individuals of a species within the study area or plots,
and so estimates are determined from within random sample areas or quadrats since this overcomes
biases and should result in representative coverage (Sutherland, 1996). However, Dargie (2003)
suggests that for monitoring vegetation cover on raised bog surfaces the number of random
quadrats required to gather adequate data may be prohibitively large for some schemes because of
the high level of small scale variability of these habitats (i.e. the microtopography consisting of
hummock and hollow formation). The number of quadrats required in a random sampling regime
depends on the variability of the vegetation, and the size of the change in parameters over time that
is dependent on the monitoring timescale.
An area to be sampled could be separated into a grid, i.e. 150 m long by 500 m wide. Pairs of random
numbers can be drawn between 0 and 150, and 0 and 500 and quadrats can be placed at the
intersection of these random numbers. Random numbers are best calculated using random number
tables or a calculator random number function (Sutherland, 1996). Alternatively, GIS could be used to
generate a set of randomly located points within the survey or monitoring area. ADAS located
randomly selected plots using either a pre-determined bearing and distance from an easily identified
mapped feature, or in featureless terrain, used a handheld Global Positioning System (GPS) (Kirkham
et al., 2005).
Random sampling is not appropriate with localized effects of restoration or impacts along an
ecocline. However, it should provide information about broad-scale, non-location specific vegetation
change over the whole site, in a way which is highly amenable to statistical analysis provided that
samples are re-randomised for each set of monitoring measurements.

4.3.1.2.3 Stratified random sampling
In standard random sampling design, each spatial point in the landscape is given an equal probability
of being sampled. Random placement of sample sites will not accurately reflect the full range of
variability of the biotic and abiotic components of ecosystems at regional scales unless the sampling
intensity is very high (Gauch 1982, Orloci 1978, Pielou 1984). To alleviate the shortcomings of
standard random sampling, stratified sampling schemes have been used to provide both accuracy in
the recovery of patterns and statistical validity (Grossman et al., 1994). This approach is useful when
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(1) there are obvious differences in habitat within the survey area, (2) there is a requirement to
report on location-specific changes throughout a site, (3) comparing different treatments such as a
control site and restored site, (4) or different ecological or environmental characteristics are
expected. This involves dividing the area into different habitats and then randomly sampling areas
within each plot (Grossman et al., 1994; Sutherland, 1996). This approach has been used successfully
over large heterogeneous areas with mostly unknown patterns. Transects are a form of stratified
random sampling (pg. 52).
The advantages of stratified random sampling are that (1) you can ensure that the entire area is
represented (random sampling may leave large areas without sample points), and (2) that it allows
you to characterize separate areas of the site individually and compare between them. To a certain
degree you can also apply different survey methods to different areas, if they have been
characterized properly. Disadvantages are that it is limited in the statistical techniques that can be
applied, and that the stratification may affect the interpretation of the results as reported for each
area sampled.

4.3.1.2.4 Size and number of sampling units
Generally, a uniform size of a sampling unit (i.e. quadrat area, transect length) is desirable as this
maximises the precision obtained (Greenwood, 1996). However, under some circumstances this may
not be possible in which case weighted means may be considered. Smaller sample sizes will be more
precise but less representative and will require greater replication. If sample units are so large that
each one requires a huge effort, it will not be possible to take many samples during the whole study,
thereby reducing the accuracy of the overall estimates of average numbers. The balance to be struck
between a few large units and many small ones will vary from peatland to peatland. It should be
considered at the planning stage of the monitoring protocol (Greenwood, 1996).
Grossman et al. (1994) provide details of plot sizes used for different vegetation types (Table 9).
Quinty & Rochefort (2003) suggest at the permanent plot level, an area of 5m x 5m is delimited by
posts in which the vegetation is described. Roberts-Pichette et al. (1999) for shrubs recommend 5m x
5m quadrats for most situations but, for densely packed shrubs, 2m x 2m quadrats may be suitable.
ADAS used 8m x 4m nested quadrats (Kirkham et al., 2005) for moorland vegetation monitoring in
Dartmoor ESA, whilst CSM use 2m x 2m and the NVC suggests 2m x 2m or 1m x 1m depending on the
habitat. Clarkson et al. (2004) suggest 2m x 2m plots for monitoring of New Zealand wetland plants.
The number of quadrats to make an appropriate sample is probably at least ten for 5m x 5m
quadrats and probably at least twenty for 2m x 2m quadrats (Roberts-Pichette et al., 1999).
Quinty & Rochefort (2003) recommend estimating the percent cover of moss species, liverworts
(Hepaticae) and lichens in a series of 20 quadrats of 25 cm x 25 cm located inside permanent plots.
Roberts-Pichette et al. (1999) suggest plot or quadrat sizes of 1m x 1m for mosses, lichens and fungi.
However, where individuals are small, numerous and densely packed, smaller quadrats (e.g. 50 cm x
50 cm, or 25 cm x 25 cm) may be more appropriate. The number of quadrats necessary to adequately
sample the ground vegetation is probably less than 50 (Roberts-Pichette et al., 1999).
The accuracy of the overall estimate depends on the square root of the number of replicate samples.
Thus, to halve the width of the confidence interval, one needs to quadruple the number of replicates.
Considerations of cost, time and the amount of information required will determine how many
samples can be taken.
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Table 9 Guidelines for determining plot size (Grossman et al., 1994)

Class
Forest
Woodland
Sparse Woodland
Shrubland
Sparse Shrubland
Dwarf shrubland
Sparse Dwarf shrubland
Herbaceous
Nonvascular

Area (m2)
100 – 1,000 m2
100 – 1,000 m2
25 – 1,000 m2
25 – 400 m2
25 – 400 m2
25 – 400 m2
25 – 400 m2
25 – 400 m2
1 – 25 m2

Dimensions (m x m)
10x10 – 20x50
10x10 – 20x50
5x5 – 20x50
5x5 – 20x20
5x5 – 20x20
5x5 – 20x20
5x5 – 20x20
5x5 – 20x20
1x1 – 5x5

4.3.1.3. Plant species
4.3.1.3.1. Total counts
In this method, every individual of a species or the total number of species (species richness) in the
sample area or quadrat is counted. This can be used for plants but has two drawbacks (Sutherland,
1996):
1. Hard to distinguish individuals of clonal plants where the genetic individual (genet) may
consist of connected ramets; and
2. Variety in the size of plant will mean that density measures fail to collect information about
the relative dominance of species in the community under study.
3. Time consuming
The first can be overcome by estimating the total number of ramets rather than genets. The second
is a disadvantage and other monitoring techniques are used to take the size and density of plants
into account. Also, because the study area is usually several orders of magnitude larger than the
plants, this technique is often too time-consuming. However, it is suitable if a species has a low
density and is easily spotted and the whole study area can be covered. The advantage of this method
is that it measures the true density rather than sampling it and therefore has no biases (Sutherland,
1996). Vittoz & Guisan (2007) recently examined how reliable different methods for monitoring of
permanent vegetation plots were. They concluded that lists of species are insufficient for monitoring.
Whatever the sampling size, only 45-63 % of species were seen by all observers. However, the
majority of the overlooked species had cover <0.1 %. Pairs of observers overlooked 10-20 % less
species than single observers. It is therefore necessary to add cover estimates to allow for
subsequent interpretations in spite of the overlooked species.
Species richness refers to the number of species present in a given area or in a given sample, without
implying any particular regard for the number of individuals examined in each species (Sanjit & Bhatt,
2007). Species richness can be numerical (or simply “species richness”; Hurlbert 1971) or be related
to area (or simply “species density”, namely the number of species present in a given area; Simpson
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1964). It can be useful for noting the presence or absence of indicator species, or as a general
indicator of biodiversity.

4.3.1.3.2. Frame quadrats
Frame quadrats are usually made of four strips of wood, metal, rigid plastic, or tape, and cover an
area large enough to be likely to encompass a reasonable number of species but not so large that
identification and recording take too long. Quadrat size varies from 10 cm2 for recording ground
vegetation and mosses, to 25 m2 or more for trees using tapes or corner markers. For large quadrats,
it is useful to be able to dismantle the quadrat for transportation. For aquatic macrophytes a wood or
plastic frame will float. Usually, the quadrat is divided into a grid of equal sized squares using
regularly spaced lengths of string or wire. Frame quadrats can be used to record cover, density,
biomass and/or frequency of occurrence of species. NVC surveys rely on quadrat sampling of
vegetation stands (Bardsley et al. 2001).
Grieg-Smith (1983) describes a technique to determine the appropriate size of quadrat to give a
representative sample for a study area. However, experience has shown that different vegetation
types require different quadrat sizes (Bullock, 1996). Vegetation with smaller plants, greater plant
density or greater species diversity should require smaller quadrats (Table 10).

Table 10 Recommended frame quadrat size for specific plant communities (Bullock, 1996).
Plant type
Bryophyte, lichen and algal
Grass, herb, and short shrub
Tall shrub
Trees

Quadrat size (m2)
0.01 – 0.25
0.25 – 16
25 – 100
400 - 2500

Within each frame quadrat, the following measurements can be made:
1. Density – counting the number of individuals of each species within the quadrat;
2. Visual estimates of cover – e.g. percent cover:
3. Frequency – the percentage of the quadrats in which the species was present; and
4. Biomass – measured by destructive harvesting.

4.3.1.3.3. Visual estimates of cover
Cover is a measure of the area covered by the aboveground parts of plants of a species when viewed
from directly above. Grieg-Smith (1983) describes it as ‘the proportion of ground occupied by a
perpendicular projection onto it of the aerial parts of individuals of the species’. Visual estimates of
cover of the species are made either in the whole study area or in sample plots, such as frame
quadrats. These estimates can be expressed as percentage cover of individual species, groups or
features, or cover can be expressed in bands representing abundance such as DAFOR (dominant,
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abundant, frequent, occasional or rare), Domin or Braun-Blanquet scales (Table 11). The DAFOR
classes have no strict definition and the user must decide their own interpretation. Vittoz & Guisan
(2007) found that the visual estimate of cover as a percentage was more precise than classes.
However, because vegetation is layered, percentage cover values can sum to more than 100 %.
Bullock (1996) recommend dividing the vegetation into layers e.g. brypophyte, herb and shrub layer,
and make cover estimates separately for each layer, enabling a better representation of change in
plant community composition over time.

Table 11 The Domin and Braun-Blanquet scales for visual estimates of cover (Bullock, 1996).
Value
+
1
2
3
4
5
6
7
8
9
10

Braun-Blanquet
< 1 % cover
1-5 % cover
6-25 % cover
26-50 % cover
51-75 % cover
76-100 % cover

Domin
1 individual, with no measurable cover
<4 % cover with few individuals
<4 % cover with several individuals
<4 % cover with many individuals
4-10 % cover
11-25 % cover
26-33 % cover
34-50 % cover
51-75 % cover
76-90 % cover
91-100 % cover

Cover may be hard to estimate in tall vegetation although it is possible if you can look up at the
canopy and estimate the cover of individual trees (Bullock, 1996). Clearly, this is not an issue for
upland peatlands such as blanket bogs that consist of shrub and moss layers, but may be an issue on
lowland peatland such as wet woodlands where tree canopy is present, or where trees are colonising
a lowland peatland site that is drying out.
Bullock (1996) states that the advantage of cover compared to other techniques is speed. However, it
can be inaccurate because of the subjectivity of the estimates. DAFOR is vague, and if several people
are surveying then the meaning of the classes should be carefully agreed before starting. These
precautions are also necessary if you use estimates of percentage cover. Often it is much easier and
quicker to make visual estimates using frame quadrats.
Banded estimates of abundance, such as Braun-Blanquet and Domin are not so amenable to
statistical analysis – only non-parametric tests can be applied when testing between results from
different monitoring periods. Also, banded cover methods are incapable of detecting changes in
cover that fall within bands. In some cases, surveyors make a percent cover estimate, and then
convert it to the bands, thus representing a loss of information at the point of recording.

4.3.1.3.4. Frequency
Frequency is a very quick and easy method if the quadrat size is standardized. This is because
frequency is a qualitative measure (of presence or absence) which is used to calculate a quantitative
percentage. Larger quadrats will usually be more likely to find the study species and will give higher
frequency estimates than small quadrats (see nested quadrats, pg. 53). Frequency measurements
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can be biased against species with a more clumped distribution (e.g. Sphagnum) and shoot frequency
will be biased against smaller plants. For these reasons, Bullock (1996) suggests that great care is
taken when interpreting frequency measures, especially when comparing different study areas.
However, frequency measurements are less affected by seasonal environmental factors associated
with cover measurements (Winward & Martinez, 1983), although care should be taken to complete
the surveys when the species in question is observable (i.e. not dormant).

4.3.1.3.5. Biomass
Aboveground plant parts are cut at a certain height from the surface usually at or close to ground
level within an area defined by a frame quadrat. The plant material is taken to a laboratory in bags,
washed of soil and sorted into species which can be time consuming. Each species is weighted to give
a ‘fresh’ weight and then dried at 70°C for 1-3 days in an oven depending on species to give a ‘dry’
weight (which is a good measure of biomass). The scales used normally have an accuracy of 0.01 g
(Bullock, 1996).
Biomass is a more usual definition of size but is biased towards species with a greater tissue density,
such as woody species. Obviously, this method requires destructive sampling and thus consideration
should be given that it is possible to replicate the sample again using replicated plots. Thus, it should
only be used if you are certain that you need to measure the biomass of species, as with replicated
plots a large area of restored vegetation could be adversely affected; for example, when the estimate
is used in conjunction with estimating the C balance, i.e. net primary productivity. Also, samples can
only be measured once, and therefore replicated plots are required to cover an entire monitoring
period that could significantly affect an area of restored vegetation. This method is only really
appropriate for vegetation such as short shrub or aquatic macrophytes. Indeed, harvesting of
Bryophytes may be prone to errors as it is not possible to separate living from dead material as litter
is not easily recognizable from peat. In this case, living pigmented tissue should be defined prior to
harvesting and separated from brown or dead tissue in the lab. However, there is little relationship
between annual production, green vs. brown biomass colour, and whether the material is living or
dead (Wielgolaski, 1972; Vitt & Pakarinen, 1977). Green Sphagnum biomass changes to brown
relative to hydrological conditions, so the green portion represents anywhere from only a portion of
the annual season’s growth to several years growth (Vitt & Pakarinen, 1977). Likewise, both
Wielgolaski (1975) and Clymo & Ducket (1986) have shown that apparently dead, brown bryophyte
tissue, often from some depth in the organic column, can reactivate under suitable conditions. Thus
all biomass should be considered potentially alive unless the catotelm is reached, or for practical
purposes, the average annual water table level (Vitt, 2007).

4.3.1.3.7. Point quadrats
Point quadrats involve the use of single needles or groups of needles (usually 10) on a metal frame
which are lowered vertically down onto a short sward and each species touched is recorded, in order
to gain an objective estimate of the percentage cover of each species. To sample this you should
identify the species of each living plant part that the tip (and only the tip) of the point quadrat hits on
the way down to the peat surface. This gives a measure of only the presence or absence of each
species. If all the hits on a species were counted, this would give an estimate of the total cover of a
species, a measure which reflects the size of plants of a species as well as their abundance in the
vegetation (Bullock, 1996). The presence/absence readings are summed to give a score for the whole
frame for each species. The whole frame counts together as one independent measure and not each
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individual point quadrat. Point quadrats are theoretically an estimate of frequency based on a
number of samples of infinitesimally small area. Therefore the points should be as small as possible
(1.5 – 2 mm diameter with a sharp tip). A plant can only be present or absent and therefore there are
no cases of partial cover as with frame quadrats. This gives a true value of cover (Bullock, 1996).
Grieg-Smith (1983) and Kershaw & Looney (1983) discuss the theory extensively.
Point quadrats are very time consuming but excellent for accurately determining the cover of species
within a community and the vertical structuring of a plant community if the height at which each
species was encountered by each point is also noted (Bardsley et al. 2001). Vittoz & Guisan (2007)
found that the point method was the best method for cover estimate, but it took much longer than
visual cover estimates, and 100 points allowed for the monitoring of only a very limited number of
species. Small and rare species may be missed, or over-represented if hit, therefore this technique is
best for accurate measurements of cover of larger or more abundant species. Bullock (1996) state
that there is a sounder theoretical basis for using point quadrats to assess percentage cover than
there is for visual estimates in frame quadrat, and canopy structure of short vegetation cannot be
sampled as well by any other way. The vegetation should never overtop the point quadrat. The
biases involved in cover estimates are discussed above.

4.3.1.3.8. Transects
Transects are commonly used to survey changes in vegetation along an environmental gradient or
through different habitats (e.g. belt transects or gradsects). They are also used to estimate overall
density or cover values of species in a single stand of vegetation by the line transect method (Bullock,
1996):


Line transect – uses actual transect line as a surveying implement. The number of plants of a
species that touch the transect line are counted to give a measure related to the density of
plants;



Belt transects – Frame quadrats laid out along the length of the transect. Cover or local
frequency is estimated for each quadrat and the variation can be determined and correlated
with gradients in environmental factors;



Gradsects – gradient-directed transects laid to intentionally sample the full range of floristic
variation over the study area. Usually used to sample very large areas sometimes hundreds
of kilometres long (e.g. Austin & Heyligers, 1989).

A review and evaluation of the restoration techniques used on lowland raised bog in the Greater
Manchester area has been undertaken in PAA (2002) and Ross & Cowan, (2003). The sites assessed
comprised Risley Moss (85 ha), Astley and Bedford Mosses (92 ha), Holcroft Moss 919 ha) and Red
Moss (47 ha). The current condition of these sites was investigated using a modified belt transect
approach, adapted to each site, and including the mapping of areas of homogenous vegetation.
Within the areas identified in each case, 2m x 2m quadrats were randomly placed and the plant
species assessed using the DOMIN scale, including higher plants, bryophytes and lichens. In addition
the percent cover of bare peat, open water and plant litter was recorded. A full list of all plant
species within each area of vegetation was also recorded using the DAFOR scale and photographs
taken. These quadrat data were collated and assessed using MATCH (Malloch, 1992) enabling the
vegetation community type to be identified and affinities to the NVC to be assessed.
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The belt transect survey approach identified that restoration techniques had been largely successful.
However, the survey also found that repeating pre-restoration quadrat sampling points was
impossible on some sites as increased water levels made access impossible to some areas of the site.
Options for future monitoring arising from this survey work included periodic repeat survey along the
same transect lines, together with simpler DAFOR assessments and general habitat descriptions on
an annual basis. It was suggested that these approaches could be supplemented by an annual
assessment of positive key species indicative of restoration success, such as Sphagnum, Erica tetralix,
Drosera rotundifolia and Vaccinium oxycoccos. Additional negative species to monitor might include
Juncus effusus, Typha latifolia and Betula spp.
For different vegetation types, it may be easier to use the line transect method than frame or point
quadrats (Table 12). Cover estimates will be very difficult in vegetation where plants are small and
intermingled. Belt transects can be very time consuming if a large number of quadrats are placed
along them. If using transects, the count of touches or estimate of cover will often depend on the
height of the line transect in the vegetation. Gradsects may be biased by the particular
environmental factor used to describe the gradient. Transects should only really be used to
demonstrate gradients (ecoclines), boundaries (ecotones) and changes in these. These gradsects will
only really be appropriate where the location of a gradient is already known and for monitoring
changes in this gradient, rather than to demonstrate the nature of the gradient.

Table 12 Advantages and disadvantages of transects for certain vegetation characteristics (Bullock,
1996).
Vegetation characteristics
Sparse
Tall
Dense
Tussocky, clumps or
large/distinct

Advantage/Disadvantage
Provides more productive sampling
More practical
Counting touches takes a long time
Length of transect occupied by a species can be measured
reliably and simply

4.3.1.3.9. Nested quadrats
The nested quadrat approach consists of 2 to 4 plots nested within a larger plot (Winward &
Martinez, 1983). Species found in the smallest ‘plot’ are given a score of 1, additional species receive
a score of 2, 3 or 4 depending on the plot in which they are first found. Percent frequency for each
species at each ‘plot’ size can then be calculated, e.g. in plot 1: no. of plots with 1’s/total no. of
‘frames’ sampled. Nested frequency methods are less likely to exclude species, or generate
frequencies of 100%. They take a similar length of time to assess as a single-sized ‘plot’. Data can be
evaluated from selected plot sizes as the frequency changes.
A nested quadrat approach was undertaken as part of the monitoring of the impact of management
regimes for the restoration of upland blanket bog (PAA, 2006). The approach identified areas of
homogeneous vegetation types where restoration management was to be undertaken (e.g. burning,
introduction of cattle grazing, changes in sheep grazing, Molinia cutting). Within each area, 32 1m x
1m quadrats were randomly set out. Each quadrat was divided into cells to create a nested quadrat,
starting in the lower left corner of the 1 m2 quadrat, and working out with each cell approximately
doubling in area and fully containing all smaller cells. The approach was a modified version of the
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ADAS plot method (Critchley & Poluton, 1998; Burke & Critchley, 1999), the modification being that
the quadrats were randomly taken within the sample area, rather than being fixed within the
designated plot area. This was to reduce surveyor trampling effects over time on the more
vulnerable peat substrate and Sphagnum species. In addition, fewer small scale ‘nests’ were used
between 1cm and 12cm nests than originally developed for grassland monitoring, as the scale of
variation in moorland vegetation was considered ‘more coarse’, and monitoring to a fine scale was
not considered appropriate in terms of resources/time.
In this study, the nested cell sizes were 1 cm x 1 cm (i.e. a ‘pin hit’), 12 cm x 12 cm, 25 cm x 25 cm,
50cm x 50 cm, 70 cm x 70 cm and 100cm x 100 cm. However, a larger quadrat and/or more finely
‘nested’ quadrat can be used depending on the vegetation type being assessed. Each additional
plant species found in each cell was recorded and a cumulative species list gathered for the area,
along with a note of the cell in which the species was first recorded. The method can use a predetermined plant species list to reduce time in the field, where appropriate. The benefit of this
system over percent cover, is that the entire 1m2 area is searched systematically and the nested
approach reduces surveyor error.
The analysis of nested quadrat data requires a specific approach. The optimum scale for each species
recorded is calculated. This is the nested quadat (‘cell’) in which the frequency is closest to 50% of
sample points measured. In the case of PAA (2006), the mid-point value was 16 as there were 32
quadrats in each sample area. The value of using the optimum scale is that it allows the plant to be
monitored at the nested quadrat size that is considered most appropriate to detect changes in
frequency for that species. Critchley and Poulton (1998) define optimum scale as ‘the scale which is
most sensitive for detecting change a priori in either direction’. The optimum scale for each species is
derived from the first dataset and subsequent datasets assess the change in occurrence of each
species at that optimum scale. A positive score (i.e. more occurrences of that species at that
optimum scale over time) indicates an increase in the species, and a negative score a decrease. In
this study the moorland species were recorded at a variety of different scales and the method
appeared to successfully show changes in the smaller and/or less abundant species that may have
not been detected using visual estimates of percent cover. However, this study did not compare the
method with any other, and this method has not been widely used in peatland habitats, therefore it
is difficult to fully assess its potential as a successful monitoring approach for these habitat types.

4.3.1.3.10. Monitoring of plant populations
Davidsson et al. (2000) provide guidelines for monitoring wetland functioning which is a key goal of
peatland restoration success. They state that monitoring of plant population dynamics is normally
carried out for a selected species, e.g. for rare species as target species in nature conservation
(Hutchings, 1991). However, for precise analysis of population dynamics and for the interpretation of
the results, it is not sufficient to estimate the cover or frequency of a species. Information on the age,
size and/or developmental states of the individuals within a plant population is needed for the
evaluation of population viability (e.g. Oostermeijer et al. 1994; Frankel et al. 1995). Repeated
population mapping and long-term observations of marked individual plants can illustrate positive or
negative trends in population development.
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4.3.1.4. Plant communities
4.3.1.4.1. Phase 1 habitat survey
The aim of Phase 1 habitat survey is to provide, relatively rapidly, a record of the semi-natural
vegetation and wildlife habitat over large areas of countryside (JNCC, 2007). The Phase 1 habitat
survey manual (JNCC, 2007) presents a standardised system for classifying and mapping wildlife
habitats in all parts of Great Britain, including urban areas. The manual provides information on the
planning and execution of habitat surveys and is based on the experience of a large number of
surveys which have been carried out in the past decade. The methodology manual is applicable both
to surveys of specific habitats and to surveys of the whole countryside, in which every parcel of land
is classified and recorded. However, for monitoring of restoration the Phase 1 habitat categories
applicable to peatland habitats are rather broad and there would need to be a significant change in
vegetation community type to register as a change in category.

4.3.1.4.2. National Vegetation Classification (NVC) System
The NVC was commissioned in 1975 by the Nature Conservancy Council (NCC) to provide a
comprehensive and systematic catalogue and description of the plant communities of Britain. It has
now been accepted as a standard, not only by the nature conservation and countryside
organisations, but also by forestry, agriculture and water agencies, local authorities,
nongovernmental organisations, major industries and universities. It has been widely welcomed as
providing a much-needed common language in which the character and value of the vegetation of
this country can be understood.
The NVC details methodology for sampling and describing vegetation in the field, and explains how
such information can be used to identify plant communities, outlines the character of the
classification itself, and accounts of the vegetation types it contains. It also discusses the important
issues involved in carrying out an NVC survey of a site and gives a brief indication of other
applications of the scheme.
The NVC approach divides vegetation communities such as the Erica tetralix – Sphagnum papillosum
raised and blanket mire (M18) and ‘sub-communities’ such as the M18 Andromeda polifolia subcommunity (M18a) (Rodwell, 1991). The sub-community is identified by a sub-set of plants (the
preferential species) that are more frequently present (although not always at a high percent cover)
within that sub-community than in the community as a whole. At the community level, as for Phase 1
habitat surveys, a fairly large change in plant community would be required for a change from one
community to another to be registered during monitoring. However, a change between subcommunities can result from more subtle changes to plant species which may be detected. In
addition, analysis packages such as MATCH (Thomson, 2004) will assess the difference between sets
of quadrats in some detail allowing the ecologist to determine small changes in cover and/or
frequency even if overall community type does not change.

4.3.1.4.3. Higher Level Stewardship (HLS) vegetation type
The HLS, which is part of the suite of Environmental Stewardship agri-environment schemes run by
Defra, also uses a rather broad classification for vegetation types some of which cover peatland
habitat types (NE, 2005; 2008). These include wet grassland, moorland and upland rough grazing,
lowland heathland and wetlands (including reedbeds, fens and lowland raised bog).
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Each vegetation type has a suite of land management options, some of which cover restoration of
habitat types, each of which has a set of criteria that should be met, and which are refined on a site
by site (farm) basis. These criteria and the land management associated with them comprise the HLS
agreement and form the basis of the subsidy payments given. The agreements where there were
options dealing with peatland restoration could be assessed in a broad way (nationally or regionally)
to see how much peatland was being managed under each option type. However, the data gathered
for each agreement would be unlikely to be suitable for any detailed analysis of the success of
restoration.

4.3.1.4.4. CORINE Biotope Classification Scheme
The CORINE (CO-oRdination of INformation on the Environment) biotope classification scheme
(Commission of the European Communities, 1991) is a European habitat classification scheme which
links to the EC Habitats Directive Annexe 1 habitat types used to classify SACs. The classification
scheme is hierarchical with the top level habitat types being rather broad (raised bog, blanket bog,
water fringe vegetation, fens, transition mires and springs, etc). However, the scheme becomes
increasingly detailed, for example describing the dominant Sphagnum species on hummocks within
raised bogs. The scheme includes a large number of habitat types that are not found within the UK
and, while its use for describing UK SAC sites is critical, its application as an approach for peatland
restoration monitoring is more suited to large scale pan-European assessments. Since it generalises
information into groups, communities and vegetation types, it has a lower capacity for detecting
change than specific measurements or estimates of individual parameters. Jackson (2000) has
prepared guidance on the interpretation of Annex 1 habitat types (which link to CORINE) to the more
widely used UK classification schemes such as the UKBAP Broad Habitat Classification and Priority
habitat types, NVC and Phase 1 habitat types. Again, these approaches are perhaps more useful as
descriptive tools or strategic evaluations or restoration effort/approaches at the national or regional
level rather than monitoring tools for peatland sites.

4.3.1.4.5. Fixed point photography
Plant communities, their species composition and extent of habitat distribution can be surprisingly
well recorded through regular standardized photographic surveys. While an accurate estimate of
species abundance or mix will seldom be possible, these surveys are rapid, repeatable and
inexpensive. With digital formats widely available they can be easily stored and analysed such as a
time series of pictures. It is useful to take photographs (if possible from fixed points) at every field
visit to provide visual histories of changes and to support monitoring of only rarely visited sites and
sites for which monitoring resources are limited. Fixed photograph points can be marked by
permanent electronic markers (e.g. magnets placed beneath the surface), or wooden/metal posts. In
every case it is useful to reference permanent structures on and off site (by direction and distance).
Fixed point photography was deemed important at the NE expert workshop (Appendix 2) but often
not well used. It was suggested that it can be used horizontally or vertically. Also, it was considered
good to record every quarter to see seasonal changes and to use aerial photos where possible.
This is a relatively simple and quick method of recording change in vegetation (and other site
parameters, such as raising water levels by grip blocking) over time for monitoring purposes. A
simple but consistent approach is needed to setting up an effective fixed point photographic
monitoring scheme (K. Longden, pers. comm.), as follows:
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Accurately record the point the photograph is located, preferably with a fixed marker such as
a wooden stake or by accurately measuring the point from a nearby fixed feature.



Record the direction, including the marker in the photograph if possible to aid re-orientation.
Also, include a scale marker such as a ranging pole or meter rule to aid future interpretation.



Note any camera settings used such as zoom, speed, light settings, as needed.

The technique can be used to monitor the vegetation horizontally or vertically and in some cases a
stereoscopic pair of photographs has been used to aid interpretation of vegetation change over time
(Lindsay & Ross, 1993). The frequency of monitoring will depend on the restoration technique used
and vegetation changes anticipated. However, seasonal changes can be useful to record by
photographing every quarter. If applying only once a year, the photograph must be repeated at the
same time of year to reduce the influence of seasonal change. An example of fixed point
photography has being used to good effect in peatland monitoring is seen in the post-burn
monitoring of Fylingdales blanket bog in North Yorkshire (Manners, 2009). Whilst photography does
not provide primary data for analysis like vegetation or peat surveys, it may be possible to quantify
vegetation change by point photography time series (see Clark & Hardegree, 2005). This suggests it
may also be possible to assess differences in vegetation types between treatments. Stoneman &
Brooks (1997) provide detailed information to consider when setting up a fixed point photography
scheme (Fig. 5).

Figure 5 An example of fixed-point photograph locations (from Stoneman & Brooks, 1997).
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4.3.1.4.6. Remote sensing
Since different vegetation reflects different parts of the visible and UV spectrum, vegetation types
can be identified from satellite images. Some of the higher resolution satellites provide information
on vegetation types at the field-scale. This data can provide information on the changes in land-use
in recent years. Use of satellite remote sensing is useful for broad-scale habitat monitoring and
surveying projects, for instance the Countryside Survey (Bardsley et al. 2001). However, there is a
requirement for several data sets over a number of years which can considerably increase the cost
and may be unavailable. It is good at distinguishing bare peat from vegetated peat, but it cannot
distinguish purple moor-grass from other moorland grasses in the summer (Appendix 2). There is
currently work focused on the potential for satellite imagery to distinguish purple-moor grass by
comparison of summer and winter images, to recognise the colour change associated with its
deciduous habit.
Mathema (2005) investigated the potential application of canonical ordination method in mapping
and monitoring the transition of species composition as a result of rewetting degraded peatland bog
in the Netherlands, by relating the floristic data with remotely sensed spectral data and indices.
Linear ordination method was found to be appropriate for analysis of the floristic data. The
application of Principle Component Analysis revealed presence of a moisture gradient in the floristic
data. Therefore, redundancy analysis axis, a direct gradient analysis was carried out to ordinate the
floristic data in relation with the remotely sensed spectral data and indices, namely: Land Surface
Temperature, Normalise Difference Vegetation index, and Temperature Vegetation Dryness index.
The majority of the pixels of the study area fell within the range of 0 to 1 of the first RDA axis
indicating that the wetter species composition was re-establishing. It was inferred from the study
that the interaction between the vegetation cover and the surface moisture was the compound
environmental gradient responsible for the on-going transition in the vegetation community. Thus,
the study shows the potential for linking remotely sensed spectral data and indices with vegetation
monitoring to determine the extent of restoration success.
Aerial photography can be a very useful tool in pre- and post-restoration assessment. Photographs
from the 1940s and 1950s can provide a visual record of former land use but are often monochrome.
Former land use can be compared with current land use to assess change and/or deterioration. The
former extent of habitats may also be used to help set restoration objectives. An aerial photograph
pre- and post-restoration can provide a record of broad-scale habitat change. Remote controlled
aircraft can be a cheaper alternative to the use of light aircraft. This technique has been investigated
by the RSPB and the Environment Agency to assess the growth of algae in response to increased
nutrient inputs. The method was rapid and produced an on-site time saving of 75 % with associated
cost savings (Bardsley et al. 2001).
Where large and homogenous areas have to be monitored, aerial photography or remote sensing is
very useful (see Jackson et al. 1995; Poulin et al. 2002). On a smaller scale, positive results can be
achieved by installing camera platforms or by using model aircraft or balloons (Stoneman & Brooks,
1997). The potential advantages and disadvantages of remote sensing techniques compared with
more traditional vegetation and species surveying and monitoring are shown in Table 13.
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Table 13 Advantages and disadvantages of remote sensing (Bardsley et al. 2001)
Advantages
Cover large areas
Give quick response if weather
conditions permit
Can produce cost savings if large areas
are monitored for long periods

Disadvantages
Expensive initial start up/capital costs
Expensive ongoing monitoring costs
Requires specialist and/or equipment for
data analysis
Resolution is comparatively low

4.3.1.5. Vegetation structure
4.3.1.5.1. Canopy and sward heights
In herbaceous and shrubland vegetation, canopy height and stratification can be measured using pin
probes at sample points, which are often arrayed along line transects or belts (Bonham, 1989). Range
scientists have also developed the ‘swardstick’, which consists of a bar which slides up and down on
a graduated vertical pole that, when properly calibrated, provides rapid estimates of sward height
and density. Sward sticks tend to measure smaller areas more accurately, but many measurements
may be required to get a good average. The size of the bar on the slider will affect the results, with
bigger bars making higher vegetation heights more likely. Falling discs are an alternative and are
supposed to give an average over a standard area but they tend to record higher values than sward
sticks (e.g. Earle & McGowan, 1979).
In low vegetation, ground cameras have been used to estimate canopy height both from horizontal
profiles and from vertical stereo photographic pairs (e.g. Ivanov et al. 1994). Hutchings et al. (1990)
tested the use of ultrasonic rangefinders to estimate canopy height in grasslands and found the
estimates of height and mass to be closely related to those obtained by direct swardstick
measurements. Ultrasonic rangefinders are relatively inexpensive and therefore offer a good
alternative where canopy and sward height measurements are required.

4.3.1.5.2. LIDAR
Aircraft and satellite borne laser systems transmit and analyze monochromatic light that interacts
with and is partially reflected by the illuminated surface (Davis & Roberts, 2000). LIDAR (light
detection and ranging) laser systems measure the travel time of short pulses of light to estimate the
sensor-surface distance, while more sophisticated systems measure changes in light quality to
measure absorptive properties of the atmosphere (differential absorption LIDAR) or the velocity of a
moving target (Doppler LIDAR). Beam divergence from airborne LIDAR systems can be widened to
increase the illuminated ground area or “footprint”, which typically ranges from 0.5 to 10 m. Time
varying return signals from targets at different distances from the sensor are sampled at high
frequency to construct a “waveform” of distances to targets along the flightline. The waveform of
heights can be analysed to estimate the vertical distribution of vegetation and ground surface within
the footprint (Davis & Roberts, 2000).
Milton et al (2004,2005) state that mapping of past drainage of bog and evidence of active or
abandoned peat cutting could be achieved using a sensor which responds to subtle variations in
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surface microrelief, such as radar, LiDAR or stereo air photo interpretation. Spatial patterns of
healthy vegetation, saturated ground and standing water would be expected to have an expression
in the spectral domain as well as the spatial domain (Fig. 6).
Clearly, one of the most important indicators of active raised bog is the presence of ‘colourful
Sphagnum species’ and it is very likely that these will have a characteristic spectral response within
the visible and near infra-red wavelengths. There is also some evidence from the literature that
reflectance in the short-wave infra-red, around the shoulders of the water absorption features at
1.4mm and 1.9mm, varies considerably for different plant species commonly found on raised bogs.
Although very few remote sensing systems exist that could measure these spectral features in detail,
most sensors have some spectral capability in the visible and near infra-red region (Milton et al.
2005).

Figure 6 Extract of the LiDAR data from Wedholme Flow showing how this data source could be used
to distinguish between sod-cutting (A), degraded, drained bog (B) and milled peat extraction (C)
(from Milton et al., 2005).

4.3.1.6. Conclusions
The choice of method depends on the available resources and the scale of the site. Small permanent
plots are recommended if they are adequately replicated for assessing vegetation change over time.
Within large permanent plots, random sampling can be used to overcome biases. However, a large
number of replicates may be required in raised bog surfaces that have a high level of small scale
variability. Therefore, stratified random sampling can be used when there are obvious differences in
60

habitat, to compare a reference and restored site, or where environmental characteristics are
expected. However, this technique is limited in the statistical techniques that can be applied. The
point quadrat method is time consuming but gives precise data for a limited number of species, while
frame quadrats are quick but allow for recording only large changes in cover. Braun blanquet and
Domin are not amenable to statistical analysis. Frequency is very quick although biased against
clumped species (i.e. Sphagnum). Transects are used when there is an environmental gradient. The
nested quadrat may be the most appropriate technique where there is a wide range of vegetation
types. The size of quadrat will depend on the vegetation types, i.e. shrubs, bryophytes.
Phase 1 habitat survey categories are too broad to be of use for peatland restoration monitoring. The
NVC methodlogy may be more suitable for sampling and describing vegetation. Also, Higher Level
Stewardship vegetation type covers restoration of habitat types with a set of criteria, although they
are unlikely to be suitable for analysis of restoration success.
Fixed point photography is recommended for rapid, repeatable and inexpensive recordings of plant
communities, species composition and habitat distribution. Whilst photography does not provide
primary data for analysis, it may be possible to quantify vegetation change by point photography
time series. Remote sensing techniques using low altitude, high resolution, colour and colour infrared
photographs provide an accurate and efficient means of sampling vegetation cover, but individual
species may not be identified, precluding estimates of species density and distribution. Aerial
photography is suggested to be an effective tool for vegetation monitoring of simple habitat types
dominated by a single species or when species identities are not important and vegetation structure
is the main parameter to be recorded. However, the inability of aerial photography to identify
individual species suggests it is limited in its usefulness for monitoring restoration success. LIDAR
may be used to map past drainage of bog or the presence of colourful Sphagnum species in active
raised bog. A combination of aerial photography and ground-based methods may be the most
effective means of monitoring the success of large wetland restoration projects.
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4.3.2 Birds
4.3.2.1. Introduction
Blanket bogs support a very wide range of birds. As with plant species, some of these are widespread
and common, some are much more local, and quite a number are of international interest for either
their rarity or for the densities of their breeding populations on blanket bogs, for example common
scoter Melanitta nigra, dunlin Calidris alpina and Eurasian golden plover Pluvialis apricaria. Lowland
raised bogs also support a distinctive range of birds including a variety of breeding waders and
wildfowl such as bittern Botaurus stellaris which are restricted to reedbeds, which may form on cutover raised bogs (e.g. Leighton Moss).
Birds are often used as biological indicators of environmental quality because:


Many species are readily seen or heard and identified;



Some species are top of the food-chains, acting as bioaccumulators of persistant pollutants
(PCBs, etc.);



All species are important contributors to habitat quality and extent such as invertebrate food
sources for chicks, and some are very sensitive to pollution and disturbance;



Birds are popular and being able to report beneficial results of peatland restoration for birds
is likely to be good publicity for a restoration project – “Flagship species”.

Bird populations can change rapidly as a consequence of conservation management. Removal of
large areas of scrub woodland and the creation of open water have a particularly strong impact
(Stoneman & Brooks, 1997). This allows the success of management to be monitored via bird
recording as a surrogate measure for habitat change. Other objectives of bird monitoring
programmes are:


To provide baseline data for previously unrecorded sites;



To provide information on species that have particular conservation interest;



To complement interpretation of hydrological and botanical data;



To provide information to non-specialist audiences; and



To supplement national bird monitoring programmes.

There are several standard techniques used in Britain and elsewhere that can be adopted for
monitoring birds on peatlands. The Wetlands Birds Survey (WeBS) has used a nationally coordinated
synchronised system of volunteer-based monthly winter counts for over 50 years (Bardsley et al.
2001). The Breeding Bird Survey aimed at monitoring populations of widespread and abundant
species in the UK. The Common Bird Census (CBC) is another long-running volunteer-based survey of
birds, designed to estimate national bird population changes through monitoring of sample survey
sites. Also, see Brown & Shepherd (1991) for further details for monitoring breeding birds in
peatlands.
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4.3.2.2. Common Bird Census
The Common Bird Census (CBC) principal aims were to measure the background variation in bird
numbers and the extent of population changes due to pesticide use and habitat changes. A national
picture is extrapolated from a series of sample sites (plots) which are recorded annually.
Approximately 40 000 individual bird territories are mapped from 300 plots visited during March-July
each year (Stoneman & Brooks, 1997).
A total of ten visits per year are made to the plot. On each visit, all birds seen or heard are recorded
on a 1:2500 map. When all the visits are complete for the year, the information is transferred to a
species map which, when analysed, shows the territories of individual birds. The result is a series of
maps for each plot, species and season showing the number and position of each territory. These
then form the basis for the extrapolated national picture. The fieldwork and mapping requires at last
sixty hours of work, which inevitably limits the number of plots visited (Stoneman & Brooks, 1997).

4.3.2.3. Breeding Bird Survey
The Breeding Bird Survey (BBS) was designed as a potential successor to the CBC and is used by the
ECN. The scheme was designed to overcome the limitations of its forerunners (i.e. CBC) by:
1. Selecting sample sites randomly;
2. Increasing the number of sample sites;
3. Using counts instead of mapping territories, thus,
4. Reducing the sampling effort at each site, whilst
5. Improving representativeness.
One-kilometre grid squares are randomly chosen. Two parallel transects are established, 1 km long
and 500m apart. Each transect line is divided into five equal sections of 200m, to provide a total of
ten consecutively numbered sections. The habitats along the transects are described and coded
(BTO, 1995). Habitat recording enables bird populations to be related to habitat features and to
changes in those features. All bird observations are recorded at two visits (all species) as the
observer walks the transect, and divided according to distance from the transect: within 25m, 25-100
m, greater than 100m and in-flight. The exact route taken by the transect lines is marked on a map
and the same route is followed every year. In the lowlands of southern Britain, the main part of the
breeding season, roughly between 1 April and 30 June, should be divided into two counting periods,
early-April to mid-May and mid-May to late June, and one visit should be made in each period. Count
should be made in the morning and should not be attempted in conditions of heavy rain, poor
visibility or stron wind, and prevailing weather conditions should be recorded on the forms provided.
An average visit takes approximately 1 ½ hours depending on the habitat (Stoneman & Brooks,
1997).

4.3.2.4. Counting leks
In about 150 species of birds, males collect in communal display arenas called leks (Johnsgaard,
1994). These may be attended by males for much of the breeding season and much of the day,
although females may attend them only briefly to mate. A single count at the peak time is usually
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sufficient, provided the weather conditions are suitable. Prior to undertaking a full census, however,
it is important to undertake counts throughout the day and the season at a small number of sites to
determine how lek attendance varies (e.g. Cayford & Walker, 1991). The optimal timing for a full
census can then be decided (see Gibbons et al., 1996).
In some species, calling males (e.g. Black grouse) can be heard from some distance giving away the
presence of the lek. In other cases the lek arena itself may be obvious even when males are not
present (flattened vegetation, droppings, feathers, etc.). Changes in land use may make the habitat
surrounding a lek unsuitable and thus lek attendance may decline. This may not represent a
population decline; rather the birds may have gone elsewhere. It is important to count all leks in a
reasonably large area to determine changes in population level (Gibbons et al. 1996).
Most males in an area congregate at the lek and thus can be counted during a single count at the
optimal time. Females of lekking species are usually inconspicuous and only visit the lek occasionally
and thus cannot be counted reliably at leks. A few males may not be present at the lek, even at the
optimal time. Young birds are particularly likely to be absent and may leak solitarily (Gibbons et al.,
1996).

4.3.2.5. Mist-netting
Birds can be caught early in the morning in spring and summer in fine-meshed ‘mist’ nets and, when
the effort is standardised, ‘constant effort sites’ can be established. Several (12 or more) visits are
needed to establish the local song bird population in a given area and standard samples are obtained
year-on-year by using similar sized and located nets, set at well defined periods (Bardsley et al.
2001). It is essential to standardise catching time and the number of nets in a site.
Data on sex, age, body condition (weight) and young-to-old ratios as well as overall abundance of the
various species can be obtained and birds ringed. Ringing returns are, of course, very useful
ultimately for estimates of longevity, survival rates and migratory routes. This method can help
interpret changes in population level by highlighting whether productivity or survival are possible
causes of the population changes. Only workers holding a valid BTO ringing licence can legally ring
birds or mist-net them in the UK.
Advantages unlike most other census methods are that capture per unit effort provides information
on productivity and survival. It is useful for censuring species that live in habitats within which
observation is difficult (e.g. dense undergrowth and reed-bed). The method is best for species with
high retrap probabilities (e.g. warblers). Disadvantages are that long-periods of traning followed by
application for a licence are necessary before any ringing can be undertaken. In addition it is time
consuming, sites are often chosen rather than randomly allocated, and habitat succession at sites can
confuse the long-term picture. As a consequence it is not the most appropriate method for
monitoring population levels (Gibbons et al., 1996).

4.3.2.6. Point counts
Point counts can be an efficient way of collecting species abundance data. They are particularly good
in scrub habitats, as they avoid excessive disturbance to the birds. They are not particularly well
suited to large areas of open bog, as birds are disturbed on open bog (Stoneman & Brooks, 1997).
64

A point count is a count undertaken from a fixed location for a fixed time period. It can be
undertaken at any time of year, and is not restricted to the breeding season. Points are selected
either systematically or randomly within the study area. They should be spaced far enough to avoid
duplication of individuals. Counts should last 5-10 minutes. Record all birds seen or heard. On longer
counts, individuals may be recorded more than once. If a distance estimate is given for each record, a
crude estimate of population density can be expressed (Stoneman & Brooks, 1997).
This method has no standard, national approach and could be readily adapted to suit individual
needs and resource limitations (Stoneman & Brooks, 1997). Point counts are of little use for less
detectable species. Because most birds are detected by song, a high level of observer experience is
required. They are more suitable than transects where habitat is patchy, though much less so in open
habitats where birds are likely to flee from the observer. Point counts are unsuitable for species
which are easily disturbed. They are, however, very efficient for gathering large amounts of data
quickly (Gibbons et al., 1996).

4.3.2.7. Transects counts
Transect counts are particularly useful in covering large areas of open habitat. There is no standard
methodology although there are a certain number of guidelines which should be adhered to
(Stoneman & Brooks, 1997).
This technique is useful for monitoring both open and linear habitats (Bardsley et al. 2001). Transect
lengths are variable; they are dependent upon habitat (longer for open habitat), ease of access and
time limitations. They should be spaced widely enough to minimize the risk of duplicating sightings.
Transects are walked and all birds seen or heard using the habitat can be recorded. Such data can
yield density estimates when corrected for distances from the transect line at which birds can be
identified. Supplementary information on behaviour, sex and so on can also be noted. This method
may be particularly suited to bogs, as many species are flushed from cover as the recorder walks the
transect route (Stoneman & Brooks, 1997). For further information, see Gibbons et al. (1996).

4.3.2.8. Conclusions
Birds are often used as biological indicators of environmental quality as bird populations can change
rapidly as a consequence of conservation management. The CBC and BBS methods are
recommended as they are established techniques with available literature and data for detailed
analysis and evaluation. These methods are also used by ECN at peatland sites and relate changes in
habitat to changes in bird populations. Counting leks may be suitable for specific sites such as blanket
bogs with grouse management. Mist netting is more expensive, time consuming, requires expertise
and a license. However, more detailed information on productivity and survival can be obtained.
Point counts are efficient and particularly good in scrub habitats, and open bog, although they are
not good for less detectable species. Transect counts are useful in large open areas and linear
habitats such as bogs.

65

4.3.3. Invertebrates
4.3.3.1. Introduction
Peat provides habitat for terrestrial invertebrates such as millipedes, mites, collembola, enchytraeid
worms, insects and arachnids. Invertebrates in upland moorland or bog habitats are an essential
component of the diet of many bird species. Wet blanket bog is of great importance to many
invertebrates such as spiders and leaf-hopper bugs. The vulnerable Bog hoverfly Eristalis cryptarum
requires a habitat mosaic both within and beyond the bog. The natural structure of the surface of an
undamaged blanket bog provides a variety of aquatic and semi-aquatic habitats each supporting
different invertebrates. Rare and localised invertebrates, such as the Large heath butterfly
(Coenonympha tullia), the Bog bush cricket (Metrioptera brachyptera) and Mire pill beetle
(Curimopsis nigrita) are found on some lowland raised bog sites (Table 14).
Fen habitats support thousands of invertebrate species; at some sites more than half the UK’s
dragonfly species can be found, as well as a large number of aquatic beetles. Shallow-profiled water
margins and ditch-sides are important for many invertebrate species such as the ground beetle
Pterostichus anthracinus. Dykes with abundant Water soldier (Stratiotes aloides) support the Norfolk
hawker dragonfly (Aeshna isosceles). River dredging has a negative impact on species such as the
scarce chaser dragonfly (Libellula fulva). Some rare species, such as the cranefly Prionocera
subserricornis, have aquatic larvae in ditches full of saturated organic ‘mud’. Winter drying due to
land drainage is likely to be especially damaging to the scarce emerald dragonfly (Lestes dryas). More
detailed information on the species of invertebrates inhabiting peatlands can be found at
http://www.buglife.org.uk/conservation/adviceonmanagingbaphabitats/ (Table 14) and their
monitoring (Eyre, 1996; Coulson & Butterfield, 1985).

Table 14 Important BAP species associated with blanket bog, lowland raised bog and fen.
Blanket bog
Bog hoverfly (Eristalis
cryptarum )
Cranefly (Tipula serrulifera)

Lowland raised bog
Blue ground beetle (Carabus
intricatus)
a ground beetle Pterostichus
aterrimus
10 spotted pot beetle
(Cryptocephalus
decemmaculatus)
Large marsh grasshopper
(Stethophyma grossum)
Black bog ant (Formica
candida)
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Fen
Desmoulin’s whorl snail (Vertigo
moulinsiana)
Narrow-mouthed whorl snail
(Vertigo angustior)
Rosser’s sac spider (Clubiona
rosserae)
Fen raft spider (Dolomedes
plantarius)
Lesser water measurer
(Hydrometra gracilenta)
a ground beetle (Pterostichus
aterrimus)
Pashford pot beetle
(Cryptocephalus exiguus)
Diving Beetle
(Bidessus unistriatus)
Large marsh grasshopper
(Stethophyma grossum)

Freshwater invertebrates are essential links in aquatic ecosystems. Peatlands provide ideal habitat
for a large range of aquatic invertebrates. The greatest diversity of these species, on both bogs and
fens, is in areas of standing water. Some species are truly aquatic, spending all their life in the water,
while others have an aquatic larval stage but live out of the water as adults. Invertebrate
communities are determined primarily by water chemistry and are therefore very useful for
determining degrees of pollution (Table 15). The animals have to survive all through the year and
therefore overcome the problems of point sampling (i.e. sampling on an arbitrary date may miss an
event that may have a seasonal cycle) (Bardsley et al. 2001). The differing species or groups of
invertebrates can be quite easily identified with a hand lens and appropriate field guide.

Table 15 Pollution tolerant (low score) and sensitive (high score) aquatic invertebrate groups
(Bardsley et al., 2001).
Group
Small aquatic worms (e.g. Tubifex)
Chironomid midge larvae (e.g. bloodworms)
Asellus (water louse), most leeches and snails
Baetis (olive) mayflies, Alder flies (Sialis), fish leech.
Water boatmen, most water beetles and bugs, flatworms
Shrimps (Gammarus), mussels, freshwater limpets
Caenis mayflies, Rhyacophila & Limnephilus net-spinning caddis, Nemoura stone flies
Native crayfish, most dragonflies
Ephemera, Leptophlebia & Ephemerella mayflies, Perla, Chloroperla, Leuctra
stoneflies, Phryganera, Molanna, Leptocerid, Sericostoma cased caddis flies

Score
1
2
3
4
5
6
7
8
10

Scott et al. (2006) reported that epigeic spiders can be used as ecological indicators of conservation
value for lowland bogs. They found that the number of spider bog indicator species was a surrogate
for the conservation value of the total invertebrate fauna of the bogs in the study area. Arthropods
form a large proportion of the cursorial epigeic fauna of Sphagnum bogs, beetles and spiders being
the major predatory mesofauna. Eyre and Woodward (1996) regarded spiders of limited usefulness
in the assessment of moorland and woodland situations as a result of year-to-year differences in
catches and poorly defined habitat preferences, they also have the disadvantage that they can, in the
main, only be identified to species when sexually mature. However, lowland oligotrophic bogs
support a highly distinctive invertebrate community (Coulson & Butterfield, 1985). As these habitats
have little vertical stratification, most of the spider species are accessible to pitfall trapping, which
provides the nearest approximation to quantitative data (Scott et al. (2006). Several species are
considered endangered and, as the subjects of BAPs in the UK, require monitoring in their own right.
The invertebrates form a large group in terms of species richness and many of them pose difficult
problems for long-term monitoring: sampling for many groups is labour intensive, identification
difficult, time-consuming and therefore expensive. Invertebrates were considered possible indicators
of restoration at the NE workshop (see Appendix 2) but maintaining or enhancing populations of
invertebrates might also be objectives of a peatland restoration project. However, invertebrate
monitoring was considered costly in which case invertebrates would best be monitored where they
are deemed a special feature of a site. In this case invertebrates would represent an objective which
could be directly monitored. Further, cooperation of numerous taxonomic experts is essential for
accurate species identification in most groups. This is evident from the list of experts involved in the
studies by Blades and Marshall (1994) and Finnamore (1994). However, Blades & Marshall (1994)
suggest that grouping of species by habitat preference is a useful technique for assessing habitat
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disturbance and therefore may be suitable for peatland restoration. Luff & Woiwod (1995) provide
guidance on the use of insects as indicators of change in climate, pollution and land use. The
Environment Change Network (ECN; http://www.ecn.ac.uk/protocols/index.asp) concentrate
principally on indicator groups rather than on individual species. Roberts provide keys for species
identification (1985, 1987) with taxonomic revisions by Merrett & Murphy (2000). Specific bog
indicator species are given in Ratcliffe (1977) with additional species cited by Tretzel (1955), Casemir
(1976) and Kupryjanowicz et al., (1998).
Many invertebrates exploit different microhabitats during different stages of their life-cycle and are
consequently only present in a given habitat for limited periods during the year. Thus, it is frequently
necessary to devise sampling strategies for freshwater and peat invertebrates on a fine scale such as
sampling a wide range of microhabitats (e.g. dead vegetation of different species and of different
moisture content, bare ground, etc.). Special techniques are required for sampling the aquatic
habitats encountered in bogs (Danks and Rosenberg, 1987). More sampling effort is usually needed
both in forested areas and in the shrub and herbaceous habitats (Keener & Needham, 1999). It may
also be necessary to sample on a number of occasions throughout the year, in order to obtain a
representative selection of species present. The activity of most invertebrates is often strongly
influenced by the weather conditions and the time of day. The level of activity, as mediated by the
weather, may determine in which microhabitat a particular individual is at any one time, how easy
the individual is to locate, how easy it is to catch, and how likely it is to enter a trap. When
monitoring invertebrate faunas between sites, or at the same site over time, it will usually be
necessary to standardise the weather conditions and time of day under which the sampling takes
place. This is of particular importance when using traps (Ausden, 1996). Catches of individuals within
a trap reflect the abundance and activity of a species, as well as the species susceptibility to being
caught, e.g. attractants, distance to trap, etc. Keener & Needham (1999) suggest a sampling period
over at least one or two years is needed to accommodate the different phenologies, and a variety of
collecting methods are needed to sample the various faunistic elements. Stoneman & Brooks (1997)
recommend that invertebrate monitoring should be linked as closely as possible with botanical,
hydrological and climatic monitoring programmes.
The methods to achieve invertebrate monitoring can be divided into trapping techniques and direct
counting techniques. Trapping techniques include pitfalls, water, light, flight and suction trapping.
Direct counting techniques include transect walking, netting, and extraction techniques (see
Stoneman & Brooks, 1997). A list of the advantages and disadvantages of survey methods available is
presented in Table 16.
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Table 16 Survey methods: advantages and disadvantages (Stoneman & Brooks, 1997).
Survey method
Trapping
Pitfall

Water
Light
Flight

Suction

Direct counting
Transect walking

Aquatic netting
Sweep-netting
Quadrat counting
Sieving
Extraction funnels

Pooters

Hand searching

Advantage

Disadvantage

Cost

Simple to use.
Expertise not always
required. No power
source.
Simple to use. No
power source.
Used at night. Traps
sample alive.
Samples large
numbers. No power
source
Easily standardised.
Comprehensive
sampling.

Methodologically unsound.
Kills samples.

Very cheap

Kills samples.
Standardisation difficult.
Power source needed. Traps
limited range of taxa.
Samples large numbers. Kills
large numbers.
Standardisation difficult.
Samples large numbers.
Time consuming. Expertise
essential. Poor in wet
conditions.

Very cheap

Simple. No expertise
required.

Samples very limited range
of taxa. Requires regular
repetition.
Standardisation difficult.
Standardisation difficult.
Can be inaccurate
Expertise required for
identification of smaller taxa.
Expertise required for
identification of smaller taxa.
Time consuming.
No standardisation.

Very cheap

No standardisation.

Very cheap

Simple.
Simple.
Simple.
Simple. Samples lesser
known invertebrates.
Samples lesser known
invertebrates.
Simple. Can sample
species not caught in
traps.
Simple. Can sample
species not caught in
traps.
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Expensive
Cheap

Very expensive

Cheap
Cheap
Cheap
Cheap
Moderate

Cheap

4.3.3.2. Trapping techniques
4.3.3.2.1. Pitfall traps
Surface-dwelling invertebrates are often determined by using pitfall trapping, in which open-top
traps are set into the ground level with the surrounding peat surface (Coleman & Crossley, 1996) (Fig.
7). It is a relatively simple and useful technique for sampling certain groups of invertebrates,
particularly errant species such as ground bettles (Carabidae), rove bettles (Staphylinidae) and
spiders (Stoneman & Brooks, 1997). Pan trapping and pitfall trapping are the main techniques used in
the study of the terrestrial arthropod fauna in peatlands (Keener & Needham, 1999; Marshall 1994;
Finnamore 1994). While this method is useful for surveys to assess the relative activities of
macroarthropods, which is mostly sufficient to assess habitat quality, it has limited utility as a
quantitative sampling technique (Dennison & Hodkinson, 1984). Many authors (e.g. Greenslade,
1964, Holopainen, 1990) have questioned the use of pitfall traps as a survey technique and discussed
the relative attractiveness to invertebrates of the various solutions used in traps. It is argued that the
‘catch’ reflects invertebrate activity rather than abundance and that some species are always underrecorded (Stoneman & Brooks, 1997). Despite these drawbacks, it remains a useful technique, with
the bonus on bogs that traps can be easily sunk in peat. However, consideration must be given to the
possibility that traps may be affected by periodic high surface run-off.

Figure 7 A pitfall trap. Set into the ground, these intercept ground-dwelling insects, they are
particularly useful for catching active predators (from Stoneman & Brooks, 1997).

For monitoring spiders, Scott et al. (2006) used continuous pitfall trapping with 25 traps per site (five
traps per station, spaced at 1 m intervals in a line), using 75 mm diameter plastic beakers protected
by ceramic tiles supported 2 cm above the rim and containing 30 % ethylene glycol in water as
preservative with a small amount of detergent to prevent larger species crawling out. The pitfall
catches were collected fortnightly and were supplemented by litter sieving and hand collection from
emergent vegetation. Species identification was based on the keys of Roberts (1985; 1987). Data
were analysed using two measures of diversity (Magurran, 2004). The inverse Simpson index reflects
the evenness of species abundance, although it may be unduly influenced by common species. The
Berger-Parker index was used as a measure of dominance. McGeoch (1998) stated that for a single
invertebrate group to be used as a bio-indicator it is essential that it can be shown to reflect the
quality of the total biota of the habitat. This was tested by data from the Welsh Peatland
Invertebrate Survey (Holmes et al., 1991a,b; 1992; 1995a,b,c) that covered blanket bog, through
raised, basin and valley mires to poor fen and calcareous flushes. The number of spider indicator
species was positively correlated with the log of the total Red Data Book and Notable species in other
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taxa suggesting that spider indicator species are an acceptable surrogate for the conservation value
of the total invertebrate mesofauna. Using Scott et al. (2006) short-survey protocol and stopping
rules, they suggest that adequate indication of a good peatland site can be assumed when the
naturalness index exceeds 0.5, the species quality index (SQI) is > 1.8, and the indicator species-area
relationship gives a datum point on or above a trendline. However, they state that the usefulness of
this protocol for year-to-year monitoring remains to be tested. Relys et al. (2002) stated that there
was no turnover in the abundant spider species in consecutive years if the pitfall trap positions
remained constant, although there were marked annual differences in individual abundances. Scott
et al., (2006) concluded that there seems to be sufficient basis for accepting spiders as ecological
indicators for peat bogs as they satisfy most of the criteria suggested by McGeoch (1998). Although
simple observations of the invasion of the bog surface by grasses and trees can give an indication of
deterioration of the biotope by lowering of the water table and/or eutrophication, spider surveys
may signal other changes that stress the mesofauna and its constituent valued species. The presence
of adequate numbers of indicator species at low density may identify those degraded and cut-over
bogs that would respond to restoration attempts, e.g., at Holcroft Moss (see also Oxford and Scott,
2003).
Holmes et al. (1993) provides a similar method to Scott et al. (2006) for a survey of ground beetle
fauna of Welsh peatland biotopes. Coulson & Butterfield (1985) surveyed invertebrate communities
of peat and upland grasslands in the North of England and found that pitfall traps had the advantage
over sweep-net sampling, vacuum sampling and extraction of soil samples that they collected large
samples of invertebrates which produced markedly more species than the other methods. The catch
included many adult insects which could be identified to species and also many of the nocturnally
active species missing from sweep and vacuum samples.
Stoneman & Brooks (1997) provide the following guidelines for bogs:


All containers should be standard size and colour and spaced evenly along a transect.



All should contain the same solution.



Always mark the site of the traps well; they are surprisingly difficult to find again.



Use preservative in solution if the trap cannot be checked at least every two or three days.
An anti-freeze can be used in the winter months.



Pitfall traps are useful in survey and monitoring in conjunction with management where, for
example, there are different grazing regimes on an extent of bog with the same hydrological
regime or to monitor the change in invertebrate fauna before and after rewetting.

4.3.3.2.2. Water traps
Many flying insects are attracted to certain colours and can be caught in coloured water-filled bowls
or trays (Fig. 8). Yellow bowls are the best for catching both flies and Hymenoptera (Disney, 1986).
However, whilst white and yellow traps attract the greatest number of individuals, other colours,
particularly black, may attract different species (Stoneman & Brooks, 1997). When painting trays,
Stoneman & Brooks (1997) recommend using enamel paints as these tend to be resistant to water.
The species composition varies with the elevation of the trap, thus it is recommended to set a
number of traps at different elevations (Ausden, 1996). Conversely, if traps are being used to
compare catches between sites, or at the same site over time, the height above the vegetation
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should be constant. Traps should be emptied once a week and therefore if sampling only occurs once
or twice per year, the traps should be set up one week prior to sample collection. Invertebrates are
removed from the water by pouring it through muslin into a bowl.

Figure 8 A water trap (from Stoneman & Brooks, 1997).

Water traps do not provide absolute population estimates, nor do they attract the full range of flying
invertebrates. They are, however, very cheap and simple to use and can be useful in determining
which are the most common species at any one time. They can be used in all habitats. The critical
habitats for most species are associated with their requirements for breeding. It may not be possible
to determine the breeding locations for almost any species as finding a winged adult (often the only
life stage that can be identified) at a particular site does not prove that the species breeds at that
site. Disadvantages are that they must be constantly checked, may be affected by grazing stock or
birds which may drink the water, and cannot be fenced off due to long-term effects on vegetation
that will affect invertebrate numbers. Obviously, the traps are also restricted to species prone to
being caught in water traps and therefore not much use for species which rarely fly. The traps will be
biased towards the attractiveness of the traps including the preservative used (see Ausden, 1996).
For water traps to be of use in a monitoring programme, Stoneman & Brooks (1997) advise to set the
traps regularly through the spring and summer months in order to include a range of weather
conditions. Setting the trap only once or twice a year and then repeating this on the same date in
subsequent years may give misleading results, as the sample taken depends upon the weather on
that particular day.

4.3.3.2.3. Light traps
Many night-flying insects, particularly moths, are attracted towards light, particularly that at the
ultraviolet end of the spectrum. They can then either be actively caught, or encouraged to enter a
trap (Fig. 9). The simplest light trap consists of a light on a cable hanging outside a building. Any
bright white or bluish light is suitable, although a high-pressure mercury vapour bulb is best. Light
traps can catch very high numbers of moths but are very variable according to weather conditions.
Light traps have the advantage of catching insects alive and are therefore ideal for survey work. They
can be useful for monitoring changes in the population of night flying moths in conjunction with
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management practices. They are biased towards species attracted to light and therefore only reflect
the activity of these attracted species (see Ausden, 1996). Stoneman & Brooks (1997) suggest using
the same trap in the sam place when monitoring population change from year to year. Also, always
release the insects caught in the trap back to the same site. Scatter individuals over an area in and
among undergrowth to prevent predation from birds.

Figure 9 A light trap can be used to collect night-flying insects. There are a number of designs in
common use, of varying power, size and portability (from Stoneman & Brooks, 1997).

4.3.3.2.4. Flying interception traps
Flight interception traps work by blocking flying insects with a screen of fine black netting. Blocked
insects then drop down into collecting trays laid beneath the netting, or are guided upwards into a
collecting bottle (Malaise traps) (Fig. 10). Malaise traps are designed to sample large numbers of
flying insects, especially flied (Diptera) and wasps (Hymenoptera). Traps are relatively inexpensive
and have the advantage that they do not require any power source and can, therefore, be taken
anywhere. If the time and expertise is available to identify all the invertebrates sampled, then the
traps become a very useful tool for examining populations and communities of winged invertebrates.
Stoneman & Brooks (1997) recommend that malaise traps be used on small sites (a good example is
a small lowland raised bog), as this could have a detrimental effect on local populations of
invertebrates associated with, or adapted to, those sites. Similarly, malaise traps should not be used
where an endangered species is known to occur. Traps are rarely used to compare numbers of
insects between sites or at the same site over time, because their size tends to make replication
impractical (see Ausden, 1996). Stoneman & Brooks (1997) provide the following guidelines:
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Change the bottle at least every two days in the summer months, as sampled invertebrates
soon begin to decompose. If the site cannot be visited every two days, use alcohol to delay
decomposition for approximately one week.



Where there is scrub or woodland on the bog, place the trap at 90° to the edge of a block of
trees – this catches the invertebrates hawking along woodlan edges.



Loosely place some vegetation or tissue paper in the collecting bottle along with the killing
agent – this helps to prevent antagonism between individuals and increases the surface area
within the bottle.

Figure 10 A malaise trap. Flying insects hit a vertical wall of netting. They move upwards towards the
light and are funnelled through a small hole into a collecting chamber (from Kirby, 1992 in Stoneman
& Brooks, 1997).

4.3.3.2.5. Aerial attractant traps
Flies can be attracted into containers holding suitable baits and then trapped within these or guided
upwards into a collecting bottle. A wide range of baits can be used: rotting fruit for fruit flies, dung
for dung flies, fungi, fish, rotting eggs, etc. To obtain the widest variety of species when using baits
that decay, such as meat, it may be worthwhile leaving bait in different traps for varying periods of
time since different fly species are attracted to meat in different stages of decay. For this reason,
catches are biased towards certain flies, and flies already caught may attract other flies (Cragg &
Ramage, 1945).

4.3.3.2.6. Emergence trapping
Insect groups which have aquatic larval phases and which swim up to emerge at the water surface,
include non-biting midges (chironomids), biting midges (ceratopogonids), some caddis and mayflies.
Emerging flies can be caught in floating mesh-boxes buoyed up by polystyrene floats and emptied of
their contents. To catch the flies, they need to be sprayed with dilute alcohol and grasped with
tweezers, which can prove extremely difficult. Placing the trap quickly in a large polythene bag
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increases the efficiency of the operation. Clearly, these techniques depend on the habitat such as
fens where there is standing water.

4.3.3.2.7. Suction sampling
Suction sampling involves the sucking up of invertebrates from a known area of vegetation into a net.
The most commonly used purpose-built suction sampler is the D-vac, which is a large piece of
apparatus, carried on a person’s back. Two methods of monitoring invertebrates can be used. The
collecting nozzle of the sampler can be pushed vertically downward into the vegetation and held
there for a standard length of time (e.g. ten seconds) to suck up invertebrates from an area of
vegetation the size of the sampler’s nozzle. This can then be repeated many times. Alternatively, a
known area of vegetation can be defined and enclosed, and the collecting nozzle used to suck up the
invertebrates from it for a standard length of time. After the sample has been taken, the net bag
containing the invertebrates should be sealed and placed in a killing bottle and its contents then
removed and preserved.
Suction sampling is only effective in vegetation less than 15 cm high, which has not been flattened by
wind, rain, or trampling. Like sweep netting, it cannot be used if the vegetation is damp and thus is
probably not recommended for peatlands during wet conditions. Suction sampling collects fewer
invertebrates per unit time spent in the field than sweep netting does. However, although extraction
efficiency varies to some extent in differently structured vegetation, this is usually less of a problem
than it is with sweep netting. Hence suction sampling may often be the preferred option for
monitoring invertebrates in low vegetation and sweep netting the preferred option for monitoring
them. Suction sampling under-records large invertebrates (>3 mm long) that can take shelter (e.g.
hunting spiders) or that are firmly attached to the vegetation, e.g. Lepdiopteran larvae. They will also
probably under-record species living low down in tall vegetation, and species that can take action
when they sense the noisy sampler approaching (Ausden, 1996).

4.3.3.3. Direct counting
Direct counting or searching is a simple method though requires a good understanding of a species
habitat or microhabitat. Timed searches are of more frequent use in aquatic habitats and have been
used to make quick assessments of the invertebrate faunas of ponds. Hill et al (1992) used the
number of individuals counted in a set period of time to obtain relative estimates of conspicuous
taxa such as butterflies at different heights in a rainforest canopy. Pond Action (1989) suggest
searching a small (<1 ha) pond for a total of three minutes, using hands and a net, searching each
habitat within the pond for a period of time in proportion to its area. Counts can also be based on
the number of individuals per unit vegetation (Ausden, 1996). The sizes of samples can be
standardized by either a) counting the number of leaves or buds per sample, after they have been
checked for invertebrates or, b) weighing the shoots or foliage. The first method is more suitable for
plants with well-defined leaves, and the second for those with small or ill-defined leaves.
Conspicuous invertebrates can also be counted as number of individuals per unit area e.g. quadrat
for immobile taxa, or box quadrat (quadrat with high sides) for mobile taxa. The quadrat should be
surrounded by a Perspex shield before counting begins to prevent individuals escaping. Coleman et
al. (1998) recommend hand sorting a known area as a standard method for quantifying surface
macro-arthropod densities on a per unit area basis (Edwards, 1991) of 1 m2 rather than pitfall
trapping. This method is more difficult when the vegetation is tall and/or dense but could, for
example, be of use on ground where bare peat is revegetating (Stoneman & Brooks, 1997). Also,
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transects have been used to monitor butterflies (Pollard, 1977 and Thomas, 1983), dragonflies and
damselflies (e.g. Moore & Corbet, 1990; Brooks, 1993). For less conspicuous invertebrates dwelling
within vegetation, sweep-netting, beating and suction sampling are useful techniques (see below).
Invertebrates can also be extracted from vegetation, soil and air using a variety of other apparatus
including extraction funnels, sieves, pooters and heating trays (Stoneman & Brooks, 1997).
Direct searching is a quick and easy investigation of habitats and microhabitats and has the
advantage of being selective compared with trapping methods. Some methods allow individuals to
be released unharmed. Disadvantages are that it is less efficient in terms of numbers caught per time
spent in the field compared to trapping methods; it requires identification knowledge, removal of
vegetation which is destructive, and can be time consuming. It is usually biased towards locating
obvious, active and large species. Disturbance during searches may result in underestimation of
some species numbers (see Ausden, 1996). The greatest diversity of invertebrates are often found
within marginal habitats (lag, fens, scrub and so on) which, though interesting, may not be
representative of the whole site (Stoneman & Brooks, 1997).

4.3.3.3.1. Sweep netting
This method involves passing a sweep net through the vegetation using alternate backhand and
forehand strokes. After a series of sweeps, invertebrates caught in the net can be encouraged to
move to the closed top of the net by holding this end up towards the light.
Sweep netting is a quick, low-cost, and efficient way of collecting large numbers of invertebrates.
However, sweep netting cannot be carried out if the vegetation is damp and does not work well in
vegetation less than 15 cm high, or which has been flattened by wind, rain, or trampling. Coulson &
Butterfield (1985) reported that the frequent and high rainfall in upland areas is a major problem.
They stated that this method only gave consistent results when the vegetation was dry but there
were many days in the year when it was not possible to use them efficiently. It is of more limited
value for purposes of comparison monitoring, because of variations in the efficiency of sweep netting
in differently structured vegetation. The catch will also be influenced by the speed, depth and angle
at which the net is pulled through the vegetation. Hence, in order for comparisons to be made, the
mode of sweep netting should be standardised - each sample consists of a series of net sweeps of
approximately 1 m in length taken every other pace while walking at a steady speed through the
vegetation (Ausden, 1996).

4.3.3.3.2 Beating
Beating is a simple technique involves sharply tapping branches with a stick and catching dislodged
invertebrates in a beating tray held beneath. It is quick and easy, and can be used to produce relative
estimates of invertebrate numbers. It is biased towards species that are easily dislodged but which
do not fly when disturbed. Clearly, this is only suitable with specific peatland habitats consisting of
appropriate vegetation that also supports invertebrates.

4.3.3.3.4. Plankton netting
Fine-meshed plankton nets can reveal a high diversity and abundance of small, open water, largely
transparent, crustacean species. These species range from tiny water fleas and copepods through to
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quite large predatory species such as Leptodora and Bythotrephes. This technique is obviously
restricted to peatland habitats with standing water.

4.3.3.3.5. Extraction from peat samples
Surface or peat-dwelling invertebrates can be collected in peat monoliths or cores and the
invertebrates extracted in the lab from dry or wet peat. Microfauna (e.g. protozoa), and mesofauna
(e.g. Rotifers, Tardigrades, Nematodes, Enchytraids) can be extracted from soil and peat by
techniques described in more detail in Coleman et al. (1998). Soil animals play an important role in
ecosystem element cycling. By `pre-digesting' large amounts of detritus they facilitate further
decomposition of the substrate by soil microbes (e.g. Standen, 1978). On peatland sites, the
hydrological component of the habitat is often regulating the abundance of soil fauna: the higher the
water level, the smaller the soil fauna populations (Kozlovskaja, 1974; Standen and Latter, 1977;
Markkula, 1981; 1982; Vilkamaa, 1981). Also, on pristine mires the litter material is often mostly
Sphagnum moss remains that are of low quality from the soil invertebrate viewpoint (Smirnov, 1961;
Latter and Howson, 1978). Thus these invertebrates may be important indicators of habitat and site
restoration success. Enchytraid worms, for example, have been determined using the wet funnel
method of O’Connor (1962) and numbers were found to relate to both temperature and DOC in
upland blanket bog (Cole et al. 2002). Recently, Carrera et al. (2009) have shown that enchytraeids
are a crucial control on peatland C fluxes in response to warming. They may therefore by relevant to
peatland restoration relative to potential impacts of climate change. Also, van Dijk (in press)
determined soil community composition in restored peat meadows with different groundwater
levels and soil pH. They found that Community composition of microorganisms, Collembola and
Enchytraeidae differed considerably between meadows and were correlated with differences in
groundwater levels and soil pH. Collembolan and enchytraeid species from wet and neutral
environments were more abundant at meadows with higher groundwater levels. Lower fungal to
bacterial PLFA ratios and higher numbers of protozoa indicated an increased importance of the
bacterial part of the food web at meadows with higher groundwater levels. Food web model
calculations suggested that the observed changes in community composition would lead to higher
rates of C and N mineralization at meadows with high groundwater levels. They concluded that
understanding changes in soil community composition in response to specific restoration measures
may help us to better understand ecosystem responses to wetland restoration schemes, especially
regarding soil biogeochemical processes. For information on restoration measures to rehabilitate
microinvertebrates in raised bogs see Van Duinen et al. (2004).
Rotifers, like nematodes, are aquatic animals (inhabiting soil water films). Francez (1981) identified
142 species in various peatlands of Auvergne (France). In addition, he observed that the abundance
and average size of these organisms was higher in fens (8.2 x 104 ind. m-2) than bogs (2.9 x 104 ind. m2
). This trend is probably related to differences in moisture content and pH (Francez, 1987). It is best
to sample the top few centimetres of peat for rotifers as this is their habitat as well as in mosses
(Coleman et al. 1998). Samples should not be dried because it is best to have live specimens for
identification. Rotifers are extracted using centrifugation as for nematodes below. Vegetation can be
agitated in water and the suspension washed through a sieve, similar to sizes used for nematodes. A
dissecting microscope at 400x magnification or higher is used for identifying living rotifers. The
majority of identified rotifers are in one order, the Bdelloidea, and are characterized by the cirri, or
”wheel(s)” on their anterior end. Francez (1981, 1987, 1988), and Bledzki & Ellison (2003) have
established species lists for peatland rotifers (Gilbert & Mitchell. 2006).
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Nematodes can be very abundant in Sphagnum and can have a significant impact on bacterial and
fungal populations (Ingham et al., 1985; Gilbert & Mitchell, 2006). According to Wasilewska (1991)
the relative abundance between bacterivorous and fungivorous nematodes on one side and
phytophagous nematodes on the other is dependent on the moisture content of the environment.
The abundance of nematodes is about 105 ind. m-2, 1-200 µm g-1, or 40 ind. Ml-1 in peatlands (Gilbert
& Mitchell, 2006). The choice of extraction method varies with knowledge of the soil type and the
nematode species, but in general nematologists recommend elutriation, sugar centrifugation,
sieving, or misting as priority techniques (Coleman et al. 1998). It is recommended that pilot studies
are conducted in order to choose the better extraction method. Wasilewska (2006) determined
changes in the structure of the soil nematode community over long-term secondary grassland
succession in drained fen peat. Soil cores were collected measuring 2 cm2 in surface area and 50 cm3
in volume and nematodes were extracted by a modified Baermann funnel technique (Freckman &
Baldwin, 1990; McSorley, 1987). Guidelines established for plant parasitic nematodes by the Society
of Nematologists (Barker, 1978) recommend that the number of cores (core size = 2.0 cm diameter)
to be composited into one sample should be 10 cores for plots <5 m 2; 20 cores for plots 5-100 m2;
and 30 cores for plots >100 m2. The Baermann funnel method is a field technique that uses small
samples (about 100 cm3 volume or 40-50 g). The nematodes were heat killed, fixed in 4%
formaldehyde, and identified to genus level, based mainly on Andrássy (1984) and Bongers (1988).
Desiccation funnels, such as the Tullgren funnel are used to extract invertebrates from a variety of
loose, large particles substrates (see Murphy, 1962 and O’Connor, 1962). Enchytraeids are small
Oligochaetes that can affect decomposition processes indirectly by comminution and mixing of
organic material and soil, and by digesting soil microbes, releasing mineralized nutrients for
subsequent plant uptake (van Vliet et al., 1995; Cole et al., 2002). In peatlands, enchytraeid worms
represent up to 70% of the total peat fauna biomass and previous studies have highlighted their
potential use as ‘biological indicators’ for functionally important changes in the C cycle (Carrera et al.,
2009). Being small, segmented worms, distantly related to earthworms, enchytaeids are very
sensitive to a lack of water and are therefore usually found in mesic to moist habitats. They are
commonly sampled with 5 cm diameter corers, to a depth of 5 cm. The sample is placed on a sieve in
a funnel filled with water in (a modified wet-funnel extractor (O’Connor, 1962)) and exposed to
increasing heat and light. After 4 hours, the light intensity in 40 watt bulbs is gradually turned up on a
rheostat timer until the surface reaches a temperature of 45 °C. Enchytraeids respond by moving
away from the heat and light and passing through the sieve into the water below. They are then
counted and/or preserved in 70% ethanol. Silvan et al (2000) used wet and dry funnel extraction to
assess numbers of Enchytraeidae, Collembola, Oribatida, Mesostigmata and Prostigmata in an 8-cmdeep surface peat layer compared among a pristine undrained pine mire site, comparable sites
drained for forestry 12, 26 and 60 years earlier, and a 42-year-old drained site re-wetted two years
earlier. In the course of the drainage succession, the soil fauna community structure became more
similar to that of upland sites with similar tree-stand growth potential. They also note that in general,
>80% of Collembola, Oribatida, Mesostigmata and Prostigmata, and >60% of Enchytraeidae were
found in the topmost 4-cm layer. Desiccation funnels are not labour-intensive, since sorting can be
left unattended. However, small invertebrates are likely to be missed during sieving. The catch will be
affected by the size of the funnel.
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4.3.3.4. Conclusions
The techniques used will depend on the peatland type: upland or lowland, due to differences in
habitat, and therefore depend on knowledge of autecology. The choice to monitor invertebrates will
depend on the status of the restoration site (i.e. SSSI) and also on whether invertebrate indicators
are deemed important for indicating restoration success. Spiders may be a particularly good
indicators of total invertebrate mesofauna and therefore useful for determining habitat changes in
peatland restoration. Enchytraeids and nematodes may be useful indicators for functionally
important changes in the C cycle. Grouping of species by habitat preference may be a useful
technique for assessing habitat disturbance and hence peatland restoration.
A sampling period over at least one or two years is needed to accommodate the different
phenologies, and a variety of collecting methods are needed to sample the various faunistic
elements. Pitfall traps are the main techniques used in the study of the terrestrial arthropod fauna in
peatlands, and special techniques are required for sampling the aquatic habitats encountered in
bogs. Even if such detailed sampling is possible, sorting of such sampling is time consuming,
expensive and requires specialized knowledge. Further, cooperation of numerous taxonomic experts
is essential for accurate species identification in most groups.
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4.3.4. Microorganisms
4.3.4.1. Introduction
Microorganisms perform essential ecosystem functions in peatlands particularly in respect to
decomposition, water quality, mineralisation for plant productivity and greenhouse gas production in
all types of peatlands. Thus monitoring changes in microorganisms or microbial community structure
and function may serve as criteria for monitoiring the success of peatland restoration (Anderson et
al., 2006; Erhenfield, 2001). Recent research on regenerating cutover peatlands has shown the
potential of a variety of microbiological techniques to indicate restoration success (Artz et al., 2008;
Laggoun-Défarge et al., 2008; Anderson et al., 2006). While establishment of vegetation is the most
easily visible indicator of regeneration on cutover peatland, the reinstatement of belowground
functions is less well understood. Vegetation succession results in differences in peat quality in terms
of C availability. The respiratory response of the soil microbial community to ecologically relevant
substrates (community-level physiological profile, CLPP) such as those found in rhizosphere exudates
and litter hydrolysates, is thought to reflect the activity and functional diversity of the soil microbial
community, especially those involved in turnover of soluble photosynthate-derived C. Artz et al.
(2008) investigated the relationship between CLPP and typical regeneration stages at five European
peatlands, each with up to five sites representing a gradient of natural regeneration stages. They
found that functional microbial diversity in a regenerating cutover peatland responded to vegetation
succession. The strength of the effect probably depended on quantities of labile C allocation to the
soil microbial community. Therefore, particularly in the early stages of regeneration of cutover
peatlands, CLPP could provide vital information about the relative importance of different plant
functional types on potential rates of labile C turnover.
Laggoun-Défarge et al. (2008) investigated the bioindicator value of organic matter, testate amoebae
(protozoa) and bacteria in peat from two regenerating stages and a reference site of a cutover bog.
Surface testate amoeba communities changed from recent to advanced stages of regeneration,
indicating a shift from wet and moderately acidic conditions to drier and more acidic conditions. Over
the regeneration sequence (1) the biomass and average size of species declined but were higher at
the unexploited site and (2) species richness and diversity increased but density declined. Although
secondary succession in the cutover bog led to an ecosystem similar to that of the reference site in
terms of surface vegetation, organic matter and testate amoebae continued to reflect disturbance
associated with peat harvesting. Nevertheless, the described dynamics of both microbial and
biochemical variables over the succession showed similarities between the advanced stage and the
reference site: a higher testate amoeba diversity was associated with better carbohydrate
preservation and a more heterogeneous botanical composition of the peat. The inferred water table
depth and pH based on testate amoebae indicators proved to be an alternative approach for
assessing restoration processes, in contrast to labour-intensive repeated measurements in the field.
The botanical and biochemical composition of peat organic matter provided additional information
on past anthropogenic perturbations of the bog and could be used for restoration monitoring. The
combination of several indicators therefore provides a more complete assessment of ecological
conditions that could be valuable for the management of cut-over peatlands.
Anderson et al. (2006) measured a variety of physicochemical parameters to evaluate the success of
restoration of a Sphagnum peatland. Restoration work included not only the blockage of drainage
ditches, but also the reintroduction of plant material including Sphagnum remains. Microbial biomass
values derived from the chloroform fumigation extraction technique (CFE) followed a gradient
natural > restored > cutover through the profile, which was not the case with the substrate induced
respiration (SIR) technique. Values from SIR varied overall between 0.19 and 4.88 mg C g-1 and were
significantly higher in the natural site. Overall, the results confirmed the existence of a lag between
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the positive response of vegetation to restoration and that of the microbial compartment. This study
also pointed out that some physicochemical dysfunctions remained even after three growing seasons
following restoration in the subsurface horizons studied.
These techniques are expensive, time consuming and require detailed specialist knowledge as well as
suitable laboratory equipment. Thus they are probably beyond the scope of most restoration
projects unless research is conducted with a university. However, these techniques clearly show
potential for future monitoring of peatland restoration success by observing differences in microbial
communities between restored and referenced sites, or by following trajectories over time in
relation to a range of other biotic and abiotic factors.

4.3.4.2. Sampling
Since the microbial community is highly responsive to climatic and environmental change, it is
recommended that samples are analyzed at least seasonally, although montly sampling would be
preferable to account for seasonal variation in a variety of interacting factors i.e. pH, DOC,
temperature, hydrology, nutrients. Peat samples can be collected as with other soil core sampling
such as those used for bulk density measurements, etc. Although accurate coring methods are not
required for microbial sampling, they are recommended to avoid contamination of samples. Biota
are very site-specific and change during the season, and therefore a recognition of the importance of
compositing, replication, and recognition of site variability are most important and must be
incorporated into the sampling design (Paul et al. 1998). Peat samples should be stored in bags that
retain moisture and prevent oxygenation (thin polyethylene), and should be placed in a temperaturecontrolled environment immediately upon sampling. A portable cooler has been found satisfactory
for transportation. Immediate processing, although desirable, if often not possible. Overnight storage
at field temperature is often used or 5 °C. The recognition that a delay in processing of field samples
is often impossible to avoid has led Joergensen (1995) to recommend that all samples be
preincubated for 5-7 days under laboratory conditions before analysis to attenuate some of the
disturbance associated with sampling. However this technique does not allow measurement of
dynamic situations and microbial conditions in the sample may reflect the storage/incubation more
than the field conditions.
Sieving through 2 mm mesh using the back of a spoon removes plant debris and large solids and
provides mixing to decrease sample heterogeneity. Small samples (20 g) are attractive because of
economy in containers, extractant volumes, and overall sample handling capacity, but they increase
sample variance compared with larger samples. Fifty gram samples obtained from well-mixed
composite sub-samples are recommended as a compromise (Paul et al. 1998).

4.3.4.3. Microscopy
Descriptions of microbial community structure and function have been largely based upon measures
of species composition using isolate-based methods. Fluorescence microscopes combined with a
skilled observer or image analysis software can differentiate between biota and particles in peat.
Paul et al. (1998) detail a number of staining techniques for bacteria and fungi plate counts, with
preparation of peat samples described by Lopez-Buendia (1998).
This approach has been shown to underestimate diversity, since less than 10 % of the total
microflora observed in microscopy is isolated (Brock, 1987). Sorheim et al. (1989) concluded that
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there was no direct correlation between plate isolation and bacterial diversity. Measures of microbial
diversity rely not only on the types of organisms present but also on their relative abundance (Paul et
al. 1998). The latter has rarely been accurately determined. Thus microscopy may be relatively
straight forward as a technique compared to the more complex community based techniques below,
but does not offer much insight into functional microbial ecology that is critical in restoration
ecology.

4.3.4.4. Testate amoeba
Testate amoebae (Protozoa: Rhizopoda) are unicellular shelled animals which live in abundance on
the surface of most peat bogs. These protozoa have tests made of smooth secreted material, preformed plates or cemented particles which are gathered from the surrounding environment. Such
particles can include small pieces of silica, pollen grains, fungal hyphae and other organic detritus
(Charman et al., 2000).
Testate amoebae are now widely used in palaeoecological research to reconstruct hydrological
changes in peatlands as they respond mainly to factors such as water table level and soil moisture
(Hendon et al., 2001). Recent studies of the modern ecology of testate amoebae have enabled the
development of transfer functions designed to quantify the relationship between testate amoebae
assemblages and fluctuations in peatland water tables and soil moisture. The resultant records of
past changes in water tables have been widely used on European raised bogs in particular to infer
palaeoclimatic change. Details of this method are provided in Charman et al. (2000).
Laggoun-Defarge et al. (2008) assessed the bioindicator value of organic matter (OM), testate
amoebae and bacteria in peat from two regeneration stages and a reference site of a cut-over bog.
They extracted testate amoebae from peat samples by sieving through 20 μm and 300 μ m meshes
without boiling (Hendon & Charman, 1997). Both living and dead shells were identified and counted
under a microscope at 200× and 400× magnifications. Biovolumes of each living (active and encysted)
species were estimated by assuming geometrical shapes and were converted to carbon using the
conversion factor 1 μm3 = 1·1 10 –7 μ g C (Weisse et al . 1990). Nomenclature for testate amoebae
followed Meisterfeld (2000a,b).

4.3.4.5. Chloroform fumigation
Chloroform fumigation of peat kills most organisms and destroys their membranes and cell walls. The
released labile C is consumed and respired by surviving microbes. Fumigation is combined with
incubation to release the C as CO2 and the N as NH4+, or alternatively, fumigation can be followed by
extraction of the cell constituents. From the C and N, an estimate of microbial biomass can be
calculated. Information on available methods and comparisons with other methods can be found in
Paul et al. (1998); Kaiser et al. (1992); Martens (1995); and Joergensen (1995). Williams & Silcock
(2000) provide a method for determining microbial biomass in peat by fumigation extraction using
the flush of DOC.

4.3.4.6. Substrate-induced respiration
Substrate-induced respiration is based on the principle that, under standardized conditions, the
metabolism of glucose added in excess is limited by the amount of active microorganisms in soil
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(Bloem et al. 2005). During the first hours after substrate addition there is no significant growth of
the microbial populations, and the respiratory response is proportional to the amount of microbial
biomass in the soil. Anderson & Domsch (1978) established a conversion factor by correlating the
substrate-induced respiration with the microbial biomass determined by the fumigation-incubation
method: 1 ml CO2/hour corresponded to 40 mg microbial biomass carbon. Of the numerous methods
for measuring microbial biomass in soils, the substrate-induced respiration (SIR) method has the
following advantages: (1) it is relatively simple and rapid; (2) it identifies a physiologically active
component of the microbial biomass; and (3) when used with selective inhibitors, it allows for
separation of prokaryotic and eukaryotic contributions to the total physiological response (Beare et
al. 1991). Methods are available in Bloem et al. (2005) and also in Williams & Silcock (2000) who
determined microbial C in raised bog peat using substrate-induced respiration, Fisk et al. (2003) in
northern peatlands, and Artz et al. (2006).

4.3.4.7. Community-level physiological profile (CLLP)
This method involves the direct inoculation of samples into Biolog® microtiter plates (containing
different C sources, nutrients, and a redox dye), incubation, and spectrometric detection of
heterotrophic microbial activity (Insam & Goberna, 2004). The method was originally developed
(Bochner, 1989) for medical strain identification, and has only later been adapted for use with
inocula from extracted microorganisms from environmental samples (Garland & Mills, 1991). Its
simplicity and speed of analysis are attractive to the microbial ecologist, but the technique requires
careful data acquisition, analysis, and interpretation (Insam & Goberna, 2004).
Artz et al. (2008) determined CLLP using the MicroResp assay, which differs from the commonly used
Biolog technique in that it is less dependent on growth of soil microorganisms, instead quantifying
the mineralisation of C substrate additions to the soil community (Campbell et al. 2003). Samples
were weighted into microtitre plates. Radiolabelled carbon sources were added and the plates were
sealed and the evolved 14CO2 captured on rolled filter papers and analyzed. Artz et al. (2008) stated
that “although definitive proof of restoration success will always be measured by how closely a
restored site resembles an intact peatland in terms of vegetation, hydrological conditions and net
carbon balance, this is costly in man-hours, equipment and analysis. The observed concurrence of
CLPPs with regeneration stages, which run along a gradient of increasing C sink strength, indicate
that it may be possible to identify features of labile C turnover that indicate a return to an actively Cfixing state. In summary, determination of CLPP may help to focus restorative efforts in peatlands in
a way that considers more than just the above-ground habitat.”

4.3.4.8. Phospholipid fatty acid analysis
Phospholipid fatty acids are major constituents of the membranes of all living cells, and different
groups of microorganisms synthesize different varieties of PLFA though different biochemical
pathways. Thus, some PLFAs can be used as “bio-signatures” to analyse changes in microbial biomass
and microbial community structure. For example, results from field studies have shown that
microbial communities under differing agricultural management profiles can be distinguished using a
simplified extraction of cellular fatty acid methyl esters (Cavigelli et al. 1995). Disadvantages of this
method are that it is the most resource intensive of the phenotypic methods described (Sinsabaugh
et al. 1998) and requires analysis via high resolution capillary gas chromatography. However, the
techniques are rapid and can be run for a large number of samples. Van Dijk et al. (2009) determined
soil community composition after peat meadow restoration using PLFA and concluded that
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understanding changes in soil community composition in response to specific restoration measures
may help us to better understand ecosystem responses to wetland restoration schemes, especially
regarding soil biogeochemical processes. General methods are available in Sinsabaugh et al. (1998),
and Dickens & Anderson (1999) for bog and forest soil, and Van Dijk et al. (2009) for peat meadows.

4.3.4.9. Extracellular enzyme activities
Enzyme assays provide functional information about the microbial biomass, although activity cannot
be related to specific microbial genera and may reflect the persistence of extant enzymes in peat.
Extracellular enzymes are produced by bacteria and fungi in peat at an expense to breakdown high
molecular weight organic matter into assimilable forms. The rate of generation of utilizable
substrates in peatlands for these enzymes therefore limits microbial metabolism and hence
decomposition. By quantifying the potential acitivty of these enzymes, it is possible to make
inferences about the relative effort directed by microorganisms toward obtaining carbon, nitrogen,
or phosphorus form specific sources. Freeman et al (2001) and Burns & Dick (2002) provide recent
evidence for important enzyme mediated feedback processes in peatlands and soils. Important
enzyme activities are hydrolases (e.g. cellobiohydrolase, β-β-glucosidase, sulphatase, phosphatase)
and oxidases (e.g. phenol oxidase) that can be determined by adding a known concentration of
artificial substrates to peat and incubating for a specific length of time. Some artificial substrates
fluoresce upon cleavage (e.g. methylumbelliferone) or the product formed absorbs light and is
measured on a spectrophotometer (e.g. L-DOPA). The fluorgenic substrates are more sensitive by at
least an order of magnitude than chromogenic substrates such as p-nitrophenyl, although these
substrates can be easier to work with because of their greater aqueous solubility and because humic
substances often exert severe quenching effects on fluorescence. However, the
methylumbellifereone substrates have been used successfully by a number of authors in peatland
ecosystems (i.e. Freeman et al., 2001; Kang & Freeman, 1999).
Assays for enzymes in peat are relatively simple. The difficulties lie in choosing assay conditions and
in interpreting results. The basic decision is whether to measure activities under conditions as close
as possible to field conditions or whether to make standardized comparisons among samples (i.e.
temperature, pH). It is recommended that conditions are kept as close to field conditions to take
account of seasonal variation in physicochemical parameters, especially pH, that have a very great
effect on enzyme activities. The amount of artificial substrate added must be determined from
preliminary kinetic analyses based on Michaelis-Menten kinetics. In this, the concentration of
substrate that achieves the maximum rate of enzyme reaction (i.e. saturation of the enzymesubstrate complex) is the concentration used for determining the enzyme activity. Also note that
enzyme activities can be remarkably low in peatlands especially upland blanket bogs and therefore
optimization of methods is critical. Also, recalcitrant dissolved organic matter (e.g. phenolics and
humic acids) can interfere with both enzyme activities and the fluormetric assay and therefore a
number of carefully prepared blanks and controls are recommended. Details of enzyme methods and
the issues involved are provided in Burns & Dick (2002), Sinsabaugh et al. (1998), Freeman (2001),
and Kang & Freeman (1999).

4.3.4.10. Nucleic acid analysis
Nucleic acid analysis provides information on the structural composition of the microbial community
(see Sinsabaugh et al. 1998). A variety of techniques can be used to assess diversity within a sample,
to compare similarities among samples, or to estimate the relative abundance of specific taxa. In
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general, these methods are more fastidious than phenotypic methods and require more specialized
equipment and training.
The most critical step for most molecular or nucleic acid techniques remains the isolation of DNA or
RNA from soil/peat and its separation from other materials. Sinsabaugh et al. (1998), Schneegurt et
al. (2003), Zhou et al. (1996), Jerman et al. (2009), Zadorina et al. (2009) and Nercessian et al. (1999)
provided detailed discussion and methodology for extracting and analysing DNA from soils and peat.

4.3.4.11. Conclusions
Recent published research suggests that microbiological techniques may be particularly useful for
evaluating restoration success in peatlands. However, these techniques are time consuming and
expensive to perform routinely due to equipment and staff training. However, this may be possible
via collaboration with academic research groups which is highly recommended. Significant
replication with monthly sampling are recommended to account for seasonal variation in interacting
factors. Techniques such as extracellular enzymes may be of more ecological relevance than
bacterial counts/microbial biomass alone, although trajectory analysis of microbial biomass has
proven useful in some studies. Assessments based on PLFA, CLLP and/or DNA analysis combined with
enzyme substrate utilisation profiles would ideally provide substantial scientific benefits.
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4.4. Hydrology
4.4.1. Introduction
This section details the monitoring of hydrological processes, which are fundamental to the existence
and restoration of peatlands. Water levels and water level fluctuations play a major role in mire
ecosystems. Too high water levels may reduce plant productivity, which negatively impacts on peat
formation (Joosten, 1993; Couwenberg & Joosten, 1999). Too low water levels may encourage plant
productivity, but also impede peat accumulation by enhancing aerobic decay (Clymo, 1984). A good
understanding of hydrology is therefore fundamental to understanding how to restore peatlands.
Understanding the hydrology of a site can also be important for restoration objectives that are not
directly related to hydrology. For example, the trapping and transformations of nutrients and
pollutants are common aims of peatland restoration (Trepel et al. 2000; Schumann & Joosten, 2008).
To evaluate the success of the restoration, mass balances have to be calculated which will mean
linking hydrology to soil/water chemistry (i.e. physicochemistry). This may be achieved by
determining the differences in concentration of substances of interest and volume of water flowing
in and out of the peatland (see Davidsson et al. 2000).
Ideally, to fully understand the hydrology of a peatland site, sufficient hydrological parameters
should be monitored to establish a water balance for the site, including precipitation,
evapotranspiration, groundwater inflow and outflow, surface water inflow and outflow and water
storage. In practice, resource constraints are likely to be such that not all of these hydrological
processes can be monitored. Indeed, depending on the restoration objectives, it may not be
necessary to monitor all of these processes. For example, if the restoration objectives relate to
reestablishment of natural water level regimes then it may be sufficient to monitor only water levels.
However, if the restoration method fails to achieve the desired objectives then data for other
hydrological processes may help to establish the reasons. The following sections outline the key
methods for monitoring different hydrological processes.

4.4.2. Dip wells
Dip wells are used to monitor fluctuations in the water table. Fluctuations in water levels reflect the
overall water balance of the site (Bragg, 2002) and are an indicator of water storage. Given the
influence of water level on the peatland ecosystem water level is a key hydrological parameter to
monitor. To construct a dipwell a hole is augered into the peat and, if necessary any underlying soil
strata, with a hand auger. If the peat overlies a confining layer (e.g. clay) then the dipwell should not
penetrate the confining layer. The hole is then lined with perforated PVC pipe that is sleeved in a
geotextile or, if this is unavailable, other durable fabric with a loose weave, to prevent the ingress of
peat that may block the perforations in the well (see Floodplain Meadows Partnership (undated) and
Stoneman & Brooks 1997). In areas where the pipe could pose a hazard or be unsightly it should be
inserted so that its top is 3cm below the ground surface. In other cases it can protrude above the
ground surface (e.g. Bragg et al 1994). Perforations in the pipe can be made by drilling holes or with
horizontal sawcuts spaced along the full length of the pipe, except for the top 10cm. The geotextile
sleeve covering the pipe prevents debris blocking the holes. An example of a dipwell design is
provided in Fig. 11.
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Figure 11 A design for a dipwell with a flanged collar. The cap aids visibility as well as keeping out
snow, mice and insects (Stoneman & Brooks, 1997).

Typical diameters for dipwells are 5-10 cm. If the peat is fairly well consolidated then it may be
possible to insert a pipe the same diameter as the augered hole. If the peat is prone to collapsing
when the auger is withdrawn then it may be necessary to auger a hole larger than the pipe and
backfill the space with coarse sand once the dipwell has been inserted. The top of the well
surrounding the pipe should be sealed with clay to prevent surface flow from entering the well,
which could give inaccurately high measurements for water table levels.
In areas that are grazed it is important to prevent stock from stepping into the well and this can be
prevented by covering the opening of the well with a galvanized plate secured to the ground with
tent pegs. This also facilitates locating the wells on subsequent visits, in grazed or ungrazed areas,
and prevents debris from entering the well.
For shorter monitoring period and in firmer peat conditions it may not be necessary to line the
dipwell. A small (ca. 10 – 15 cm) length of pipe inserted into the well so that it is 3cm below the
ground surface may be sufficient to maintain the well structure.
The depth of the well should be sufficient to allow measurement of the full range of fluctuations in
the water table. The water table during dry periods may be below the bottom of the dip well if it is
too shallow.
Measurements are typically made with a probe that sounds a buzzer on contact with water. The
cable of the probe is graduated so the distance from the surface of the water in the well to the
ground surface can be read once the probe touches the water. The relative elevations of the water
table monitored in each of the dipwells can provide important information about the hydrology of
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the site e.g. the flow direction and flow volumes within the peat. Surveying the relative levels of the
ground surface at the dipwells can provide this information. If required, the elevation of the dipwells
relative to an Ordnance Survey datum can also be established by surveying.
The number of dipwells to be installed will depend on the complexity of the hydrology (e.g. the
number of drains or channels), the monitoring objectives and the size of the project area. At least
three monitoring points arranged in a triangle will is necessary to establish the flow direction within
the peat (Environment Agency, 2003). Establishing a transect of dipwells in the direction of flow can
then be used to create a two-dimensional profile of the water table (Gilvear and Bradley, 2000). If
there is a watercourse in the site then a transect of dipwells perpendicular to the watercourse will
provide information on the form of the water table at the site. The resources available to monitor
the dipwells will also be a consideration in the number installed. Typically, 10-15 dipwells are used in
restoration projects with moderately simple hydrology. Hollis and Thompson (1998) suggest as a
general principle wetland monitoring, one dipwell in the middle of ‘a parcel of land’, which can be
interpreted as an area bounded by drainage ditches or other hydrological controls.
Once the water level in the dipwell has equilibrated, measurements can be taken. The appropriate
frequency of monitoring will depend on the fluctuations in the water table. Where there is little
change in the water table level monthly readings may be sufficient. Until the degree of fluctuation is
established measuring the depth to water at weekly or two-weekly intervals is recommended
(Schumann & Joosten, 2008). Automatic logging of the water levels is also possible using pressure
transducers and electronic data loggers or analogue recorders with floats. A simple and cost-effective
method for recording maximum and minimum water levels, a WAter Level RAin Gauge (WALRAG) has
been described by Bragg et al. (1994).
The principal advantage of dipwells over other techniques for monitoring water table levels is that
they are quick to install using cheap and readily available materials and even small number of
dipwells can reveal a great deal about the hydrology of a site. A potential disadvantage when
installing dipwells in peat is movement of the surface, for example due to changes in moisture
content or trampling, resulting in inaccurate readings (Gilvear and Bradley, 2000). This inaccuracy can
be minimized by measuring the elevation of the dipwells relative to a fixed datum (e.g. post driven
through the full depth of peat to the mineral substrate). However, this inaccuracy may not be
relevant if the parameter of interest is the elevation of the water table relative to the surface of the
peat. Even without surface movement, manual measurements of water levels in dipwells are not
always sufficiently accurate to determine water surface slopes in relatively flat areas. Automatic
electronic data logging can overcome some of these inaccuracies, and provide increased precision,
but greatly increase the cost of monitoring, the potential for theft or valdalism, and the initial setup
of data logging systems can be difficult. Physical swelling groundwater effects and lunar cycle can
alter water levels by 30 cm were mentioned at a meeting of experts at an NE workshop (Appendix 3).
The periodicity of the dipwell/piezometer readings is therefore very important and should be related
to the lunar cycle. Further information on dipwell installation and operation can be found in
Stoneman & Brooks (1997) and Floodplain Meadows Partnership (undated).

4.4.3. Piezometers
Piezometers are used to measure hydraulic head (water pressure) rather than water levels and can
also be used to calculate hydraulic conductivity. Water flow dynamics (e.g. groundwater flow
patterns) within the peatland depend on both the hydraulic conductivity as well as on hydraulic
heads of different peat layers (see Davidsson et al. 2000). The hydraulic conductivity is mainly
determined by pore size, but also by pore shape and the connection between the pores and is a
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function of peat type, texture and degree of decomposition (Ivanov, 1981; Rizutti et al. 2004). Van
der Schaaf (1999) describes different (field) piezometer methods (e.g. rising or falling head method,
pit bailing method) to measure and calculate hydraulic conductivities. However, the properties of
peat (e.g. compressibility and changes in properties due to drying out) make calculation of hydraulic
conductivity in peat more complex than for soils. Holden and Burt (2003) discuss these issues in more
detail.
In contrast to dipwells, piezometers are sealed along their entire length with only a short open and
screened section at bottom of the pipe (see Van der Schaaf, 1999; Davidsson et al. 2000). They are
typically installed in groups or nests with different piezometers installed to different depths so that
they provide a reading of hydraulic head at different levels. Information from a nest of piezometers
can be used to determine vertical flows of water i.e. whether the peat is recharging an underlying
aquifer or is water is being discharged from the aquifer to the peat. Multiple nests of piezometers
can be used to establish horizontal flows of water within a peatland.
In contrast to dipwells, piezometers are relatively complicated to install but provide more
information on groundwater flow directions and rates. If the data are intended to be used for
hydrological modelling or for hydrological investigations of peatlands, e.g. to establish sources and
rates of groundwater inflows to fens, then data from piezometers are likely to be more useful.
However, in situations where there is high hydraulic conductivity and no confining layers, as is mostly
the case in peatlands, dipwells can provide sufficient information for monitoring purposes.
Piezometers can also be useful when water chemistry is being monitored as they allow water
samples to be taken from different levels, whereas water samples from dipwells are a mixed sample
from the full depth of the saturated zone into which the well penetrates.
As with dipwells, automatic logging of data from piezometers can increase the frequency, precision
and accuracy with which data can be collected but costs are higher and the initial setup will require
more time. Further information can be found in Environment Agency (2003) and Domenico &
Schwartz (1990).
Piezometers can be used to calculate values of hydraulic conductivity of peat but, as hydraulic
conductivity is highly spatially variable, a number of measurements would be required to establish an
average value with confidence. Measurements are typically taken by adding or removing water from
the piezometer and monitoring the recovery of the water level to its original state. The rate of
recovery can be used to determine the hydraulic conductivity. However, the compressible nature of
peat makes the calculation more difficult than for mineral soils (Holden and Burt 2003). Commercial
software packages and some free spreadsheet tools are available to enable the calculation of
hydraulic conductivity but these are developed for hydrogeological applications and may not be
suitable for application to peat.
If there are sufficient piezometers to determine the hydraulic head contours for the site then a flow
net analysis can be conducted to determine direction of flow (horizontally and vertically) within the
peat and, in conjunction with estimates of hydraulic conductivity, the volume of flow through the
peat. This approach does, however, greatly simplify the anisotropy and heterogeneity of peat (see
Beckwith et al 2003).

4.4.4. Channel flow
Restoration of peatlands can have a significant effect on the catchment hydrology (Bragg, 2002). The
actual effect on stream flow is determined by the particular restoration technique applied and the
location within the catchment. Grip-blocking and gully-blocking can increase the response time of the
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catchment and attenuate flood peaks by reducing the water travel times (Lane et al. 2003). However,
increasing the saturation of the peat by blocking grips and gullys can reduce the water storage
capacity of the peat and increase peak discharges (Lane et al. 2003). The particular distribution of
grips and gullys is a key factor in determining the actual response to blocking. Changes in vegetation
cover will influence the water balance by changing evapotranspiration and infiltration rates (Bragg,
2001, Holden 2009). Monitoring surface water flow from the catchment can provide important
information on the catchment scale effect of restoration and can complement water level data.
Stream flow should be monitored at the outlet of the subcatchment that encompasses the restored
area. In some cases peatlands, because of their location, can affect the flow in more than one
catchment (Bragg, 2002) and this should be accounted for where it occurs. A monitoring point should
be chosen below the peatland area where the channel is stable but not so far down the catchment
that the stream flow is influenced by other sub-catchments that are not the subject of the
restoration effort. It may be necessary to monitor stream flow at more than one location to satisfy
these requirements.
Stream flow can be monitored by establishing a relationship between the level of the flow in the
stream (stage) and the flow. A fixed transect is established perpendicular to the channel using survey
markers or wooden pegs to allow the transect to be located on subsequent visits. To achieve the best
results, the transect should be established at a riffle or other hydraulic control on a straight reach
where the channel is as stable as possible (see Environment Canada (2001) and Shaw (2001) for a
summary of requirements for siting a transect). The profile of the transect is surveyed relative to a
fixed datum. The discharge of the stream under a wide range of flow conditions is established using
the velocity-area method (see Shaw, 2001) and a relationship is established between the discharge
and the stage. Once this relationship is established the discharge can be estimated by measuring the
water level in the stream relative to the fixed datum, preferably with the use of a fixed stage board.
Establishing a stage-discharge relationship using the velocity-area method can, however, be time
consuming as the discharge must be measured on several occasions, including high flow events
which can be unpredictable and pass rapidly in upland catchments, and therefore difficult to
measure. This method also requires current meter to measure the velocity of the flow, which can be
a large, but one-off, expense.
The reliability of the stage-discharge relationship can be significantly improved by the construction of
weirs or flumes (see Shaw, 2001), but these can be costly to install. However, relatively simple thin
plate weirs can be installed in channels with a peat substrate (e.g. Daniels et al., 2008). The
relationship between the water level and discharge for flat plate weirs is pre-determined by
engineering equations and it is therefore not necessary to establish a stage-discharge relationship
using the velocity-area method. Correct sizing of the weir is important. If weirs are over-topped
under high flows and water flows around the edges of the weir there is a risk of erosion.
As the flow level, particularly in upland and small catchments, can change rapidly, automatic
recording is important to fully capture flood events. This is best achieved by the installation of
pressure transducers connected to automatic data loggers (see Clark et al, 2008; Daniels et al., 2008).
Alternatively, analogue float recorders can be used.
While a crucial part of establishing the water budget of a site, without monitoring additional
components of the hydrological cycle the information provided by monitoring discharge alone may
be limited. For instance, changes in discharge may be due to changes in precipitation, storage or
evapotranspiration not necessarily related to the restoration techniques applied and unless these
additional components are monitored and can be related to pre-restoration data it is difficult to
establish causal mechanisms.
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4.4.5. Precipitation
Precipitation can be a particularly important, or in the case of ombrotrophic systems only,
hydrological input to peatland ecosystems. Precipitation can be measured easily using rain gauges,
either manually read or automatically logging (Fig. 12). If there is a weather station (e.g. Met Office
station) close to the site these data may be used to establish long-term trends and seasonal patterns.
However, precipitation can have significant spatial variation and data from nearby weather stations
cannot necessarily be used directly within the water balance for a site. While using data from Met
Office Stations does not require field measurements and its associated costs and effort, the data may
have to be purchased.
Where peatland systems are relatively flat, one rain gauge is sufficient to monitor rain for the whole
site. If the area of interest is large with a strong climatic gradient (e.g. due to elevation differences)
then additional rain gauges are required (Gilvear and Bradley, 2000).
The effect of rainfall interception by vegetation should be taken into account, as it may account for
up to 40% of precipitation in dense vegetation (Gilvear and Bradley, 2000) with typical annual
interception losses for heather ranging from 16–19% (Nisbet 2005). However, interception is difficult
to measure accurately, particularly in short vegetation, and is not typically monitored. The
intercepted rainfall is lost as evaporation, as such, is included within estimates of evapotranspiration,
which is considered in the following section.
While the cost of monitoring rainfall is low, particularly if cumulative totals are monitored weekly or
less frequently with a manually read rain gauge, the accuracy of rainfall measurements can be low
because of the high spatial variability of rainfall.

Figure 12 A design for a simple collecting rain gauge (from Stoneman & Brooks, 1997).

4.4.6. Evapotranspiration
Evapotranspiration is the combined loss of water to the air from evaporation and transpiration from
vegetation. As the two processes are difficult to disaggregate they are typically considered together
in measuring the water budget. Evapotranspiration losses to the water budget can be high in
91

peatlands because of the high water table and because the vegetation is not water-stressed and can
transpire at near-maximum rates, given the constraints posed by meteorological conditions.
There are several factors that govern evapotranspiration losses:


weather (air temperature, humidity, solar radiation, wind)



vegetation type (e.g. vascular plants versus bryophytes)



vegetation density



soil cover (colour / albedo)



growth stage

Evapotranspiration can be difficult to measure in the field and it is generally accomplished by the
installation of automatic weather stations measuring air temperature, relative humidity, net
radiation, wind speed and ground heat flux, although other methods are used. Rather than direct
measurements, these data can be used to calculate evapotranspiration. Gilvear and Bradley (2000)
summarise methods for estimating evapotranspiration and these are presented in Table 17.
Table 17 Summary of methods for estimating evapotranspiration (adapted from Gilvear and Bradley,
2000).
Direct measurement
Lysimeters

Ventilated chambers
Water table patterns
Hydro-meteorology
Mass-transfer method
Vapour flux method
Bowen ratio method
Combination methods
Penman equation
Priestly Taylor
Penman Monteith
Regional estimate
Thornthwaite equation

Actual evapotranspiration measured within isolated block by comparison
with surrounding wetland. Percolated water in isolated block captured and
evapotranspiration estimated by comparison with precipitation. Lysimeter is
flush with ground surface so surface runoff is assumed to balance for the
area of the lysimeter.
Vegetation enclosed by chamber: enables variation in transpiration between
vegetation types to be determined.
Evapotranspiration determined from diurnal changes in water surface.
Uses bulk aerodynamic factor representing factors removing water vapour
from evaporating surface.
Evapotranspiration related to removal of saturated layer (as mass-transfer
method) but moisture flux determined by measurement at two points.
Based on the energy available for evaporation and using the ratio of sensible
and latent heat.
Defines evapotranspiration as a function of radiation; saturation deficit; and
wind run which are used to estimate evapotranspiration.
Modification of Penman equation; uses the slope of the saturation vapour
pressure curve.
Modification of Penman equation incorporating turbulent transfer and
available energy.
Empirical relationship between monthly evapotranspiration and temperature
While there are no direct remote sensing techniques for evapotranspiration,
remotely sensed data (e.g. soil moisture) from satellite data and Synthetic
Aperture Radar (SAR) can be used to parameterise models and evaporation
equations at approximately 25km (for satellite data) and smaller (for SAR)
scales.
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The most appropriate method will depend on site characteristics, particularly vegetation and climatic
conditions. The most commonly used techniques, where local weather data are available from
automatic weather stations, are the Bowen ratio method and the Penman-Monteith equation,
although the former requires more sophisticated instrumentation, and both are likely to give good
results. The Food and Agriculture Organization recommend a variant of the Penman-Monteith
equation in agricultural contexts. If weather data are not available then simple lysimeters can be
constructed relatively easily to directly measure evapotranspiration, with more complex versions also
possible (see Gilman, 1994; Gilvear et al., 1997).
The Meteorological Office Rainfall and Evaporation calculating system (MORECS) can provide
estimates of evapotranspiration averaged on a 40km x 40km grid using the Penman equation (Field,
1983). While not site specific, MORECS evapotranspiration data may be helpful in understanding
patterns in other monitoring data, such as from dipwells, determining periods of water deficit and
surplus and estimation of hydrologically effective rainfall.

4.4.7. Geochemical methods
While water quality in peatlands is of importance for the ecology, and is discussed in this context in
Section 4.4, it can also provide information on the hydrology. Water chemistry can reveal the sources
of water and the temporal and spatial variability of water chemistry can reveal how these sources
change over space and time. Natural levels of pH, electrical conductivity, calcium, choride, stable
oxygen and hydrogen isotope ratios (18O/16O and 2H/1H), phosphorous and nitrate are typically used
for this purpose. Tracers can also be added to the water to create a clearer signal in the data from
different sources. These can be used to determine mean travel times for water between two points,
flow pathways (e.g. Holden 2004), and water sources. The most commonly used tracers are
potassium bromide (KBr), potassium iodide (KI), sodium chloride (NaCl) and isotopes of iodine,
bromine, chromium, cobalt and technetium (Ronkanen and Kløve 2007; Moser and Rauert 2005).
Depending on the type of tracer or naturally occurring water quality variable used, the data
collection involves either field measurement (typically for salts and dyes) or collecting samples for
later laboratory analysis (e.g. for isotopes, potassium bromide and potassium iodide).

4.4.8. Conclusions
Given the role of hydrology in determining the functioning of peatland ecosystems, monitoring
hydrological parameters is likely to be important to gauge the effectiveness of restoration techniques
where they significantly affect hydrological processes, either directly or indirectly. Monitoring water
levels using dipwells is a straightforward way of establishing how the overall water budget of a site is
changing over time and determining the net effect of changes to hydrology. They can be
implemented with varying degrees of technological sophistication and at their simplest can be
installed very cheaply. Monitoring other components of the hydrology of a site can be more complex
and costly but, without monitoring a range of processes to identify causal links between changes in
hydrological parameters, it may not be possible to fully assess the effectiveness of restoration
techniques. For example, increases in water levels may be due to gully blocking or increased rainfall,
or a combination; reduced water levels may be due to increased evapotranspiration as a result of
changes to vegetation cover.
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4.5. Biogeochemistry
4.5.1. Peat and water chemistry
4.5.1.1. Introduction
Measuring peat and water chemistry is important for peatland restoraition for a number of related
reasons that are described in Anderson et al. (2006). The establishment of vegetation, associated
input of OM and elevation of the water table will modify the conditions in peat and water that will
impact on the nutrient balance, the carbon transformations (Francez et al., 2000), the
physicochemical properties of the peat (De Mars & Wessin, 1999; Laiho et al., 2004) as well as on the
size of the microbial community and its activity. Thus an understanding of changes in peat and water
chemistry can aid our assessment of peatland restoration especially when assessed in conjunction
with other biogeochemical parameters. Physicochemical parameters can give an indication of habitat
suitability for species and can indicate breaches in environmental legislation or licenses such as
through pollution. However, estimating the limits of acceptable change for physicochemical variables
is complex and sometimes impossible. The tolerances of individual species to changes in nutrients,
pH and even water levels are only well recorded for some species.
There are two key components to physicochemistry in peatlands: peat and water as substrates.
Upland blanket bogs and lowland raised bogs are generally ombrotrophic and therefore receive
water via precipitation, whilst lowland fens can be minerotrophic by receiving water via
groundwater, surfacewater and precipitation. However, with low nutrient contents, such as in poor
fens, they are termed oligotrophic. This is important when considering the physicochemical
monitoring techniques in different peatland types. Important peat and water chemistry parameters
are given in Table 18.

Table 18 Important peat and water chemistry parameters
Group
Nutrients

Indicators
NO3-, NH 4+, PO43+

Climate
Acidity
Redox potential

Temperature
pH
Anaerobic status

Techniques
Ion chromatography,
atomic absorption
Probe/meter
Probe/meter
Redox probe with
platinum electrodes

As mentioned in section 4.2, Anderson et al. (2006) measured a variety of physicochemical
parameters as well as microbal parameters to evaluate the success of restoration of a Sphagnum
peatland. High N:P (>20) and N:K (>15) ratios indicated possible K and P deficiencies in restored and
cutover sites, which was mainly associated with intense leaching and a high degree of decomposition
of peat in these sites. Concentrations of NH4, P and K in the top layer of the restored site were closer
to those of the natural site, which indicated a possible effect of restoration on the physicochemistry
of the restored site. However, microbial biomass, N:P, N:K and C:P and NH4:biomass ratios of the
restored peat showed a tendency to evolve towards values closer to those of the reference site as
well as to those found in the literature for natural mires. They could be potentially interesting
indicators to monitor during the years following restoration to detect nutrient deficiencies in a
restored site, and to compare it to reference or cutover sites.
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The potential advantages and disadvantages of physicochemical monitoring techniques compared
with flora and fauna monitoring are shown in Table 19 (from Bardsley at al. 2001).

Table 19 Advantages and disadvantages of physicochemical monitoring
Advantages
Methods often precise and repeatable

Disadvantages
May require expensive equipment, difficult to
analyse and interpret
Can provide precise information and may be Long-term monitoring requires mechanisation
necessary to identify the cause of changes in which is expensive
communities
May also give an indication of when things are May require specialist knowledge
going to change prior to that change happening
which will allow remedial action to be taken

Bardsley et al. (2001) suggested that the efficacy of a physicochemical monitoring strategy will be
dependent upon careful design and consideration of the following points:


where to sample – for streams target run-off points to assess the maximum concentration of
pollutants, or analysis of peat extracts/Sphagnum tissues for assessment of nutrient
enrichment/deposition;



to sample both upstream/gradient and downstream/gradient of the potential threat. This
may allow the upstream data to act as a control;



to assess whether existing monitoring can be used to provide some or all of your data needs;



to use standard, repeatable techniques;



to seek advice on interpretation of data and sampling strategies prior to beginning the
sampling programme.

4.5.1.2. pH
Quinty and Rochefort (2003) suggest that pH should be measured as it is an important factor for
plants, and especially for Sphagnum species that are very sensitive to the level of acidity. Although
pH may be measured in the planning phase of restoration, it is helpful to make additional
measurements in permanent plots because restoration procedures, such as surface preparation, may
cause some change. Also, pH data can contribute to the interpretation of vegetation data.
There are a wide variety of pH meters that can be used in the field or lab. pH is generally measured
electrometrically. The electrometric pH reading is a product of complex interactions between the
electrode and the soil suspension; differences in the soil or peat: water extraction ratio, the
electrolyte concentration of the suspension, and the spatial placement of the electrode can all effect
measured pH.
Water pH can be measured directly in the field using a portable meter by dipping the electrode
directly in the water. Peat pH can be determined by mixing one part peat by volume with two parts
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distilled water (pH 7), waiting for about 10 minutes, and taking a reading. Stoneman & Brooks (1997)
report the pH readings from intact cores may be 0.5-1 pH units lower than those in peat/water
slurries due to dilution effects.

4.5.1.3. Redox potential
A key factor in determining chemical transformations in peatlands is the degree of aeration. In
saturated peat, the pore spaces are filled with water and oxygen can diffuse only slowly through the
peat. Conditions are therefore anaerobic and any oxygen present is rapidly consumed. The redox or
oxidation-reduction potential is a measure of how readily a medium will donate electrons to (reduce)
or accept electrons from (oxidise) any reducible or oxidisable substance. Solutions with high redox
potentials are highly oxidising. With increasingly anaerobic conditions the redox potential decreases
and a series of chemical transformations can take place as a result of bacterial activity (Fig. 13). This
is important in waterlogged peat and soil because at low redox potential, nitrate is reduced to
nitrogen, and sulphates are reduced to toxic H2S (Reddy & D’Angelo, 1994; Mitsch & Gosselink, 2000;
Charman, 2002).

Figure 13 Sequence in depth of chemical transformations with increasingly reduced conditions or
increasing depth in peat (Reddy & D’Angelo, 1994).

Evidence in the literature indicates that restoration of peat-based wetlands by reflooding can induce
the redox-mediated release of soil nutrients, thereby increasing the risk of diffuse water pollution
(Niedermeier & Robinson, 2007). For the sake of improving management decisions, there is a need
for more detailed studies of the underlying relationship between the hydrological and redox
dynamics that explain this risk. This is particularly the case in agricultural peatlands that are
commonly targeted for the creation of lowland wet grassland. Niedermeier & Robinson (2007)
conducted a 12-month field study to evaluate the relationship between hydrological fluctuations and
96

soil redox potential (Eh) in a nutrient-rich peat field that had been restored as lowland wet grassland
from intensive arable production. They found that during the summer, alternating periods of
aerobism (Eh > 330 mV) in the surface layer of peat coincided with intense precipitation events.
Redox potential throughout the 30–100 cm profile also fluctuated seasonally; indeed, at all depths Eh
displayed a strong, negative relationship (P < 0.001) with water table height over the 12-month study
period. However, Eh throughout the 30–100 cm profile remained relatively low (< 230 mV),
indicating permanently reduced conditions that are associated with denitrification and reductive
dissolution of Fe-bound P. Thus redox can serve as an important indicator of microbiological
processes in peat as well as variation in the hydrological regime.
To measure the redox potential, a platinum electrode is connected to an mV meter. Many pH meters
also have an mV scale. It is most convenient to use a combined platinum KCl electrode. Tables are
available to relate the oxidation-reduction potential Eh to the ion forms of interest, but redox alone is
a useful index of the extent of oxidation or reduction in the system (Jones & Reynolds, 1996; Mitsch
& Gosselink, 2000). Redox potential may give a first indication of the likelihood of CH4 emissions
example, but may not be significantly accurate or precise enough to be used as a proxy for budgeting
CH4 emissions.

4.5.1.4. Exchangeable ions
The immobilisation and transformation of nutrients and pollutants are common aims of peatland
restoration (Trepel et al. 2000). To evaluate success of the restoration in this respect, mass balances
have to be calculated (see Davidsson et al., 2000). This may be achieved by determining the
difference in concentration and volume of water in and out of the peatland.
The determination of exchangeable ions in soil or peat requires that ions on soil exchange sites be
forced into a solution in which they can be effectively measured. Generally this involves flooding the
exchange sites on clay and organic surfaces of soil or peat with ions from an extractant,usually a
strong salt solution. The extractant, now containing exchangeable ions in addition to ions from the
added salt, is separated from the soil or peat by filtering or centrifugation and is then analysed for
the ions of interest such as by ion chromatography or atomic absorption (Robertson et al. 1998b).
Choice of the salt for the extractant solution will depend on the target ions (Table 20). Extractant ions
must effectively displace ions from exchange sites and must not interfere with subsequent chemical
analysis of the extracted solutions.

Table 20 Types of extractants to use for specific target ions and issues (Robertson et al. 1998b).
Extractant
KCl
NH4OAc
BaCl2

Target
Inorganic N (e.g. NO3-)
Total cations
K+ and NH4+

Issues
K+ cannot be a target
Does not cover anions
Expensive
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4.5.1.5. Conclusions
Peat and water chemistry measurements are straight forward and relatively cheap for the amount of
information that they provide. Nutrient concentrations, pH and redox potential should be included
on every monitoring protocol and monitored at least seasonally every year at different peat depths
to provide important information that relates to both plant and microbial functional development on
the site. Advantages of these methods are that they are precise and repeatable, provide information
necessary to identifying cause of community changes, and give an indication of when things are
going to change prior to the change happening permitting remedial action. Disadvantages are that
the techniques can be expensive, difficult to analyse and interpret, long-term monitoring requires
expensive equipment and specialist knowledge may be required. Subsequent analysis of nutrient
ratios may be used as important indicators of rutrient deficiencies that may aid adaptive
management decisions.
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4.5.2. Carbon budget
4.5.2.1. Introduction
Determining the carbon budget of peatland ecosystems (Worrall & Evans, 2009) is now an important
aspect of management and restoration projects due to the impact of carbon dioxide and methane
sources and sinks on the climate. At the Sixth Conference of Parties to the United Nations Framework
Convention on Climate Change (UNFCCC) it was agreed that countries could use carbon
sequestration resulting from human induced activities since 1990 on grazing land, by crop land
revegetation, or by forest management (UNFCCC, 2001) to help meet reduction targets. In the UK,
peatlands are the most significant wetland environment and the largest terrestrial carbon pool in the
country (Cannell et al., 1993; Milne and Brown, 1997).In the UK, the majority of upland peat are
grazed and as such come under the land that could be used to meet reduction targets (Worrall et al.
2003). Sinks of CO2 may help to ameliorate potential global warming whilst sources of CO2 and CH4
may result in positive feedback to global warming. The northern peatland carbon store is estimated
to be approximately 4.5 Gt C and over the Holocene northern peatlands have accumulated carbon at
an average rate of 0.96 Mt C/yr (Worrall et al. 2009). An early comparison of raised mires showed
that most sites in Europe have peat accumulation rates around 0.1 – 1 mm y-1 (Aaby & Tauber, 1975),
oceanic raised mires in Britain have accumulation rates of approximately 1 mm y-1 (Barber et al.,
1994), and blanket mire accumulation rates in the British Isles are more variable, with estimates of
0.1 – 1.2 mm y-1 (Charman, 2002). Though they form a significant reserve, studies have suggested
that at the present day they can be both sinks and sources of carbon (Shurpali et al., 1993; Whiting,
1994; Neumann et al., 1994; Waddington and Roulet, 1996). Clearly, these issues are of great
importance to political as well as environmental motivations. Charman (2002) gives a good discussion
of peat accumulation.
The total carbon budget or storage of carbon in an ecosystem is the net sum of a variety of biological,
physical and chemical processes that are also of inherent individual importance (Fig. 14). For
example, the flux of CO2 and CH4 are critical to determining the carbon budget, the carbon storage
capacity as well as the global warming potential of a specific site. Because of the importance of these
fluxes, the techniques to measure them are included separately in section 4.5.3. The soil organic
matter (SOM) or soil organic carbon (SOC) (approximately 48-52 % of SOM) stock represents the net
accumulation of peat from primary production and decomposition. However, the fluvial flux of C is
also of importance as dissolved organic carbon (DOC), particulate organic carbon (POC), and
dissolved CO2 in pore and surface water that is above equilibrium with the atmosphere can be
important to accurate estimates of the carbon budget of a peatland (Worrall et al. 2003). The
amount of carbon stored as peat will depend on the photosynthetic fixation of carbon as net primary
production, the annual accumulation of plant litter on the peat surface and the decomposition of
fresh litter to CO2, CH4 or fluvial components. Thus the degree of complexity required to accurately
determine the carbon budget of a peatland may be beyond the monitoring capacity of most
restoration projects. For this reason we have split greenhouse gas fluxes into a separate section.
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Worrall et al. (2003) summarise the carbon budget of upland peat as:
Inputs:
-

CO2 sequestration from the atmosphere by primary production;

-

Input of DOC and inorganic carbon as part of rainwater; and

-

Input of inorganic carbon from weathering of underlying strata

Outputs:
-

CO2 and CH4 to the atmosphere as part of plant soil organism decomposition; and

-

Fluvial outputs – DOC, POC, DIC and dissolved gas.

Figure 14 Carbon uptake and release pathways for upland peat (Worrall et al. 2003).

Carbon budgets of peatlands have in general been estimated by two types of method: dating of peat
accumulation, and measuring carbon fluxes between the ecosystem and the atmosphere (Worrall et
al. 2009). Dating methods have typically used radiocarbon dating of peat profiles to give a rate of
carbon accumulation (RCA). There are recognised problems with this technique including: long-term
anoxic decay in the catotelm (Clymo et al., 1998); reservoir effects (Kilian et al.,1995, 2000); poor
estimates of peat bulk density; and short term changes in carbon accumulation will not be well
represented (Hilbert et al., 2000). In order to resolve some of these issues the short-lived
radioisotope 210Pb has been used (e.g. Turetsky et al., 2004). However, such techniques are only
capable of measuring the accumulation of peat and typically can only be used to estimate the
average rate of accumulation above a specific horizon (Worrall et al 2009). Also, these methods only
reflect peat accumulation under past conditions, and may not reflect the true state of ongoing
accumulation.
Carbon budgets are critically influenced by fluctuations in water table and temperature and storm
flow events. Therefore fluxes vary throughout the year, and measurements need to be taken at
either regular intervals or ideally during different weather conditions, e.g. within or directly after a
storm flow event. The most important fluxes of carbon are the gaseous fluxes (section 4.5.3.)
particularly CO2, as well as the organic fluvial fluxes of DOC and POC (Table 21). Since the accuracy of
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carbon budgets required for restoration and management projects is probably not as demanding as
peer-reviewed publications, we have only considered these fluxes and referenced the remaining
minor fluxes.
Table 21 Groups of variables relevant to the carbon budget of a peatland.
Group
Carbon stock

Greenhouse
gas fluxes
Fluvial carbon

Indicators
SOM,
SOC,
Plant biomass (NPP)
CO2,
CH4
DOC,
POC,
DIC,
Dissolved gas

Techniques
Loss on Ignition
CN analyzer
Bulk density
Gas flux chambers
Eddy covariance
Stream water or dipwell
samples analysed in the
laboratory, run-off
traps, erosion pins

4.5.2.2. Net primary production
The biotic carbon stock represents the net accumulation of carbon in either pool from the inputs and
outputs of carbon. Thus, if a full carbon budget is to be attempted, care must be taken not to double
count carbon that may be accounted for in other measurements. However, estimates of plant
biomass and plant carbon content can be used to determine the input of carbon via net primary
production. Odum (1971) defined it:”net primary productivity is the rate of storage of organic matter
in plant tissues in excess of the respiratory utilization by plants.”
A full description of NPP has not been attempted here as its determination is complex and depends
on the species, particularly between vegetation types such as woody species and mosses due to their
growth strategies. A full description of all available techniques is provided by Sala et al. (2000). Vitt
(2007) provides extensive information for estimating moss and lichen ground layer NPP in peatlands.
Methods for measuring annual growth of different vegetation types include innate markers (leaf and
stem patterns), surrogate markers, cranked wires (), strings/pins/Velcro, netting, plugs, and surface
markes. Vitt (2007) also provides information on scaling length growth to annual NPP using shoot
density, clipping, and biomass.
For Sphagnum species with high densities or large capitula, cranked wires implanted in early spring
are recommended in which the exposed wired implanted within a dense canopy is measured for
estimating the length of the annual growth of the moss shoot. Clymo (1970) provides detailed
background information on Sphagnum NPP as well as the cranked wire method. Also see Asada et al.
2003 and Vitt, 2007 for details. Wires used a remade of 1 mm stainless steel welding rod and
generally are available in 1 m lengths. A minimum of 50 wires per plot and 250 wires per site is
suggested (Vitt, 2007). Sets of 50 wires per species/microhabitat nested within a site or a transect
through a diversity of species/microhabitats are suitable designs. Calculation of production should be
done by multiplying the annual growth (in mm) by bulk density (g cm3) of the estimated 1 to 2 year
Sphagnum canopy after removal of the capitula.
There are a variety of other methods for determining NPP depending on the vegetation type, the
accuracy required and the time/resources available such as gas flux and stable isotope analysis (see
Fahey & Knapp, 2007).
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4.5.2.3. Organic matter
Organic matter (OM) is composed primarily of the remains of plants in various stages of
decomposition and accumulates in peat due to the anaerobic conditions that inhibit aerobic
microbial processes. Peat is a generic term for relatively undecomposed OM and is not usually strictly
defined. Most peats contain less than 20 % unburnable inorganic matter (and therefore usually
contain more than 80 % burnable OM, which is about 40 % organic C) (Mitsch & Gosselink, 2000). As
the OM content of peat is the principle store of carbon it would seem reasonable that monitoring of
the organic matter content would be important to restoration. For example, Ying-Bing et al. (2004)
determined the change of quantity, quality and distribution, of OM in the process of wetland
ecological restoration. They found that with the restoration of the wetland ecosystem, the amount of
soil organic carbon increased greatly. Bellamy et al. (2005) have shown that carbon was lost from
soils across England and Wales over the period 1978-2003 at a mean rate of 0.6 % year (relative to
the existing soil carbon content). The relative rate of carbon loss increased with soil carbon content
and was more than 2 % year in soils with carbon contents greater than 100 g kg (i.e. peats). Thus
long-term changes in SOM may indicate loss or storage of carbon. However, their suggestion of a link
to climate change irrespective of land use change has been questioned by Smith et al. (2007). Smtih
et al. (2007) presented results from modelling studies, which suggested that, at most, only about 10–
20% of the soil carbon losses in England and Wales observed by Bellamy et al. (2005) could possibly
be attributable to climate warming. Further, the actual losses of SOC from organic soils in England
and Wales may have been lower than those reported due to a number of other explanations for the
loss of carbon. Thus, OM content may only provide useful information with long-term monitoring
particularly in conjunction with accurate bulk density estimates and other measurements. It may not
be useful for short-term monitoring of peat restoration due to the slow turnover of OM and the
number of factors that affect its composition due to the complexity of the C cycle in peatlands.
Nevertheless, there are routine methods for determining OM that are relatively straight forward, and
its determination is essential for accurately determining the carbon storage and budget of a
peatland.
Dry combustion is the most suitable mthod for routine analysis of OM and total C (Sollins et al.,
1998). OM is generally determined by either (1) loss on ignition (LOI), or (2) by combustion at >1000
°C on a CN analyzer which analyses the production of CO2. Measuring organic carbon content by
measuring mass loss following high-temperature (500-600 °C) combustion (LOI) is easily performed.
The material lost is organic matter and the material remaining is mineral ash. The organic carbon
content is approximately 50 % of the organic matter content.
Modern C and N (CN) analyzers oxidise small samples at high temperatures (>1000 °C) in an O2enriched atmosphere, then measure the resulting gases by gas chromatography (CO2 and N gases) or
infrared gas analysis (CO2 only) (Nelson & Sommers, 1996; Robertson & Paul, 2000). Small sample
size means that great care must be taken to adequately subsample and powder the sample to be
analyzed. Conversion of gravimetric results to an areal extent is crucial for including OM C in total
ecosystem carbon budgets and for making comparisons of SOM across sites and depths. It is thus
critically important to have accurate values for both bulk density and horizon depths (Robertson &
Paul, 2000). The C/N ratio obtained can also provide important information. High C/N ratios mean
low humification/decomposition, so if there is an increase in the ratio then this suggests
accumulation of OM which is not highly decomposed. Conversely, if the ratio declines and is low
(moving towards 12), this implies strong decay and conditions not conducive to peat build-up.
The Walkley-Black techqniues, a wet combustion method, is no longer recommended because it can
underestimate soil C by 20-30 % (Nelson & Sommers, 1982) and can give spurious results in highly
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reduced soils unless precautions are taken (Snyder & Trofymow, 1984). The Walkley-Black method is
also laborious and produces toxic wastes (Sollins et al., 1998).

4.5.2.4. Fluvial carbon stock
4.5.2.4.1. POC
Samples for POC, DOC and DIC analysis can be collected from dipwells and streams, or through water
extraction of the peat in the laboratory by centrifugation. Normally samples are collected in streams
as peat processes affect the solubility of POC and DOC. Stream water samples are recommended as
they represent the export of POC and DOC from the peatland. The water samples collected are
filtered through 2 mm mesh to remove large particles. The term POC is used for the carbon that will
be retained on a 0.45 µm-membrane flter whilst DOC is less than 0.45 µm. The carbon concentration
of the filtered water (DOC below) and the carbon concentration of the unfiltered water (TOC) may be
determined rather accurately by carbon analyzers along with inorganic carbon (where TOC = TC – IC
and DOC = DC - IC). POC is then calculated as TOC – DOC (see Nollet, 2000).

4.5.2.4.2. DOC
Peat is an important terrestrial carbon store. However, heightened levels of degradation in response
to environmental change have resulted in an increased loss of dissolved organic carbon (DOC) and an
associated rise in the level of discolouration in catchment waters. A significant threat to peatland
sustainability has been the installation of artificial drainage ditches. Although recent restoration
schemes have pursued drain blocking as a possible strategy for reducing degradation, fluvial carbon
loss and water discolouration, little is known about the influence of drainage and drain blocking
(Wallage et al. 2006). on the biological processes operating within these soils.
A recent unpublished study by Höll et al. (in press) demonstrates that 20 years of peatland
restoration by rewetting in south-west Germany reduced DOC concentrations and increased small
organic molecules in different depths due to a reduction of decomposition following water table
recovery. Thus restoration of the water table by blockage of drainage ditches has a positive impact
on C sequestration in peatlands and DOC may be a good indicator of that impact and the success of
restoration over a sufficiently long time period.
All stated above, samples are passed through 0.45 µm filter papers to remove POC. The water
samples are analysed for total carbon (TC) and total inorganic carbon (TIC) where DOC = TC – TIC.
DOC in soil water sampled from dipwells may differ from concentrations exported in stream water
(findings by Evans and Worrall and their teams on Bleaklow, NE/MFF unpubl.). This is likely to be
related to peat processes and it may therefore be advisable to measure stream water contents
directly, if the DOC export is of concern, or when establishing a catchment C budget. A less expensive
proxy for DOC concentrations employed by many water companies is water colour, measured in
degrees Hazen that correlates well with DOC (see Freeman et al. 2004; Worrall et al. 2003, 2009).
Also, Worrall et al. (2003) estimated DIC using the methods of Neal et al. (1998) which is based on pH
and alkalinity measurements. Samples should be collected for fluvial carbon at monthly intervals to
account for seasonal variation but notice should also be made of storm events that can increase
levels dramatically.
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4.5.2.5. Conclusions
Determining parameters associated with the carbon cycle in peatlands is useful not only for
understanding the C budget , but relating C to other parameters may offer deeper insight into the
progress of peatland restoration success. Dating methods used for assessing the C budget of
peatlands only capable of measuring past peat accumulation and may not reflect ongoing
accumulation. NPP of Sphagnum species can be determined accurately using the cranked wire
method. Determination of SOM may be useful for long-term studies but will probably not provide
useful information in the short-term. Loss on ignition is relatively straight forward and inexpensive.
However, CN analysis which is more expensive and time consuming may be more accurate as well as
providing a C/N ratio. Both methods require accurate estimation of the bulk density to provide good
estimates of the carbon budget. POC and DOC are major fractions of the C budget in peatlands and
should be monitored at least seasonally when possible. The methods are straight forward, and
inexpensive but can be time consuming.These determinations are particularly important for
catchment blanket bog with grip management. Restoration of the water table by blockage of
drainage ditches has a positive impact on C sequestration in peatlands, and DOC may be a good
indicator of that impact and the success of restoration over a sufficiently long time period.
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4.5.3. Greenhouse gas fluxes
4.5.3.1. Introduction
The monitoring of greenhouse gas fluxes are obviously important to current management and policy
objectives, but are also a key aspect of the carbon budget of peatland ecosystems (i.e. CO2 and CH4)
(Worrall et al. 2003). Worrall et al. (2003) reported the gaseous flux from peatlands as 0.59 ± 0.06 Mt
C y-1 for CO2 and CH4 exchange compared to the fluvial flux of 0.27 ± 0.02 Mt C y-1. Best and Jacobs
(1997) showed that upon restoration of the water table in a ditch-dissected peat, CO2 emissions
decreased from 282 to 244 g C m-2 y-1 whilt CH4 production rose from 0.6 to 2.1 g C m-2 y-1. Thus
monitoring greenhouse gas fluxes are important parameters to measure during peatland restoration
as they provide relevant information on biogeochemical processes(i.e. microbial and vegetative
growth) as well as indicating the trajectory of ecosystem services (i.e. carbon sequestration). Trace
gas exchange can also provide an important pathway for ecosystem inputs and losses of nitrogen (i.e.
N2O, N2) (Holland et al.1998). However, microbial processes responsible for N gas fluxes such as
denitrification are generally low in upland blanket bogs due to nitrate limitations but maybe of
importance in lowland riparian peat systems where nitrate concentrations are higher. Models that
do not incorporate gaseous loss pathways can substantially overestimate net primary production and
long-term storage of both carbon and nitrogen (Schimel et al. 1997). Despite the importance of
greenhouse gas exchange at the NE workshop meeting only two sites monitored greenhouse gas
exchange and only methane was measured.
Whilst the focus may be on the emission of greenhouse gases from a peatland, gases such as CO2 and
CH4 are actually exchanged between the peat, vegetation and atmosphere. Plants fix CO2 by
photosynthesis whilst peat and vegetation emit CO2 via respiration. The difference between these
fluxes is called the net exchange:
Net exchange of CO2 = Gross photosynthesis – ecosystem respiration

Eq.1

The exchange of CH4 is determined by the production of CH4 in waterlogged anaerobic zones of the
peat by methanogenic microorganisms, transfer of CH4 up the peat profile, and oxidation of the CH4
by methanotrophic organisms in the upper aerobic layer. However, due to the anaerobic conditions
in peat, methanogenic respiration usually dominates resulting in the emission of CH4. Certain plants
can also serve as conduits for CH4 such Juncus with tissue called aerenchyma. For a detailed
description of the processes involved see Mitsch & Gosselink (2000) and Maltby & Barker (2009).
Anderson et al. (2006) measured CO2 respiration in a natural, restored and cutover Sphagnum
peatland. The natural peatland site had significantly (P<0.05) greater cumulative C–CO2 production
(surface aerobic: 4.5–8.7 mg C–CO2 g-1 h-1). The poor organic matter quality was the main explanation
for the low respiration rates of the surface layer in the restored and the cutover site. Methane
production was detected at low but measurable rates in the natural and the restored samples, but
not in the cutover peat. Methane production, as expected, seems to be closely associated with
hydrological properties, and therefore hydrological monitoring would complement monitoring of
methane. Nonetheless, more experiments on microbial community composition are still needed to
enhance our understanding of colonization processes occurring in restored and cutover sites.
GHG fluxes are dependent on a wide spectrum of site parameters that vary strongly over the year,
including water level, temperature, vegetation growth and actual land use. Assessing annual GHG
balances therefore requires highly frequent and prolonged observations to catch daily and seasonal
variability. A sufficiently dense net of observations is necessary for the chamber method to cover the
often fine-scale spatial patterns that are so typical for natural and degraded peatlands. To assess the
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effects of the restoration measures in terms of average annual GHG fluxes, the observations have to
cover several complete years to reduce the effect of inter-annual differences in weather (Joosten &
Couwenberg, 2009).
The details provided in this section are referenced to Holland et al. (1998) and Matson & Goldstein
(2000). There are a wide variety of techniques available for the measurement of gaseous fluxes that
range from single point to measurements that can be integrated over kilometers. Each technique has
its own advantages and limitations, each with a set of conditions or range of questions for which it is
most appropriate. Choice of the approach or combination of approaches depends on the scientific
question being addressed, the biophysical characteristics of the study site, the analytical capabilities
for the gases of interest, and the facilities and funding available. A more detailed review of the
methods can be found in Lapitan et al. (1999).

4.5.3.1.1. Comparison of techniques
At the finest scale, soil atmospheres can be determined using stainless steel or Teflon probes placed
at various depths in peat. For flux measurements at spatial scales ranging from 0.1 to 1 m 2,
enclosures (chambers) are placed on the surface of the peat, allowing gas to accumulate over time
and enabling the calculation of accumulation. Ten m2 enclosures called cloches with laser detectors
have also been used at a variety of sites (i.e. Lake Vyrnwy, UK Popnet). Because of the enclosure and
limited spatial resolution of the closed-chamber method it was found suitable for detecting small
fluxes of trace gases (e.g. N20), studying processes, and identifying sources of spatial variations
controlling gas fluxes (Livingston and Hutchinson, 1995). Chamber techniques measure the entire
CO2 efflux, but it is impacted by chamber effects: crypto-climate and changing CO2 concentration.
Chamber techniques allow measurement of individual ecosystem components of CO2 fluxes but a
very high number of measured points are needed to sufficiently describe an ecosystem level. For flux
measurements at larger spatial scales, fluxes can be estimated using micrometeorological
measurements on towers. Micrometeorological methods provide nondestructive, integrated
measurements of gas fluxes over large areas, but generally require large, uniform fetch. Tower-based
and airborne eddy flux correlation methods require expensive fast-response sensors and logistical
support. Such measurements characterise the vertical gradient and flux of a gas integrated over
areas ranging from 0.5 to 100 ha. Fourier transform infrared (FTIR) spectrometer and differential
absorption (LIDAR) measure gas concentrations (although not flux measurements) and integrate over
distances as long as several kilometers.
When compared, different methods provide similar estimates of fluxes despite differences in pros
and cons of each technique (Table 22). Aircraft and tower flux measurements of carbon dioxide
fluxes over the Konza tallgrass prairie were highly correlated (Desjardins et al. 1993). Comparison of
N2O fluxes using different chamber techniques (closed versus open and chambers of different
volumes), different micrometeorological techniques (eddy covariance, flux gradient and conditional
sampling using two tunable diode lasers , an FTIR and a gas chromatograph), and chamber versus
micrometeorological techniques show a reasonable agreement provided the patchiness of the
landscape is taken into account when examining micrometeorological measurements from different
wind directions (Christensen et al. 1996). The two most frequently used techniques for measuring
surface-atmosphere gas exchange are micrometeorological and enclosure techniques. The choice of
technique will depend on a number of factors such as the size of the projects budget, the objective of
restoration, the type of restoration, the level of scientific robustness required and the design of the
monitoring protocol.
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Table 22 Enclosure techniques versus micrometeorological techniques for measuring greenhouse gas
fluxes
Enclosure techniques
Inexpensive
Disturbs peat
Short time scales
Small datasets

Micrometeorological techniques
Expensive
Does not disturb peat
Long time scales
Large datasets

4.5.3.2. Enclosure techniques
Enclosures cover the surface of soil, sediment or peat in order to restrict the volume of air available
for exchange, so that any net flux between the enclosed air and peat can be measured as a change in
headspace gas concentration. Enclosure techniques are relatively inexpensive, simple to operate,
require less data analysis and manipulation than micrometeorological methods, and use equipment
that can be easily be moved from one location to another, thus allowing sampling of many locations
within a landscape. There are two basic types: static and flow-through. Static designs contain a small
port to permit sampling and a small vent to permit equilibration of internal and external atmospheric
pressures (Fig. 15). Flow-through designs may be steady-state (in which the enclosure is swept with
air draw from a source of known concentration resulting in a “steady” concentration gradient across
the air-peat interface within the enclosure) or non-steady state (in which the trace gas concentration
gradient diminishes in response to continual concentration changes within the enclosure) (Fig. 16).
Static chambers may be most suitable for peatlands as they are relatively inexpensive, require short
incubation periods, and the low flux rates with the exception of CH4 hotspots will not significantly
affect the concentration gradient. A review of the possibilities and the considerations needed for
each type of enclosure is provided in Denmead (1979), Kanemasu et al. (1974), Jury et al. (1982),
Hutchinson and Livingston (1993), Livingston and Hutchinson (1995), Welles et al. (2001) and
Reichman & Rolston (2002). A method and procedure for gas sampling with collars is provided in
Appendix 4.1. The calculations required to determine the flux rate are provided in Appendix 4.2
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Figure 15 Recommended static enclosure design by Holland et al. (1998).
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Figure 16 Classification system for enclosures (from Livingston & Hutchinson, 1995 in Matson &
Goldstein, 2000)

4.5.3.2.1. Enclosure construction and design
The objectives of enclosure design are to be as non-invasive as possible, and to avoid pressure or
temperature changes and excessive trace gas concentration increases. Enclosures are constructed in
two parts: (1) a permanent collar, which is put in place prior to sampling and left in place for the
duration of the sampling period, and (2) the enclosure itself, which is place on the collar for the short
period over which gas samples are collected (Holland et al. 1998).
Matthias et al (1978) provide a complete discussion of enclosure geometry. The enclosure’s surface
area to volume ratio determines sensitivity. A cylindrical rigid enclosure (usually 500-900 cm2) is
typical. Larger surface areas have the advantage of capturing more of the local peat heterogeneity.
The ratio of chamber volume to surface area covered is one of the most critical issues of chamber
design (Matson & Goldstein, 2000). Volume-to-area ratios of field chambers are typically 15 or
greater. All construction materials (including sealants) must be made of inert materials that do not
react or “bleed” with the gases to be measured such as silicon sealants. Stainless steel and PVC
(opaque to prevent light penetration and associated temperature changes) have been used
successfully for greenhouse gases.
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The preferred design of an enclosure includes a sample port, a properly sized vent, a permanent
collar, and a moat to provide a gastight seal between the permanent collar and enclosure. If the goal
of monitoring is short-term measurement of fluxes, it may be desirable to use portable enclosures
that have a skirt secured by an inner tube filled with sand. Static chambers for gas collection are
inexpensive and do not require electricity or security and are therefore suitable for remote locations.
Flow-through chambers with IRGAs are expensive partly for these reasons but are more accurate and
precise, and will also provide substantial data with loggers at shorter hourly periods (see Savage &
Davidson, 2003 for comparison of manual automated systems).

4.5.3.2.2. Sampling strategy
The principle goal of monitoring greenhouse gas fluxes could be to determine the net exchange of
gases between the ecosystem (peat and vegetation) and the atmosphere. However, the plant and
microbial processes responsible for the overall net fluxes can be determined if required. For
example, ecosystem respiration (the sum of plant and peat respiration) can be estimated by
measuring the net exchange of CO2 under dark conditions (i.e. photosynthesis is temporarily
inhibited). Removable black-out covers can be purchased commercially. Gross photosynthetic activity
(which relates to net primary production) can then be determined by rearranging equation 1.
Successful enclosure sampling requires consideration of several temporal scales for non-flowthrough
designs. Holland et al. (1998) recommend a deployment time of no shorter than 5 minutes and no
longer than 1 hour. Continuous sampling (e.g. CO2 using a flow-through IRGA system connected to a
data logger) have shown that fluxes are usually perturbed for the first minute following the
placement of the enclosure. The potential influence of deployment time on the calculated flux (the
linear increase in gas concentration over time) has been evaluated by Healy et al. (1996), who have
shown that long deployment times lead to significant underestimates of the flux.
The overall sampling strategy should build on the peat information available at a given site and be
sufficiently specific to address the objectives of the monitoring programme. Trace gas fluxes typically
have high spatial and temporal variability; indeed, this variability is one of the reasons that
micrometeorological techniques, which integrate over whole ecosystems and allow for long-term
continuous sampling, are the preferred approach in some situations (see section below). Focusing of
sampling in areas assumed a priori to be “representative” or “typical” can lead to biased
extrapolation estimates and erroneous conclusions (Matson & Goldstein, 2000). Enclosure-toenclosure variation in fluxes is considerable, and the resulting measurements are usually not
normally distributed. Estimates of the number of enclosures required to characterise the flux of a gas
from a given area range between 50 and 100: the larger the flux the greater the variance (Holland et
al. 1998). However, because of labour and time constraints, only rarely are a sufficient number of
enclosures deployed for confident characterization of a site. As a result, the measurements could be
analysed with the appropriate statistical techniques that accommodate non-normally distributed
data or log transformed prior to analysis.
Fluxes of greenhouse gases can vary diurnally, seasonally, and inter-annually depending on climate,
substrate availability and other factors. The variations must clearly be taken into account when
monitoring greenhouse gas fluxes following restoration of a peatland site. In many cases, gas fluxes
peak during seasonal transitions or immediately following precipitation or fertilization. If the goal of
the monitoring is to develop an annual estimate of flux, the minimum sampling requirement is once
per month with more frequent sampling during the time of peak flux. For sites where the peak flux is
in the spring, this requires increasing the sampling frequency to weekly or biweekly. For sites where
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peak fluxes follow precipitation or fertilization, hourly sampling may be required to fully characterise
the response. In all cases, decisions about sampling frequency should be based on the objectives of
the restoration. Light conditions (phosynthetic photon flux density = PPFD) also have a dramatic
impact on fluxes due to the instantaneous effect on photosynthesis. Care must also be taken that
exposure to high PPFDs does not increase gas chamber temperatures by using short incubation
periods. As mentioned earlier temporal variation in gaseous fluxes is considerable due to the impact
of light conditions, temperature and moisture and therefore the time of the day to repeatedly
sample must be considered carefully prior to starting a monitoring programme - for example, midday
is usually chosen as light conditions are highest. Obviously this is only an issue for manual monitoring
approaches as automatic methods can take repeated measurements throughout a 24 hour period.
Consideration of measurements at night time is suggested, particularly in summer when
photosynthesis and respiration are highest, in order to obtain a better estimate of net exchange over
a long time period.
Disturbance of peat associated with collar placement or sampling activities should be minimised;
frequent sampling may require a semi-permanent boardwalk as heavy footsteps can force release of
gases such as CH4 in peat and organic soils. Polypropylene syringes (available from medical supplies)
are inexpensive and have minimal contamination problems. However, sample storage in syringes
with three way valves should be limited (no more than 24 hours) because gases diffuse through the
walls of polypropylene syringes (Holland et al. 1998). Glass gas vials can be used for longer periods.
Pressure differentials during transport can cause leakage where field temperatures are different
from laboratory temperatures. To protect against this, the syringe can be slightly pressurised with a
rubber band over the syringe and plunger. Alternatively, gases can be injected into pre-evacuated
glass vials with septa and maintained at a positive pressure. This is more expensive but may also be
required for some GCs with autosamplers. Samples should be stored along with gas standards ideally
in glass vials. All septa and glass vials should be tested under pressure prior to actual sample
collection.
It is suggested that 6or more replicate gas samples are collected over an incubation period within a
pilot gas sampling study to determine the optimal incubation period for gas sampling. This data is
plotted to determine the period of time over which the flux is linear as the rate of flux should be
linear for the whole incubation period. Following this pilot study, the number of replicates collected
can then be reduced to 2 or 3 samples and the assumption of linearity can be tested again when
seasons change. The time taken to collect the initial (background) gas sample from all enclosures to
the final second or third sample, must also be taken into account when deciding the incubation
length. However, non-linear regression analysis can be used as Nakano (2004) found that linear
regression was not a good model of the change in headspace concentration with time. They provide
a good review of the issues surrounding diffusion gas fluxes in closed chambers. If 50 or more gas
enclosures are being sampled over a wide area, the cost of analysing the samples by gas
chromatography may approach or exceed the cost of eddy covariance techniques. Alternatively, in
situ analysis using IRGA may be less expensive for large areas or a large number of enclosures. The
choice will depend on the number of enclosures, the number of samples for estimating flux
(dependent on precision required), time available and cost of analysis.

4.5.3.2.3. Gas analysis
Gas chromatography is ideal for measuring greenhouse gases as they can be injected simultaneously.
For measurement of CO2 a methanizer is required to convert each CO2 molecule to a molecule of CH4
which can then be determined with a flame ionisation detector (FID). Both CH4 and CO2 are
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determined on the same detector at different times due to the separation of CO2 and CH4 due to the
stationary phase of the GC column. The carrier gas is usually N2 or He. For more information see
Holland et al. (1998). Measurement of N2O requires a GC equipped with an electron capture detector
(ECD) which can be in parallel with an FID on a separate column to permit simultaneous
measurement of CO2, CH4 and N2O. An oxygen/water trap should be placed in the carrier gas line
upstream of the GC to prevent damage to the ECD. If the ECD is used in conjunction with an FID, then
N2 is generally used as the carrier gas.
CO2 fluxes can also be measured by a number of other methods such as IRGA or soda lime
absorption. Both soda lime and base trap (NaOH and KOH) absorption tend to underestimate high
CO2 fluxes and overestimate low CO2 fluxes as a result of varying absorption efficiencies (Nay et al.
1994). Holland et al. (1998) therefore do not recommend using base traps for routine flux
measurements. For enclosure measurements, IRGA analysis is cheaper and faster than GC analysis,
and direct if attached at the end of a flow-through design. PP Systems http://www.ppsystems.com/
and Licor Inc. http://www.licor.com/env/ provide soil chambers and leaf cuvettes linked to a
portable IRGA system for rapid determination of CO2 fluxes. However, users should be aware that (1)
field calibration is needed to correct for temperature dependencies of the instrument, (2) the
measured flux may be affected by the instrument flow rate, and (3) chamber volumes may be
inappropriately small for peat vegetation. However, chambers may be purpose built and attached to
an IRGA system.

4.5.3.3. Micrometeorological techniques
For projects where the goal is to produce an estimate of trace gas exchange over large areas (> 10
m2), micrometeorological techniques are preferable because they incorporate much of the meter-tometer variation (Lenschow, 1995). Multiyear deployments at the Harvard Forest have been highly
successful in providing insights in regional carbon exchange and storage on both an intra-annual and
an interannual basis (Goulden et al. 1996). While chambers/enclosures have advantages in that they
are portable and inexpensive, micrometeorological approaches using towers or aircraft have other
important advantages. Whilst they do not disturb the peat, plant or water surface, they also
inherently average over a surface area that increases with height of the measurements over the
surface, and so represent integrated fluxes from a larger proportion of the ecosystem rather than
from small plots within it (Matson & Goldstein, 2000). They also allow the examination of fluxes over
continuous time scales from minutes to years.
There are a variety of micrometeorological techniques for measuring greenhouse gas fluxes. As with
the enclosure approach, no single technique is best for all gases or all situations. For a discussion of
eddy correlation, eddy accumulation, gradient and difference techniques, and mass balance and
Bowen ratio techniques, Matson & Goldstein recommend Lenschow (1995) and Moncrieff et al.
(2000). The major disadvantage of micrometeorological techniques is that they are expensive.
However, Billesbach et al. (2004) describe a portable eddy covariance system for the measurement
of ecosystem–atmosphere exchange of CO2, water vapor, and energy.
The eddy-covariance technique measures the flux of a scalar (heat, mass) or momentum at a point
centred on instruments placed at some height above the surface (Fig. 17). Eddy covariance measures
net vertical turbulent CO2 flux between the atmosphere and surface (vegetation and peat). This
should represent the sum of photosynthesis and respiration in a fully adjusted boundary layer (the
layer of atmosphere that is in equilibrium with mass and energy exchange with the surface)
(Myklebust et al., 2008). Its main advantages are no impact on any of the studied objects and
112

homogenized information for predominantly the ecosystem level. Nevertheless, there is a major
problem in using of measured data: difficult identification and quantification of advection
occurrence. The advection can underestimate or in some cases overestimate fluxes especially at
night. Using the convention that photosynthesis is negative and respiration positive, chamber-based
estimates tend to be higher than eddy covariance measurements (Myklebust et al., 2008; Curtis et
al., 2005; Launiainen et al., 2005; Bolstad et al., 2004; Janssens et al., 2001). The cause of this
apparent bias is not understood though the general lack of energy balance closure suggests that
eddy covariance may be underestimating NEE (Wison et al., 2002). However, due to the large
uncertainties in scaled-up chamber measurements, underestimation by EC is not confirmed
(Myklebust et al. 2008). Myklebust et al. (2008) reviewed the uncertainties in the eddy covariance
technique that vary with differences in sampling design, data treatment, data cleaning protocol, gap
filling techniques, and site characteristics such as canopy heterogeneity, leaf area index, topography
and patterns of advection. Many of the uncertainties can be reduced by measuring over an extensive
horizontally homogenous surface on flat terrain and with a steady atmosphere (Baldocchi, 2003.
Thus the technique is probably most appropriate to large expanses of blanket bog or moorland. Also,
the technique may be inappropriate for small-scale sites, particularly when detailed statistical
analysis of site variability over spatial and temporal dimensions are required.

Figure 17 A schematic of a typical eddy covariance system. A sonic anemometer (top left) above the
canopy measures the turbulent fluxes of horizontal and vertical wind speeds. Air sucked down an
inlet tube near the sonic head to a fast-responding infrared gas analyzer (bottom left) at the base of
the tower. The expanded schematic (right) shows the gas path within the gas analyzer. A mass flow
controller and pressure transducer can be used to maintain a constant rate of flow down the sample
tube (and hence constant lag of gas sample between the sonic head and optical bench of the IRGA).
Gas concentrations in the sample cell are measured relative to a reference cell in which air is dried
and scrubbed of carbon dioxide (from Moncrieff et al., 2000).
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4.5.3.4. Proxies for peatland greenhouse gas fluxes
As greenhouse gas fluxes are difficult, time consuming and expensive to measure directly, indirect
methods – via ‘proxies’ or proxy variable can be used for assessing fluxes (Joosten & Couwenberg,
2009; Couwenberg et al. 2008). A proxy may not be of interest in itself but the variable of interest
can be deduced from it. To be reliable, the proxy variable must have a close correlation with the
variable of interest.
Three parameters are currently emerging as suitable proxies for peatland greenhouse gas fluxes –
water level, vegetation, and subsidence. Meta-analyses of a large amount of data from various parts
of the world have revealed that mean water level is the best explanatory variable for annual GHG
fluxes (Couwenberg et al. 2008, 2009) This is clearly the case for CO2 emissions that are high with
low water levels and low (and negative in case of peat formation) with high water levels. Also CH4
shows a clear relationship with water levels (Fig. 4). Water levels of more than 20 cm below surface
show negligible emissions, whereas values rise steeply with water levels above -20cm.
A more sophisticated methodology using vegetation as GHG proxy is currently being developed for
major peatland rewetting projects in Central Europe. This approach is also based on the strong
correlation between GHG emissions and mean water levels, but uses vegetation as indicator of water
level and therefore as a proxy for annual GHG fluxes. This is possible with a vegetation classification
approach that integrates floristic and water level characteristics. The approach (the ‘vegetation form’
concept) departs from the observation that in an environmental gradient (e.g. from dry to wet) some
species occur together, whereas others exclude each other (Joosten & Couwenberg, 2009).
Vegetation is well qualified as a proxy for GHG fluxes because it (Joosten & Couwenberg, 2009):
1) reflects longer-term water level conditions and thus provides indication on the relevant time
scale (GHG fluxes per ha per yr)
2) is controlled by the same factors that additionally determine GHG emissions from
peatlands (nutrient availability, acidity, land use…)
3) is itself directly responsible for part of the GHG emissions by the quality of organic matter it
produces (incl. root exudates) and by providing possible bypasses for increased methane
emission via aerenchyma (‘shunt species’),
4) allows fine-scaled mapping, e.g. on scales 1:2,500 – 1:10,000.
The disadvantages of using vegetation as a proxy are that:
1) it cannot be used when the aim of a project is to demonstrate a reduction in greenhouse gas
flux with a view to trading on the carbon market. Thus it can only be used when the objective
of restoration is to reduce greenhouse gas flux to that of a comparative peatland,
2) its slow reaction on environmental changes: it may take 3 years or more before a change in
mean annual water level is sufficiently reflected in a change in vegetation composition,
3) the necessity to calibrated the approach for different climatic and phytogeographical
conditions,
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4.5.3.5. Conclusions
Determination of greenhouse gas fluxes particularly CO2 and CH4 is critical to assessing the C budget
of peatlands. The sink or source strength of these gases will also indicate the state of restoration of a
peatland. Enclosure techniques are recommended for the majority of restoration projects at small
scales and short time periods due to their accuracy, ease of use and lower cost relative to
micrometeorological techniques. However, gas chromatographic analysis of gas samples can be
expensive and so analysers such as IRGAs with flow-through enclosures are recommened as
alternatives as they can be purchased commercially with loggers for CO2 measurements. Also, a very
high number of measured points are needed to sufficiently describe an ecosystem level. However,
for large expansive areas of open homogenous peatland restoration sites such as upland blanket bog
where considerable academic interest is present provides support for techniques such as eddy
covariance where specialist knowledge is required. Micrometeorological methods provide
nondestructive, integrated measurements of gas fluxes over large areas, but generally require large,
uniform fetch and may underestimate CO2 flux as well as not analying CH4 or N2O flux. Tower-based
and airborne eddy flux correlation methods require expensive fast-response sensors and logistical
support. Proxies are indirect measures of GHG fluxes that are less expensive and time consuming.
Vegetation reflects long term water level, is controlled by the same factors as GHG emission, is partly
responsible for GHG emission and allows fin scale mapping. However, it cannot be used to provide an
estimate of GHG with a view to trading on the carbon market, it may take along time to reflect
change, and the method must be calibrated with different climatic conditions.
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APPENDIX 1: ONLINE SURVEY SUMMARY
An online survey was conducted at www.surveymonkey.com to evaluate the extent of monitoring
occurring within the Peat Compendium restoration projects in England and Wales. Of 130 projects
contacted, 29 responded (22 %). Of the 29 that responded, 3 were removed due to incomplete
answers.

1. Project name
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

SCaMP 2
Redgrave and Lopham Fen Restoration Project
Cayton and Flixton Carrs Wetland Project
Moors for the Future Fire site restoration
The HEATH Project
Dark Peak SSSI - restoration of favourable condition
Duddon Mosses National Nature Reserve
NWL Tees Water Colour Project
Fenn's, Whixall & Bettisfield Mosses NNR
Fylingdales Fire Site Revegetation Project
Peatscapes
LIFE Active Blanket Bog in Wales
Cuilcagh Mountain Blanket bog restoration
Back to Black, the restoration of May Moss
Wicken Fen Vision
Several projects: Cockayne Head/High Bloworth, Glaisdale Moor, Arden Great Moor,
Fylingdales Moor
Fen restoration, Bure Marshes NNR
Simon Stainer, Natural England
RSPB Geltsdale Nature Reserve
Brue Valley peatland restoration
The Exmoor Mire Restoration Project
Mosslands Project
Dartmoor Blanket Bog Restoration Project
Western Isles peatlands management scheme
The Pumlumon Project
Isle of Axholme lowland raised bogs
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2. Please provide information on how your project was planned
1

Second phase of the SCaMP initiative delivering 2010 - 2015 across the United Utilities (UU) plc
Central & Northern estates. Ourrole is to draft farm management plans to deliver benefits to
raw water quality by encouraging entry into agri-environment schemes, targeted land
management including livestock management, soil and vegetation management &
management for specific habitats and species, investment in farm facilities. Monitoring will be
undertaken by UU staff once delivery of the farm plans is underway in 2010.

2

Papers written identifying restoration needs; EU Life grant application; formation of project
steering committee with all relevant organisations; public talks and meetings.

3

Partnership of agencies set up a steering group including stakeholders (farmers, IDB etc). EA
funded feasibility work on wet grassland restoration. On the ground restoration work planned
piecemeal via HLS agreements between Project Officer and landowners

4

The initial projects were planned and funded through a HLF grant, based on areas of greatest
need across the Peak District moorland.

6

Assessment of condition status of SSSI. Forecast remedy for units and costs. Plan selected
works. Bid for money.

7

Ongoing restoration works since early 1990's. Largely driven by funding available each year.
Work defined in NNR management plan.

8

It was planned as part of our capital programme for AMP5 to address water quality (DOC)
issues affecting our Broken Scar WTW, and thus approved by Ofwat.

9

Advice from NE national monitoring staff plus as opportunities arise.

10

Partnership approach - led by North York Moors National Park Authority. Involved landowner,
Court Leet, English Heritage, Natural England and Rural Development Service

12

LIFE bid by RSPB, CCW, FCW, EA

13

Through an in-depth research phase combined with experience of professional environmental
consultants.

14

Restoration of conifer forest to blanket mire was originally gathered for a life bid in 2001. The
bid failed however funding has been awarded from SITA Trust. The work was agreed with a
range of internal and external partners and long term monitoring has been built into the
restoration process.

15

Planned to secure the long term future of species living on the Wicken Fen NNR. Intention is to
re-wet the peatland area creating a mosaic of habitats.

16

N/A - several projects

17

Initial planning from Broads Fen Resource survey (1994) - identified areas to be cleared of
scrub and post 1946 woodland with good chance of achieving successful restoration to S24 fen
communities. Project specification written after ground-truthing of survey findings on
Woodbastwick Marshes; spec. stated desired end-points rather than methods. Assessment of
tenders on method viability, as well as price.
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18

Planned through national SSSI PSA target

19

5 year management plan cycle
Liaison with NE/ North Pennines AONB Peatscapes

21

The project began as a pilot to test the methods and monitor the results on a small area of
moorland in 1998. The pilot established that it was possible to use the ditch blocking
techniques successfully used elsewhere in the UK on Exmoor peatlands and that the ecological
and hydrological effects of this ditch blocking were measurable. The success of this initial work
led to the establishment of the current landscape scale partnership project in 2006.
The pilot project was initiated by a partnership of the National Park Authority, English Nature
(Natural England), The Environment Agency and other organisations interested in the
management of Exmoor’s moorlands and rivers such as the Exmoor Society and the West
Country Rivers Trust. Without this broad consensus for action it is unlikely that the pilot project
would have been successful in gaining support for a larger follow on project.

22

A group of organisations came together in 2005 to find solutions to a variety of problems facing
the mosslands project area. The group is called the Mosslands Action Group and they steer
and oversee work that aims to find a sustainable way forward for the area.

23

Planned as a pilot project by the Action for Wildlife Partnership. This project is specifically
aimed at blanket bog, beginning with pilot work to investigate the most suitable techniques,
their effectiveness, cost and a range of related practical issues.

24

Post designation of SAC, project was seen as a viable means through which to deliver
favourable condition of habitats concerned.

25

Drafted business plan followed by targeted funding bids.

26

Water level management plan with the Internal Drainge Board to raise water levels. Site
management by Lincolnshire Wildlife Trust.

3. Please specify the vegetation types on each site (summary)
Answer Options
Blanket bog
Upland heathland
Fen, marsh & swamp
Open water
Other
Bog
Lowland raised bog
Reedbed
Lowland heathland

Phase 1
habitat

Response
Frequency

E1.6.1
D
E3,F
G

57.7%
50.0%
34.6%
34.6%
34.6%
19.2%
19.2%
15.4%
11.5%

E
E1.6.2
D
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Response
Count
15
13
9
9
9
5
5
4
3

3a. Other vegetation types
Project

Other (please specify)

1
2
3
9
17
19
21
23

Improved grassland, upland hay meadow, clough woodland
Wet woodland
Drained pasture/arable farmland on deep peat
U1c grassland, semi-improved pasture
Wet woodland
Upland farmland/upland woodland
Upland valley mires
Other vegetation types are present but only blanket bog is the
focus of this project
Improved grassland, woodland and ffridd (a complex mosaic of
heath, bracken, woodland, acid grassland, old workings and wet
flushes).

25

3b. Vegetation types on each site (in detail)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Blanket
bog

Upland
heathland

x

x

Bog

Lowland
heathland

Lowland
raised
bog

x

x

x

Reedbed

x
x

x

Fen,
marsh &
swamp
x

x

Open
water
x
x

x
x

x

x

x
x
x
x
x
x
x

x
x

x

x
x
x

x

x

x

x

x

x
x
x

x

x

x

x
x

x
x

x

x

x
x
x
x
x
x

x

x
x

x
x

x
x
x
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x
x
x

4a. Please specify which parameters were deemed important for instigating the project
Answer Options
Biodiversity
Conservation status e.g. PSA, BAP, HLS
Vegetation cover/composition
Water table depth
Carbon storage/sequestration
Water quality
Flood risk management
Cultural heritage
Water supply
Other
Paleoenvironmental evidence
Greenhouse gas emissions

Response
Frequency

Response
Count

92.3%
88.5%
73.1%
50.0%
42.3%
38.5%
38.5%
34.6%
26.9%
26.9%
19.2%
15.4%

24
23
19
13
11
10
10
9
7
7
5
4

4b. Other parameters
1
3
4
5
11
20
22

Other
Agri-economics
Eco-tourism, access and interpretation
Landscape significance
Archaeological landscape
Sediment, economy
NNR visitors
Agriculture (decline of), recreation potential, hydrology
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5. Please outline your main goals/objectives of restoration
1

2

3

4

5
6
7
8
9
10
11

12
13
14
15
16
17

18
19
20

Restore bare peat through rewetting and revegetating with reduced grazing to reduce erosion,
improve water colour, secure carbon and encourage sequestration. Plant upland oak woodland
to stabilize soils, create habitat, reduce risk to water quality. Manage vegetation to reduce fire
risk on upland habitats. Manage livestock and vegetation for specific habitats and species eg
lapwing, curlew, twite, Sphagnum, heather, hay meadow forbs.
Relocate water abstraction public borehole; restore river corridor habitat; restore fen habitat
and rejuvenate damaged areas with peat scraping works and major scrub removal programme;
reintroduce large-scale extensive grazing over whole site; build visitor centre and car park;
create nature trails.
Local and National BAP habitats: restore/ create mosaic of wetland habitats, predominantly
wet grassland on drained farmland.
Support and increase breeding populations of wetland and farmland bird species.
Archaeology: protect waterlogged palaeoenvironmental deposits associated with a unique
Mesolithic landscape.
Find a more sustainable and economically viable way of farming on flood-prone land.
There are several projects within the Moors for the Future project based on restoring historic
fire sites (reducing areas of bare peat through re-vegetation, reducing landscape significance of
bare and eroding peat, assisting biodiversity, altering the condition status of the Dark Peak SSSI
from unfavourable declining to unfavourable recovering).
Re-introduce active management to 3500 ha of lowland heath in west Cornwall.
Restore vegetation, limit erosion, raise water table.
To return as much of the historical mire extent to actively functioning/growing raised mire, by
slowing down the rate of water loss to system through blocking of drains and cuttings.
The restoration involved blocking moorland grips with the aim of improving water quality
(DOC) from the area).
Restore actively forming raised bog macrotope, carryout holding management if not yet
possible
Re-vegetate the site as quickly as possible to prevent further erosion and protect archaeology.
Restoration
Research
Best Practice
Celebration of peatlands
Bring about a significant and sustained improvement in the quality of blanket bog in the two
project SACs.
Restore to active blanket bog and manage runoff in drainage basin associated with the Marble
arch Caves.
Removal of poor quality conifer crop. Secure long term survival of the deep peat. Slow down
water loss from site.
Creation of a landscape scale nature reserve to secure the long term future of species and
habitat of Wicken Fen NNR.
Complete vegetation cover and restore water table.
Establishment of area of good-quality S24 fen (as "instant fen" after removal of woody species)
without damage to fen surface. Part of overall strategy of succession management in Broads,
aiming to increase area of open fen at expense of scrub/recent woodland.
SSSI restoration
Long-term restoration of active blanket bog in good condition, 5year target increasing good
condition form 30% to 50% (by 2013)
Restoration of old peat workings and the protection of SPA and SSSI. Delivery of BAP targets
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21

22

23

24
25

26

Exmoor supports ecologically important upland wetlands (blanket bogs and valley mires).
These hydrologically sensitive ecosystems have been impacted by drainage, peat cutting and
past land-management practices. The Exmoor Mire Restoration project aims to restore
degraded Exmoor peatlands on a landscape scale and to promote the regeneration of
moorland bog vegetation. The benefits of the work are:
• restoration of upland habitats and species,
• carbon storage for climate change mitigation,
• the re-establishment of natural stream-flows in Exmoor headwaters with improved aquatic
environments and ecology,
• sustainable moorland resource management
The project area covers a variety of landuses/vegetation although it does not coordinate
directly with restoration works itself - partner organisations on the mossland action group
(such as Lancashire Wildlife Trust) do.
• enhance condition of the blanket bog community
• reduce run-off rates in high rainfall periods
• retain flows in low rainfall periods
• enhance breeding habitat suitability for wading birds
• enhance the capacity of the bog to store carbon
Bring SAC towards or into fav condition
To support a robust rich natural environment by maintaining local communities. These
communities will deliver economicaly sustainable environmental services including flood water
management, carbon management and environmental conservation.
To restore conditions suitable for lowland raised bogs. The target is to raise ground water
levels to within 15cm of ground surface all year.

6a. How important area the following issues in causing the need for restoration?
Answer Options
Drainage
Wildfire
Overgrazing
Vegetation succession
Agricultural improvement
Managed burning
Peat extraction
Afforestation
Other
Water pollution
Recreation
Air pollution
Planning developments

Response
Frequency

Response
Count

73.1%
42.3%
38.5%
38.5%
38.5%
30.8%
26.9%
26.9%
26.9%
23.1%
19.2%
15.4%
7.7%

19
11
10
10
10
8
7
7
7
6
5
4
2
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6b. Others
1
4
5
6
9
22
23

Livestock type, under grazing
Natural drainage systems - gullying
Abandonment of grazing and active management
Tick does not indicate scale!
Climate change
Fragmentation of landuse, increase in equine interests
Military activity

7a. Which of these restoration techniques are you performing on your site?
Answer Options

Response
Frequency

Response
Count

Rewetting
Grip blocking
Revegetation - reseeding
Gully blocking
Stock reduction/exclosure
Stabilisation
Vegetation removal
Other
Peat reprofiling
Revegetation - planting
Buffer zone
Adjacent landuse change
Draining
Sediment removel

61.5%
61.5%
42.3%
38.5%
38.5%
30.8%
30.8%
30.8%
26.9%
19.2%
15.4%
15.4%
3.8%
0.0%

16
16
11
10
10
8
8
8
7
5
4
4
1
0

7b. Others
3
5
7
9
17
22
24
26

Water Level Management - eg sluices, bunds, scrapes
Re-introduction of grazing, cutting and managed burning
Blocking wide peat cuttings
Visitor and media involvement
Management now maintenance only.
As project is not directly involved in individual site works, cannot reliably comment
Managed land use - grazing levels, muirburn etc
Re-wetting is proposed.
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8. How important do you consider these parameters for monitoring restoration success?
Answer Options
Hydrology - function
Biodiversity
Plant community structure
Vegetation cover
Plant species indicators
Hydrology - quality
Breeding birds
Carbon storage
Peat integrity
Photography
Invertebrates
Greenhouse gas emissions
Remote sensing
Physicochemistry
Microbiology
Other

N/A

Low

Medium

High

Rating
Average

Response
Count

1
0
0
0
0
1
1
2
1
3
1
3
5
3
4
1

2
0
0
2
1
6
2
4
3
2
5
6
5
7
9
0

2
4
8
3
9
3
10
7
7
11
11
9
8
7
7
0

21
20
17
17
16
15
11
10
10
6
5
5
3
3
0
1

2.76
2.83
2.68
2.68
2.58
2.38
2.39
2.29
2.35
2.21
2.00
1.95
1.88
1.76
1.44
3.00

26
24
25
22
26
25
24
23
21
22
22
23
21
20
20
2

9. Which parameters have been measured pre- and post-restoration?
Answer Options

Pre

Post

Response
Count

Plant species indicators
Vegetation cover
Plant community structure
Hydrology - function
Biodiversity
Photography
Breeding birds
Hydrology - quality
Remote sensing
Invertebrates
Physicochemistry
Peat integrity
Carbon storage
Greenhouse gas emissions
Other
Microbiology

17
15
15
13
12
12
12
8
8
7
4
4
1
1
1
0

15
16
15
12
13
13
12
8
5
7
3
3
3
3
2
2

19
17
18
15
14
14
15
12
9
9
5
5
3
3
3
2
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10a. How frequently do you measure each parameter?
Answer Options
Plant community structure
Plant species indicators
Vegetation cover
Biodiversity
Photography
Breeding birds
Invertebrates
Hydrology - quality
Hydrology - function
Physicochemistry
Microbiology
Carbon storage
Greenhouse gas emissions
Other
Peat integrity
Remote sensing

Weekly

Monthly

Annually

Response
Count

0
0
0
0
0
0
1
3
4
0
0
0
0
0
0
0

0
1
0
1
0
1
0
3
7
1
1
1
2
0
0
0

11
10
9
8
9
7
5
2
1
1
1
1
0
1
0
0

11
11
9
9
9
8
6
8
12
2
2
2
2
1
0
0

10b. Others
2
4

8
9

21
26

Air quality (monthly)
Many samples (physicochemistry, erosion rates) are
measured every three months; remote-sensing and
aerial photography have been every three years
Botanical aspects surveyed pre-blocking and will be resurveyed 3 years later.
Water quality, biodiversity vegetation cover, structure
and photography are on a 5 year basis unless yearly
after forest clearance
Breeding bird surveys are at 5-10 year intervals
Water levels monitored bi monthly
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11. Do you have permanent or random plots for each parameter listed? Plots are defined as specific
large areas in which repeated measurements are taken. Within each plot, replicate measurements
are taken such as multiple, random quadrats or permanent chamber collars for GHGs.
Answer Options

Permanent

Random

Response
Count

11
10
9
9
7
6
6
5
4
2
2
1
1
0
1
0

1
4
2
2
1
5
2
2
2
1
0
1
0
1
0
0

12
14
11
11
8
11
8
7
6
3
2
2
1
1
1
0

Hydrology - function
Plant community structure
Vegetation cover
Plant species indicators
Photography
Breeding birds
Hydrology - quality
Biodiversity
Invertebrates
Carbon storage
Greenhouse gas emissions
Physicochemistry
Microbiology
Peat integrity
Other
Remote sensing

12. Please choose the number of plots, the area of the plots, and the number of replicates
collected within each plot.
No. of plots
Answer Options

1-5

6-10

11-15

1620

2125

26-30

>30

Response
Count

Hydrology - function
Plant community structure
Breeding birds
Hydrology - quality
Vegetation cover
Plant species indicators
Photography
Biodiversity
Invertebrates
Physicochemistry
Microbiology

4
1
1
2
1
1
0
1
2
0
1

1
0
2
2
0
0
1
0
0
2
0

1
1
1
1
1
1
2
0
0
0
0

0
1
0
0
0
1
0
0
0
0
0

0
1
2
0
1
0
0
1
0
0
0

0
0
0
0
0
0
0
0
0
0
0

2
4
2
2
4
3
2
1
0
0
0

8
8
8
7
7
6
5
3
2
2
1

Peat integrity
Carbon storage
Greenhouse gas emissions
Remote sensing
Other

1
0
0
0
0

0
1
1
0
0

0
0
0
0
1

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
1
0

1
1
1
1
1
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m2
Answer Options

<1

1-10

11-100

101-1000

Response
Count

Plant community structure
Plant species indicators
Vegetation cover
Breeding birds
Photography
Hydrology - function
Hydrology - quality
Biodiversity
Physicochemistry
Carbon storage
Greenhouse gas emissions
Invertebrates
Other
Microbiology
Peat integrity
Remote sensing

0
0
0
0
0
2
1
0
1
0
1
0
0
1
0
0

3
3
3
0
3
0
0
0
0
1
0
0
1
0
0
0

1
1
2
0
1
1
0
1
0
0
0
0
0
0
0
0

3
2
1
6
1
2
3
2
0
0
0
1
0
0
1
0

7
6
6
6
5
5
4
3
1
1
1
1
1
1
1
0

No. of replicates
Answer Options

1-5

6-10

1115

1620

2125

26-30

>30

Response
Count

Hydrology - function
Plant community structure
Plant species indicators
Hydrology - quality
Vegetation cover
Photography
Breeding birds
Biodiversity
Physicochemistry
Invertebrates
Carbon storage
Greenhouse gas emissions
Microbiology
Peat integrity
Remote sensing
Other

4
4
4
4
3
4
2
1
0
2
1
1
1
1
0
0

1
0
0
1
0
0
1
1
1
0
0
0
0
0
0
0

1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
1
1
0
1
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0

1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
1
1
0
1
0
0
0
0
0
0
0
0
0
0
0

7
6
6
5
5
4
3
2
2
2
1
1
1
1
0
0
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13. Have you considered control or reference plots for any of the parameters?
Answer Options
Hydrology - function
Hydrology - quality
Plant community structure
Plant species indicators
Vegetation cover
Breeding birds
Physicochemistry
Carbon storage
Biodiversity
Invertebrates
Greenhouse gas emissions
Photography
Remote sensing
Peat integrity
Microbiology
Other

Yes

No

Response
Count

8
7
7
6
6
5
4
4
4
4
3
3
2
1
1
1

2
2
2
2
2
2
3
3
2
2
3
2
2
3
2
2

10
9
9
8
8
7
7
7
6
6
6
5
4
4
3
3

14a. Please specify the restoration target for each parameter
Answer Options

Response
Frequency

Response
Count

Hydrology - function
Plant species indicators
Hydrology - quality
Plant community structure
Breeding birds
Vegetation cover
Invertebrates
Carbon storage
Greenhouse gas emissions
Biodiversity
Photography
Physicochemistry
Microbiology
Peat integrity
Remote sensing
Other

81.8%
72.7%
63.6%
63.6%
63.6%
54.5%
36.4%
36.4%
27.3%
27.3%
27.3%
18.2%
9.1%
9.1%
9.1%
9.1%

9
8
7
7
7
6
4
4
3
3
3
2
1
1
1
1
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14b details
2
3
4
7
8
9
12
21
26

2
4
7
8
9
12
21
26

2

4
8
9
12
21

2
4
8
9
12
19
21

2

Hydrology - function
Summer water table typically within 30-40 cm peat surface in deeper peat system
Water table less than 30 cm from peat surface in breeding season
Comparable with pristine site
Constant water table approx 10 cm below surface
Functions as a 'pristine' blanket bog
Water level within top 10 cm for 70% of year
Varies with parameter
Stable water tables, at surface in winter, 10 cm below in summer
Ground water level within 15 cm of surface all year
Plant species indicators
Many within stands listed under the Habitats Directive for Target Fen Types (TFT) within the
restoration project.
Eriophorum spp., Dwarf shrubs, Mosses (particularly Sphagnum, Hypnum)
Presence of Sphagnum spp.; absence of negative indicators
Peat forming species thriving
Continued presence and increase in extent of notified and biodiversity spp. defined in
management plan
NVC indicator species increase
Increase in key indicator species within target NVC type
>20% Sphagnum, defined number of indicator species, max. Limit on scrub and negative
indicator species
Hydrology - quality
Almost untraceable nutrients within open water bodies; target of reduced nitrates in
agricultural drains - aiming for TON peaks of less than 10 mg/l; typically under 5mg/l where
possible. Ensure P levels remain very low - currently below 0.02 mg/l
Comparable with pristine site
Reduction in DOC export
Ombrotrophic conditions, pH less than 4 in all except marginal areas
Varies with parameter
Maintenance of current high quality
Plant community structure
Determined predominantly via soil and hydrochemistry, then grazing/cutting management as
secondary controlling processes.
M20 preferably M19 NVC
Characteristic of healthy blanket bog community & meeting PSA target
Less than 1% birch in site centre
NVC blanket bog community improvement
Increase from 30 - 50% in good condition by 2013
Restoration of appropriate NVC type (M17, etc)
Breeding birds
Encourage a wide range of breeding wetland birds in addition to woodland species on
unmanaged marginal areas. Coordinate management in sympathy with key species
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3
4
9
12
19
21

2
4
8
9
12
26

requirements.
Breeding bird surveys farm by farm every four years. No specific targets for numbers of
breeding pairs etc yet made.
Numbers of upland breeding birds, particularly those for SPA designation
Increase in extent and breeding success of appropriate species
SPA and moorland assemblage species increase
Maintain sustainable populations of key birds
Increase in breeding waders (snipe, curlew). Maintenance of population of pipits and skylarks
Vegetation cover
Flexible approach - help recovery of spatial area of Cladium mariscus stands; mosaic of fen
meadows, sedge fen, tall-herb reed fen at end of grazing year (loose rule)
>80% cover
No bare peat
More than 20% Sphagnum and more than 70% of Sphagnum and Eriophorum spp.
Blanket bog indicators increase
Exposed substrate no more than 10%

3
9
21

Invertebrates
Improve species records on site, and aim to undertake annual management in sympathy with
invertebrate requirements where possible, particularly for notable species - Fen raft spider
(Dolomedes plantarius) afforded specific management conditions (Ramsar species)
Some baseline aquatic invertebrates, no targets set
Continued presence and increases in extent of species defined in management plan
Increased diversity (not yet specified0

4
9
12

Carbon storage
Stabilised peat loss
No loss
Directional- increase

4
12

Greenhouse gas emissions
Comparable with pristine site for C flux
Directional- reduction

9
12

Biodiversity
Continued presence and increases in extent of appropriate BAP species
SPA and SAC priority species/ habitats increase

2

4
9

Photography
Annual fixed point photography at key panorama positions on the reserve annually, enabling
comparisons from year to year.
>80% vegetation cover
5 year survey of fixed points and 10 year aerial repeat

4

Physicochemistry
Monitoring pH and fertility indices to allow plant growth

2

Microbiology
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9

Just finding out what is there at the moment

9

Peat integrity
No further loss of extent of peat, increase in re-pickled area to management plan limits

4

Remote sensing
Decreasing area of bare peat

9

Other
More adders, lizards and grass snakes

15a. What is the approximate annual cost of monitoring?
Answer
Options

Response
Average

Response
Total

Response
Count

£

18720

187200

10

Number
2
3
4
7
8
9
12
19
21
24

£
2000
4000
70000
200
30000
1000
35000
32000
3000
10000
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16a. Please provide an estimate of the annual cost for each monitoring parameter
Answer Options

Response
Average

Response
Total

Response
Count

Carbon storage
Hydrology - function
Hydrology - quality
Plant community structure
Breeding birds
Vegetation cover
Remote sensing
Biodiversity
Physicochemistry
Invertebrates
Plant species indicators
Photography
Microbiology
Peat integrity
Greenhouse gas emissions

43000.00
5583.33
5410.00
4341.67
4820.00
3887.50
10000.00
2225.00
2500.00
1550.00
275.00
133.33
0.00
0.00
0.00

43000
33500
27050
26050
24100
15550
10000
8900
5000
3100
550
400
0
0
0

1
6
5
6
5
4
1
4
2
2
2
3
1
1
0
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16b details
Project
Carbon storage
Hydrology - function
Hydrology - quality
Plant community structure
Breeding birds
Vegetation cover
Remote sensing
Biodiversity
Physicochemistry
Invertebrates
Plant species indicators
Photography
Microbiology
Peat integrity
Greenhouse gas emissions

2

3
2000

4
43000
20000

7

1000
1000

8

9

12

19

5000
20000
4000

500
50
50
100
50

3000
3000
10000
6000
10000

3000
3000
6000
12000

100

3000

5000
3000

1000
5000
10000

500

800
2000
500
200

200
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100
50
0
0
0

21

24

5000
5000

3000

17. Do you modify restoration as a result of the monitoring result?
Answer
Options

Response
Frequency

Response
Count

Yes
No

41.7%
58.3%

5
7

If yes, please specify
2
3
4
9
13
16
19

Fine tuning of river level control via sluice structures has been enabled, with supporting
evidence for hydrological function - from water level monitoring
Still too early in practical restoration to say if successful
Depends on the parameter and varies, monitoring often informs further steps to achieve
targets
Go back and find out why areas are leaking
Live stock varied. Test Plots monitored before techniques used
N/A
Restoration target based on repeat Moorland condition Survey
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18. Can you list key reports/publications of your restoration monitoring?
Number
2

3

4

8

10
12

19
21
22

24
26

Response Text
NVC Resurvey of Redgrave and Lopham Fen 2004 (plus interim survey reports on
permanent quadrat monitoring).
Breeding Bird Survey for Redgrave and Lopham Fen 2007
Water vole survey , Mortimer, 2006.
Aquatic veg in ditches survey, Hammond, 2006
Aquatic inverts in ditches, Hammond 2006
(unpublished bird surveys conducted by volunteers)
Breeding Bird Survey 2004
Winter bird survey 2005/6
Breeding Bird Survey 2008
( archaeology investigations - by academic researchers) published various, but
independent of wetland scheme - starcarr.com
Reports by Worrall & Evans (in review) Carbon Flux from managed peatlands,
Allott et al (in review) Hydrological Benefits of Restoration, MFF report Vegetation
Monitoring on Bleaklow and Blackhill, Caporn et al Effects of Lime and fertilizer on
vegetation and microbial communities, MFF/RELU Landscape Audit, MFF Breeding
Bird Survey of Peak District Moorlands, Manchester/Leeds Gully Blocking in Deep
Peat, McMorrow et al (2005): Mapping and encoding the spatial pattern of peat
erosion.
Natural England (eds. Walker, J. & Buckler, M.) (in prep, due 2008) Upland
Restoration Manual, web based resource and report.
The hydrological monitoring is being carried out by Fred Worrall at Durham
University, so I don't actually hold any of the raw data. I assume he will want to
publish reports once the monitoring is further along.
North York Moors National Park Authorities Moorland Research Review 2000-2005
Hydrological monitoring design report
Vegetation monitoring reports- 3
Interim data analyses in preparation
No published reports
Monitoring is part RSPB/part Peatscapes
Exmoor Mire Project reports, available on website or from Project Officer.
A couple of reports have been produced as part of this project but neither relate
directly to restoration monitoring - Mosslands Vision report and full report; Salford
City Council Mosslands Pilot HPZ scheme
Scm reports for NVC survey and breeding birds
Epworth Turbary SSSI Water Level Management Plan Preliminary Studies, March
2009. Isle of Axholme IDB.
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19. Are there any comments that you would like to make that might aid guidance on monitoring
restoration success in peatlands?
Number
3

4

8

9

10
12

19
26

Response Text
As plans evolve and initial restoration objectives change when project develops, it is
difficult to anticipate what baseline data priorities will be later on. Measuring
everything is simply not realistic and not easy to make case for cost and time expense of
long term detailed monitoring. We don't always know what's important to measure till it
has changed.
Challenge in drawing comparisons between older data collected in the best available
way at the time with newer data collected
The costs for the monitoring as listed include some of the other parameters. The
benefits of fixed point photography can't be overstated- standards for this would be
welcome. Aerial imagery is helpful for planning and we are investigating with J
McMorrow and a CASSE student the benefits for monitoring restoration success.
Working with universities has been helpful - this was aided by a small research grant
scheme. For employing volunteers supervision is needed. Monitoring before restoration
is difficult to achieve (time scales, resources) and spatial design with controls seem to
work better.
We are currently looking at cost-benefit flows from restoration with NE and the Defra
Peat Ecosystem Service project.
Issues with timing of botanical surveys. We wanted summer surveys, to enable easier
identification of species, but this was not acceptable for the two Estates in question,
because of the proximity to the grouse shooting season, so the surveys were carried out
in December and March.
We have to use volunteers extensively to collect and analyse data - site managers have
not got time to do this. There should be more national co-ordination and funding
Make sure you have a substantial control area.
Need to communicate why robust monitoring is required, and standardised methods are
required throughout the project and beyond. Without this staff are unlikely to be
motivated/ interested. Metadata file describing data available should be produced and
made accessible so data do not just sit unused.
Sharing of best practise and up to date information welcome as such a relatively new
field of work
This project is still at the planning and design stage. Raised water levels have not yet
been implemented. Projects like this are time consuming and can take several years
before implementation. It is important that commitment to funding is followed through
to implementation (and then to monitoring).
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APPENDIX 2: NATURAL ENGLAND WORKSHOP
The objective of the workshop was to explore ideas on the best approaches and tools for monitoring
peatlands, to contribute to the development of a Peatland Monitoring Toolkit. The expected
outcomes were the identification of key factors/techniques/approaches/tools that can indicate the
progress and success of peatland restoration projects, and an assessment of empirical data required
to monitor progress against targets.
The tasks were as followed:
1. The workshop was split into 2 groups: Group 1- upland peat, and Group 2- lowland peat
2. Each group first decided on the purpose of restoration.
3. The principal monitoring techniques were discussed along with sampling protocol
(spatial/temporal) used to establish the progress/success of restoration. The following
questions were considered:
a. What are the pros and cons for each technique?
b. What about pre- and post-restoration monitoring and the type of restoration
technique(s)?
c. What do we know about the costs and benefits of your monitoring techniques?
d. What baseline and target data are currently used to evaluate the success of
restoration?
4. Finally, the groups were asked what they have learnt that may help others?

A2.1. Uplands
There were a number of reasons discussed for restoring upland peat which are listed in Box 1.
However, there was no consensus as to which was the most important reason for restoring peat but
an indication that restoration might have multiple objectives such as the habitat type, funding
source, stakeholder views and especially socio-economic priorities. There was a suggestion that
restoring for biodiversity would restore ecosystem integrity that could support the other restoration
purposes such as the favourable condition objective of Natural England. Others suggested that not
everything can be restored via biodiversity restoration e.g. greenhouse gas balance. Indeed, there is
probably not enough scientific evidence yet to determine whether restoration for biodiversity does
in fact reduce greenhouse gas emissions or increase water quality. The importance of restoration
purpose was obvious from results presented for Wicken Fen that showed that standing water above
the soil surface was required to increase the soil carbon (C) store, but that this environmental
condition was adverse to the situation required by the Biodiversity Action Plan for the habitat.

165

Box 1 Ecological and socio-economic reasons for restoring upland peatland
Biodiversity
Vegetation
composition/cover/structure
Carbon storage/sequestration
Reducing greenhouse gas emissions
Water table depth
Water quality/supply
Flood risk management
Cultural heritage
Paleoenvironmental evidence
Achieving conservation status
So, what are the favourable conditions of peat and how do you determine those conditions?
Suggestions included characteristic plant species and a low level of impact from grazing/draining.
Agreement was reached that no loss of peat or chemical change in the peat was a major restoration
task which may not be achievable in practice and that the objective of restoration needs clear
definition prior to even pre-restoration monitoring. Also, consideration is required as to whether the
site can even be restored to the desired target if there is one.
Techniques used for monitoring success of restoration were varied but the presence of Sphagnum
and the species of Sphagnum were considered very important (e.g S. palustre) as indicators of
restoration success. Raising the water table was clearly a key method to achieve the objective of
restoration success and this is closely tied to the development of Sphagnum. The diverse array of
monitoring techniques included weather stations, dipwells, piezometers, runoff traps, erosion pins,
photographic monitoring, vegetation cover/composition, gas collars for GHGs, invertebrates, fauna,
testate amoeba (indicator of past hydrology), breeding bird surveys, microbiology and remote
sensing. Sustainability of the restoration was considered very important. However, it was not clear
how you can establish sustainability without long-term monitoring.
A number of projects included pre-restoration monitoring although this was dependent on planning
and funding and may be associated with academic research as well as restoration projects. Baseline
data (pre-restoration) was considered key to evaluation of restoration success. Some suggested that
we need to know the condition of peat in order to achieve our objectives although it appears that
very little pre-restoration monitoring occurs. In some cases restored sites have been compared to
unrestored sites. Costs of monitoring can be low especially where volunteers have been used.
However, hydrological monitoring and remote sensing can be expensive. It was felt that there is a
difference between what you can do and what you want to do. Also, how frequently do you
monitor? Storm events are not always captured by routine measurements.
Many experts felt that “we don’t know where we want to get to” in terms of restoration targets.
Different sites are restored based on different objectives and criteria as listed in Box 1. This leads to
the requirement for different monitoring techniques for measuring success as the success of the
restoration depends on the type of restoration, and the ultimate purpose of the restoration. How do
you define the target of restoration? Drift in both the baseline and target are likely due to climate or
other environmental change. Are we really aiming for pristine conditions in peatlands or is that an
unrealistic goal? Active management in stages is suggested where monitoring of restoration changes
over time, dependent on the restoration targets of the peatland.
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There does appear to be a requirement for guidance on monitoring the trajectory of peatland
restoration particularly using cost effective techniques. However, it was argued that standardization
of monitoring methods would stop moving innovative research forward. It appears that extensive
monitoring occurs where it is funded by academic research, but monitoring is lacking where simple
habitat restoration is the objective rather than gaining a clearer understanding of the restoration
ecology of peatlands. Thus links between bodies such as universities and non-academic bodies
involved in funding and managing restoration projects could be important. However, monitoring
techniques are used in restoration projects and substantial monitoring data has been collected
although there has been little if any evaluation of the available evidence base. Research is probably
driven by the goals of C storage rather than restoration of the peatland to a functioning ecosystem
(i.e. provider of multiple ecosystem services). It was even argued that we have not actually started
restoration yet and are currently stabilising/maintaining peatlands by preventing degradation.
Alternative policy drivers such as the need for rural regeneration and increase in socio-economic
benefits will require alternative monitoring objectives to be included.
Summary of key points
1. Monitoring protocols depend on purpose/objectives of restoration.
2. We are still unsure about the nature and practical attainability of targets (and sometimes)
baselines. This is complicated by a moving envelope of boundary conditions determining
peat development and status.
3. Planning and funding are major concerns.

A2.2. Lowlands
The principle restoration methods for lowland peat were blocking drains, felling trees, raising ground
water levels, landscape change, and reducing the cover of purple moor-grass. However, there was
discussion as to whether restoration or creation was the objective, for example, Wicken Fen is an
important restoration project but there is no bog there. Also, the question was stressed over
whether restoration should aim for the most sustainable habitat rather than the most bio-diverse.
The drivers for restoration were PSA, BAP and HLS targets and it was mentioned that one objective of
restoration should be to aim to restore the functions attributed to biogeochemical processes in
wetlands rather than short-term gains. As an example, it was suggested that bunded grazing marsh
would be better at Wicken Fen than fen or bog as that type of wetland would be more sustainable in
the long-term.
Monitoring techniques appeared to overlap with those techniques applied to upland peat
particularly hydrology and vegetation (Sphagnum indicators). Hydrological techniques included
monitoring of water levels (dipwells, piezometers, automated pressure recorders, notch
weirs/gauges/stage boards and determination of water flow in drains). In terms of water and peat
quality, redox, pH, temperature and soil chemistry were deemed necessary though some of these
parameters were poorly understood by some practitioners. Physical swelling groundwater effects
and lunar cycle can alter water levels by 30 cm. The periodicity of the dipwell/piesometer readings is
therefore very important and should be related to lunar cycle too.
Sphagnum cover was stressed as an important proxy for both water level and quality as well as peat
surface conditions. Also, NVC characterization was deemed of importance such as signs of M17 being
worth restoring but that M25 present could complicate restoration efforts. Research at Thorne &
Hatfield moors (http://www.thmcf.org/home.html) has shown that the vegetation changes with the
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wetting up. Initially indicator species were used and then a little more detail to NVC communities,
also CSM.
Invertebrates and fungi were also considered possible indicators of restoration but might also be
objectives. However, invertebrate monitoring was considered costly in which case invertebrates
would best be monitored where they are deemed a special feature of a site in which case it would be
an objective which could be directly monitored. Indicator species could be used to relate data sets to
track changes in your variable of interest e.g. on the R. Tees there are fish spawning data which has
been found to tie in with other environmental data and the fish records go back much further than
the other set so assumptions can be made. Also, seasonality of fungi fruiting bodies has been related
to environmental data.
Peat loss/accretion/erosion was considered an important monitoring variable. Lidar penetrating
radar can be used to determine the density of peat and the EA fly regularly in lowlands but at
different times of the year. Also, the height from a bridge or ground anchors can be used. However,
caution was stressed as GPS and Ordinance can conflict and be 5-10cm out – height of raised mires
can vary up to foot in a year depending on water input.
Only two sites monitored greenhouse gas exchange and only methane appears to have been
measured.
Fixed point photography was deemed important but often not well used. It was suggested that it can
be used horizontally or vertically. Good to record every quarter to see seasonal changes and to use
aerial photos where possible.
Any monitoring protocol will depend on money and time available to record the site as well as the
response time of the vegetation/hydrology to the changed circumstances. The ‘what’ and ‘why’ you
are monitoring will determine the periodicity of monitoring. Common Standards Monitoring (CSM)
could potentially be used for measuring success.
For long term monitoring, it is crucial to use the same methods throughout and these must be
written into site management plan. Dipwells must tie into the datum and climate data. Good
baseline data crucial but generally felt to be a paucity of such information. In terms of recording of
monitoring data, long term funding stream required with cost effective monitoring techniques and
survey protocols i.e. frequency.
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APPENDIX 3: DATABASE STRUCTURE
A3. Introduction
One of the aims of this project was to organise and store peatland monitoring data in an electronic
format suitable for analysis and forming the basis of a database for future monitoring information.
With this aim in mind, one of the final deliverables for the project was for all existing peatland
monitoring information available, to be collated in an electronic format and organised logically in
such a way as to facilitate the development of a future peatland monitoring database.
Following the responses to the project questionnaire and feedback from stakeholders, however, it
was clear that achieving this objective in its entirety would not be possible within the scope of this
project. Many of the organisations involved in the restoration of peatlands were reluctant to provide
data as it was collected for research purposes, data were in inaccessible formats or ownership of the
data was such that the time required to put in place data sharing agreements would not allow its
incorporation within the timescales of the project.
Of those that responded to the project questionnaire, 10 indicated that they would be willing to
share monitoring data if available and each of these were contacted and requests made for
monitoring data. Three of these restoration projects were able provide data3 and these datasets
were used to inform the database structure set out below. When the database template was
completed, samples of these datasets were entered into the database to test its flexibility.
Constructing a database to collate data from disparate sources requires a compromise between a
very open structure that allows all available data to be entered in any format, thus encouraging a
large amount of data to be entered but making analysis difficult, and a rigid structure that requires
extensive reformatting of data, makes data entry difficult and discourages stakeholders from
entering data. At one end of this spectrum the database has a large amount of data but little capacity
to be analysed at and at the other end of the spectrum analysis of data is straightforward but there is
little data.
The database structure developed here, as set out in the specification, is intended to be a template
for the development of a future peatland monitoring database, in terms of its structure, and could
also act as a template for formatting data for entry into such a database. It has, therefore, been
developed on the basis of the information on monitoring best-practice collated within the Technical
Report, which helps to inform an ‘ideal’ structure, and information from peatland restoration
projects that were able to provide real data, which help to make the data structure more pragmatic.
Where data were not available on particular aspects of monitoring, the data structure is based solely
on the guidance distilled from the literature review. In its final form, therefore, the structure of the
database attempts to balance the requirements for data analysis with the need to facilitate data
entry and compatibility with on-going projects.
Given the variety of data types and formats that will be entered into the database, a free-format with
associated description of the data structure is the most effective means at the moment to enter data
into the database. The variety of data types, sources and structures will make the use of forms for
data entry extremely difficult. For instance, data may be time series for a single sampling point, at

3

The authors would like to thank Dartmoor National Park Authority, Exmoor National Park Authority, North
York Moors National Park Authority, Suffolk Wildlife Trust and Fermanagh District Council for providing data.
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different frequencies of measurement, single measurements for multiple locations, multiple
observations for a single location etc. This necessitates a free-format approach to data entry,
although this will require closer quality control of data submissions it will be possible to automate
some of these quality controls within the final database.
The following section describes the fields set out in the database template. The database structure
has been implemented as an accompanying Excel spreadsheet. The example data included in the
accompanying spreadsheet are extracts from data provided by various restoration projects. The
purpose of including the data is to test the flexibility of the database structure to accept data from
actual examples and to illustrate the format of the data. Within the database each measurement or
data point is represented by on row of data.

A3.1. Explanation of fields
A3.1.1.Hydrology
ID: Project ID. Linked to project metadata database. In an effort to build on existing work and not
duplicate earlier efforts, The Moors For the Future Peat Compendium project4 metadata format is
proposed for storing information on peat restoration projects. This field serves as a common key field
to link the two databases.

Restoration treatment: Type of restoration treatment applied. This list is constrained to be
Stabilisation, Peat reprofiling, Reseeding, Planting, Grip-blocking, Gully-blocking, Vegetation removal,
Stock reduction/exclosure, Rewetting, Draining, Vegetation burning, Fire suppression, None (for
control plots) or Other.

Note: This is a free text field. If the restoration treatment entered is ‘other’ then a short description
should be provided.
Water Level:
Location: location of measurement in GB or Irish grid reference
Pre/post treatment or control: is the measurement pre or post treatment, or is it a control
site?
Identifier for site: Free text field for unique identifier for each sampling location. Can use
project’s own coding system or incremental number etc.
Date and time: date of measurement in format DD/MM/YYYY HH:MM

4

Walker, J, Holden, J., Evans, M., Worrall, F., Davison, S., and Bonn, A. (2008) A compendium
of UK peat restoration and management projects. Report to Defra, project code SP0556.
http://randd.defra.gov.uk/Document.aspx?Document=SP0556_7584_FRP.pdf
170

Method: text field for brief details of method. Field is restricted to certain values that appear
in a drop-down list, for example ‘automatically logged - digital’. If ‘Other’ is entered
then additional text explaining the method should be provided in the next column.
Water level (m): elevation of water surface above datum in meters.
Datum: datum used for measurements (Ordnance survey, local etc.)
Note: free text field for additional information.

Hydraulic Head:
Location: location of measurement in GB or Irish grid reference
Pre/post treatment or control: is the measurement pre or post treatment, or is it a control
site?
Identifier for site: Free text field for unique identifier for each sampling location. Can use
project’s own coding system or incremental number etc.
Date and time: date of measurement in format DD/MM/YYYY HH:MM
Installed elevation: elevation of unscreened piezometer (m above datum).
Method: restricted text field for brief details of method. For example ‘automatically logged digital’. If ‘Other’ is entered then additional text explaining the method should be
provided in the next column.
Hydraulic head (m): elevation of hydraulic head above datum
Datum: datum used for measurements (Ordnance survey, local etc.)
Note: free text field for additional information.

Discharge:
Location: location of measurement in GB or Irish grid reference
Pre/post treatment or control: is the measurement pre or post treatment, or is it a control
site?
Date and time: date of measurement in format DD/MM/YYYY HH:MM
Method: restricted text field for brief details of method. For example ‘flat plate weir’. If ‘Other’
is entered then additional details should be provided in the next column.
Discharge (m³/s): measured discharge in m³/s. If discharge has been measured with other units
it should be converted to this standard.
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Note: free text field for additional information.

Precipitation:
Location: location of measurement in GB or Irish grid reference
Date: date for measurement, depending on frequency (e.g. Jan, Feb, Mar for monthly rainfall,
DD/MM/YYYY for daily)
Method: either on-site rain gauge, nearest weather station or other. If ‘Other’ is entered then
additional information should be provided in the following column.
Total rainfall: total rainfall in mm for the specified period in the Date field.
Note: free text field for additional information.

Evapotranspiration:
Location: location of measurement in GB or Irish grid reference
Pre/post treatment or control: is the measurement pre or post treatment, or is it a control
site?
Date: date for measurement, depending on frequency (e.g. Jan, Feb, Mar for monthly
evapotranspiration total or monthly average, DD/MM/YYYY for daily)
Method: method used for measurement selected from drop-down list. If ‘Other’ is entered
then additional information should be provided in the following column.
Evapotranspiration: measured evapotranspiration as total or rate
Units: units for measurement selected from list. If ‘Other’ is selected then units should be
specified in next column.
Note: free text field for additional information.

A3.1.2. Biodiversity
ID: Project ID. Linked to project metadata database.

Restoration treatment: Type of restoration treatment applied. This list is constrained to be
Stabilisation, Peat reprofiling, Reseeding, Planting, Grip-blocking, Gully-blocking, Vegetation removal,
Stock reduction/exclosure, Rewetting, Draining, Vegetation burning, Fire suppression, None (for
control plots) or Other.
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Note: If restoration treatment is ‘other’ then a short description should be provided.

Flora/cover:
Location: location of measurement in GB or Irish grid reference
NVC code: National Vegetation Classification for site
Identifier (for plot, quadrat etc.): Free text field for unique identifier for each sampling location
(e.g. for each quadrat on a transect). Can use project’s own coding system or
incremental number etc.
Pre/post treatment or control: is the measurement pre or post treatment, or is it a control
site?
Survey method: text field for brief description of method e.g. random quadrat, fixed quadrat,
transect, plot etc. If ‘Other’ is selected from predefined list then method should be
specified in next column.
Quadrat size (m²): if method uses quadrats then the area of the quadrat in m² should be
specified.
Survey date: date of measurement in format DD/MM/YYYY HH:MM
Species name/cover: name of species, can also be used to indicate presence of bare soil or
rock.
Parameter: parameter that was measured (e.g. presence/absence, frequency, percentage
cover) specified from a predefined list. If ‘Other’ is selected from predefined list then
parameter should be specified in next column.
Value: data for measured parameter
Note: free text field for additional information.

Fauna:
Location: location of measurement in GB or Irish grid reference
NVC code: National Vegetation Classification for site
Identifier: Free text field for unique identifier for each sampling location (e.g. for each quadrat
on a transect). Can use project’s own coding system or incremental number etc.
Pre/post treatment or control: is the measurement pre or post treatment, or is it a control
site?
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Survey method: text field for brief description of method e.g. random quadrat, fixed quadrat,
transect, plot etc. If ‘Other’ is selected from predefined list then method should be
specified in next column.
Quadrat size (m²): if method uses quadrats (e.g. invertebrate survey) then the area of the
quadrat in m² should be specified.
Survey date: date of measurement in format DD/MM/YYYY HH:MM
Taxon: Is the survey of birds, invertebrates, herpetiles, mammals or microbiota.
Species name: name of species
Parameter: parameter that was measured (e.g. presence/absence, frequency, percentage
cover) specified from a predefined list. If ‘Other’ is selected from predefined list then
parameter should be specified in next column.
Value: data for measured parameter
Units: units of measurement. If ‘Other’ is selected from predefined list then units should be
specified in next column.
Note: free text field for additional information

A3.1.3. Carbon
ID: Project ID. Linked to project metadata database.

Restoration treatment: Type of restoration treatment applied. This list is constrained to be
Stabilisation, Peat reprofiling, Reseeding, Planting, Grip-blocking, Gully-blocking, Vegetation removal,
Stock reduction/exclosure, Rewetting, Draining, Vegetation burning, Fire suppression, None (for
control plots) or Other.

Note: If restoration treatment is ‘other’ then a short description should be provided.

Carbon:
Location: location of measurement in GB or Irish grid reference
Identifier: Free text field for unique identifier for each sampling location (e.g. for each quadrat
on a transect). Can use project’s own coding system or incremental number etc.
Pre/post treatment or control: is the measurement pre or post treatment, or is it a control
site?
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Survey method: text field for brief description of method e.g. random quadrat, fixed quadrat,
transect, plot etc. If ‘Other’ is selected from predefined list then method should be
specified in next column.
Date: date of measurement in format DD/MM/YYYY HH:MM
Method: method used for measurement. If 'Other' is selected then method should be entered
into the next column. Further details can be entered in the Note field if necessary e.g.
laboratory methods used.
Parameter: Parameter measured. Restricted to Soil Organic Carbon, Soil Organic Matter, Plant
biomass, Carbon dioxide, Methane, Dissolved Organic Carbon, Dissolved Inorganic
Carbon, Carbon as dissolved gases or Other. If 'Other' is selected then it should be
entered into the next column.
Value: data for measured parameter
Units: units for measurement selected from a pre-defined list.
Note: free text field for additional information
A3.1.4. Water chemistry

ID: Project ID. Linked to project metadata database.

Restoration treatment: Type of restoration treatment applied. This list is constrained to be
Stabilisation, Peat reprofiling, Reseeding, Planting, Grip-blocking, Gully-blocking, Vegetation removal,
Stock reduction/exclosure, Rewetting, Draining, Vegetation burning, Fire suppression, None (for
control plots) or Other.

Water quality parameters:
Location: location of measurement in GB or Irish grid reference
Identifier: Free text field for unique identifier for each sampling location (e.g. for each quadrat
on a transect). Can use project’s own coding system or incremental number etc.
Pre/post treatment or control: is the measurement pre or post treatment, or is it a control
site?
Date: date and time of measurement in format DD/MM/YYYY HH:MM
Method: method selected from drop-down list
Parameter: name of parameter from drop-down list. Limited to Conductivity, pH, Ammonia,
Nitrate, Phosphate, Phosphorous, Potassium, Magnesium, Chloride, Redox potential
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and Other. If ‘Other’ is selected from list then parameter should be entered in next
column.
Value: numerical value of sample
Units: units of measurement selected from drop-down list. If ‘Other’ is selected from list then
parameter should be entered in next column.
Note: Free text field for additional information

A4. Recommendations

1. The database specification set out here can be used as the structure for a database of
peatland monitoring data and as template for data entry to that database.
2. The structure proposed here should be further tested with stakeholders before it is finalised
and adopted as no data were available from restoration projects to test some aspects of the
structure e.g. carbon and greenhouse gas monitoring.
3. The specification is set out in an Excel format and will require implementation as a relational
database by a specialist database developer to ensure that it is a sufficiently robust tool to
allow wide distribution and access.
4. Should the database structure be implemented as a relational database it could be made
available as an online resource for users to upload and download data. This would provide a
valuable resource for stakeholders but would necessitate on-going maintenance and quality
control of submitted data.
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APPENDIX 4: GREENHOUSE GAS FLUX COLLAR TECHNIQUES
A4.1 Materials and procedures
Materials
1. Permanent collars made of PVC, stainless steel, or aluminium.
2. Soil knife to circumscribe collar location.
3. Enclosures with a vent, sampling port, and a mechanism for securing and sealing to
permanent collars.
4. Polypropylene or nylon syringes (10 or 20 ml) fitted with three-way valves for transferring
gases from chamber to evacuated gas vials; or gas tight glass syringes for transferring gases
to the laboratory for analysis by gas chromatography.
5. Instrument for gas analysis. A gas chromatograph (GC) equipped with flame ionisation
detector (FID) for CH4 and CO2 (with a methanizer), and an electron capture detector (ECD)
for N2O.
Procedure
1. Insert the permanent collars into the peat to a depth of 5 to 10 cm at least 1 week prior to
sampling to avoid disturbance.
2. Put the enclosure in place and record the time.
3. Establish the time-zero concentration of the gas by taking 3 or more air samples (10 or 20
ml).
4. Sample 10 or 20 ml of the enclosure volume every 10 minutes for at least 1 hour. Pump the
syringe 3 times to mix the gas in the enclosure headspace, extract a volume of gas and close
the syringe using the three-way valve. The gas can then be placed in a pre-evacuated vial for
transport to the laboratory. Record the time of each sampling. If the rate of exchange is very
low, it may be necessary to sample less frequently over a longer period. The size of the
sample taken always exceeds the minimum needed for analysis.
5. In the laboratory, analyse the samples for the gases of interest by gas chromatography.
Alternatively, CO2 concentrations in the enclosure could be monitored using an infra-red gas
analyser (IRGA).
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A4.2 Calculations
Calculations of rates of trace gas exchange are based on a difference in the concentration of the gas
over time (Holland et al. (1998). The calculations required for estimating either net production or net
consumption of a gas are conceptually straightforward but can be complicated by the fact that the
concentration gradient between the peat and the atmosphere begins to diminish immediately upon
deployment of the enclosure (Hutchinson and Livingston, 1993). Further complication are introduced
by the disruption of the atmospheric boundary layer; the importance of these disruptions to the
estimated flux increases with the length of time a chamber is in place (Healy et al. 1996). Thus a short
deployment time is recommended for the enclosures. For a further review of trace gas fluxes see
Livingston and Hutchinson (1995).
All measured gas concentrations are converted to mass units and corrected to field conditions
through application of the Ideal Gas Law (Holland et al, 1998):

Cm = (Cv x M x P) / (R x T)

Eq.2

Where
Cm = the mass/volume concentration e.g. µg CO2 L-1 enclosure, equivalent to mg CO2 m3
Cv = the volume/volume concentration e.g. µL CO2 L-1 enclosure or ppm CO2
M = the molecular weight of the gas species of interest e.g. 44 µg CO2 / µmol CO2 (12 for CO2-C), 16
µg CH4 (12 for CH4-C), and 44 for N2O (28 for N2O-N)
P = barometric pressure e.g. 1 atm
T = air temperature within the enclosure at the time of sampling in °K = °C +273.15
R = the universal gas constant (0.0820575 L atm °K mole).

The converted concentration values are then used to calculate the flux of interest. The most
commonly used equation assumes a constant flux (f) and a linear increase in trace gas concentration
(C) over time (t):

f = V x Crate / A
where
f = gas flux as mg CO2 m-2 h-1
V = the internal volume of the enclosure, including collar volume, expressed as m3
A = the soil are the enclosure covers, expressed as m2
Crate = change in concentration of gas (Cm) over the enclosure period, expressed as mg CO2 m-3 h-1
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The calculation of gas concentration change should include only data for the time period of linearly
increasing trace gas concentrations in the chamber. Thus, Crate is the slope of the best-fit line for the
regression of gas concentration (mass/m3) versus time (h). Each flux series should be graphed and
evaluated for linearity; individual point measurements should be carefully checked and discarded if
outside confidence bounds. The recommended units for expression of the flux are µg N2O m-2 h-1, mg
CH4 m-2 h-1, and mg CO2 m-2 h-1.
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