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Executive Summary

Scope

Turloughs are topographic depressions in karst that are intermittently inundated on an annual basis,
mainly from groundwater, that drain without overland stream outflow, and that have a substrate
and/or ecological communities that are characteristic of wetlands. They are listed as priority habitats
of community concern under the EU Habitats Directive (92/43/EEC), which directs Member States to
maintain these habitats in favourable conservation status. As the majority of turloughs globally occur
within its territory, Ireland has an international obligation to conserve them. This report documents
the outputs, findings, recommendations and synthesis from a project funded by the National Parks &
Wildlife Service to research the hydrology, ecological functioning and conservation status of Irish
turloughs. To achieve this, a multidisciplinary team based at Trinity College Dublin undertook an in-
depth study of 22 selected turloughs.

Key Outputs

The following key outputs improve ecological understanding and conservation assessment of
turloughs:

e An improved understanding of turlough hydrology. Turlough hydrology can be characterised by
either flow through or surcharge tank models, which are able to accurately describe variation in
eco-hydrological variables derived from continuously recorded flooding and rainfall data.

e An evaluation of seasonal and annual changes in turlough hydrochemistry, algae and aquatic
invertebrates. Turlough aquatic communities resemble those of permanent lakes, but sometimes
with limited development and with peaks of abundance that occur over the winter period rather
than in spring or summer. Invertebrate seasonal patterns are set and modified by the onset of
flooding.

e Descriptions of terrestrial vegetation, soils, aquatic invertebrate and algal communities, and their
relationships with hydrological, nutrient and landuse data. The duration of flooding results in a
characteristic zonation of turlough plant communities, but variability of flooding regimes across
turloughs may hinder generalised models of vegetation zonation. Long-duration of flooding drives
development of wetland communities, while the less-frequently flooded areas are typified by
transitions to grassland, scrub and woodland communities.

e A conceptual model of turlough ecological functioning, linking biological communities with
hydrology, water and soil nutrient status, and landuse. The project investigated many but by no
means all aspects of this conceptual model.

e A conservation assessment of the 22 sites, based on their ecological structure and function, identify
specific pressures and threats, and the future prospects of these sites. Biodiversity within turloughs
is strongly influenced by an interaction between grazing and ambient nutrient status. Some of the
low-nutrient status turloughs have little pressure from grazing livestock, with plant communities
dominated by less palatable sedges.

e A scheme for monitoring turloughs. This will provide additional ecological information on
turloughs and form the basis for future reporting obligations under Article 17 of the Habitats
Directive.

e Site reports for the 22 turloughs studied in detail, providing quantitative site-specific biological,
hydrological and conservation data. These data provide a baseline from which trends can be
measured. These reports contain maps of vegetation, soils, turlough topography and estimated
zones of groundwater contribution.
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Key Findings

Many turloughs are of international conservation significance: Although the overall conservation status
of turloughs in Ireland is Unfavourable, some of the oligotrophic turloughs that were monitored
retained excellent ecological conditions, and could be considered as equivalents to the High Status
water bodies under the E.U. Water Framework Directive (2000/60/EC). Maintaining the quality of the
oligotrophic turloughs depends on both low intensity activities in the immediate vicinity of the
turlough, and across a wider hydrological network supplying those turloughs. Special provision for the
protection of these sites, similar to the needs of many Water Framework Directive (WFD) High Status
water bodies, may require further policy development. Other potentially oligotrophic turloughs
should be surveyed and monitored as a matter of urgency, and their conservation status determined.

Hydrology is the main ecological driver: The biological communities were shaped primarily by the
depth, duration and rate of areal reduction in flooding. As a consequence, maintaining the
hydrological functioning of turloughs is key to providing effective conservation status. Drainage to
alleviate flooding seriously impairs ecological structure and function of turloughs, unless such
drainage is restricted to the very upper-most parts of turloughs, thereby alleviating only the
occasional extreme flooding events.

Turloughs exist as a hydrological and ecological continuum: All hydrological variables investigated
showed a continuous range of variation, and biological communities were found to respond to this
hydrological variation. There is no justification for categorizing turloughs into hydrological types.
Instead, conservation management should be developed on a site-by-site basis.

Phosphorus concentration in the floodwater is the major pressure on turlough systems. Concentrations
of phosphorus in floodwater varied considerably, and showed strong relationships with algal and
aquatic invertebrate communities and terrestrial vegetation. Some turloughs had exceptionally good
water quality (oligotrophic to ultra-oligotrophic) and these usually had the most interesting biological
communities, with vegetation dominated by various sedges (Carex spp.); several of these turloughs
occurred in the vicinity of the Burren. By contrast, turloughs with higher nutrient levels
(mesotrophic) tended to have vegetation communities dominated by grasses and forbs. Other
turloughs had very poor water quality (strongly eutrophic), often associated with degraded biological
communities. In some cases poor water quality could be attributed to sources adjacent to or within
the turlough, including fertilizer application, slurry spreading and effluent discharge. Turloughs, being
in a karst landscape, are inherently sensitive to rapid transport of pollutants (including nutrients)
from the surface via karst features which link directly down into the conduit network (e.g. dolines,
swallow holes, sinking streams etc.), either from areas of autogenic recharge (i.e. on the karst) or from
allogenic recharge from rivers draining off other bedrock types down into the karst, as is the case in
the Gort lowlands chain. Some of the more oligotrophic turloughs have extreme pathway
susceptibility, yet had very few sources of phosphorus pollution in their zones of groundwater
contribution (ZOC); the complex relationships between source (particularly of phosphorus), pathways
and receptor are poorly understood and require further investigation.

Inappropriate agricultural management is an important pressure in some turloughs: There was
evidence that overgrazing had reduced biological diversity in some turloughs since previous
vegetation surveys in the early 1990s. Grazing intensity was usually highest in the mesotrophic
turloughs, probably because the vegetation was more palatable and nutritious than in the sedge-
dominated oligotrophic turloughs; the latter often had low density grazing and one case (Lough
Gealain) a complete absence of livestock. In some mesotrophic turloughs, low grazing intensity seems
to have resulted in the development of taller, less diverse vegetation. In general, excessive sheep
grazing was more detrimental to turlough swards than cattle or horse grazing. Some turloughs also
showed signs of agricultural improvement, through fertilizer spreading, scrub clearance and probable
reseeding with Perennial Ryegrass in the upper zones. Effluent discharge and the washing of
agricultural machinery in some turloughs negatively affected turlough nutrient status.
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Recommendations

Monitoring: Future monitoring should focus on changes from established baselines on a site-specific
basis. Phosphorus should be directly measured in turlough floodwater at least once and preferably
three times per year. Ongoing monitoring of biological communities, hydrology and hydrochemistry
should continue in the 22 turloughs studied here, using the baseline information established by this
project to assess future change. Other important turloughs should be added to this monitoring
scheme, especially those thought to be oligotrophic and of high conservation importance; vegetation
can be used to provide a field assessment of nutrient status in turloughs which lack hydrochemical
data.

Research: Research should be undertaken to determine the relative contributions to turlough nutrient
status of phosphorus sources in the zone of groundwater contribution (ZOC), sources adjacent to the
turlough and sources within the turlough. Research should also investigate the relationship between
phosphorus in floodwaters, soils and its uptake by vegetation. This would provide an informed basis
to manage the nutrient status of turloughs and improve their conservation status.

Active Conservation: Efforts should be made to improve the conservation status of turloughs. For
those already considered to be in favourable conservation status, this should involve on-going
monitoring of the biological communities and the pressures, particularly phosphorus in floodwater.
For other turloughs, more active conservation is required; some trial restorations could be attempted
to improve their ecological status, mainly through grazing management and control of source inputs of
nutrients, both locally and within the wider ZOC. Grazing management will involve reductions in
grazing intensity in some turloughs, but increases in intensity in some under-utilised turloughs. This
will involve development of management plans through close co-operation between State
conservation and planning agencies and local landowners. Effective conservation of turloughs can be
delivered while also ensuring that the livelihoods, land and property of local landowners are
maintained. Karst features in ZOCs which link directly into the conduit network, and hence form
important pathways for pollutant ingress to turloughs, should be identified and given special
protection from potential pollution sources, similar to the source protection zone concept used by the
Geological Survey of Ireland for water resources and the Environmental Protection Agency’s Code of
Practice for on-site systems which must be atleast 15 m from a karst feature.

Policy Considerations

Like many high status sites, turloughs are subject to localised small scale, but extensive (ie within the
wider ZOC) pressures, such as local pollution and drainage. These are not necessarily documented in
the Significant Water Management Issues (SWMI) reports prepared for each River Basin District
(RBD) as part of the drafting of the RBD management reports under the WFD. The Planning and
Development (Amendment) Act 2010 strengthens the relationship with the WFD, providing a clearer
requirement for local authorities to consider potential impacts on high status water bodies. While
better planning for development including one-off housing and associated water treatment is
required, and progress has been made, for example with the EPA’s national inspection plan for
domestic wastewater treatment systems, this does not address low level and localised impact from
inappropriate land use. Impacts from agriculture on water quality are regulated by the European
Communities (Good Agricultural Practice for Protection of Waters) Regulations S.I. No 31 of 2014
(following a series of other Regulations dating back to 2006).

Furthermore, the water requirements of groundwater-dependent terrestrial ecosystems (GWDTEs)
such as turloughs must be protected under the WFD; to be achieved through the groundwater body
classification process. Under the European Union (Water Policy) Regulations 2014 (S.I. NO. 350 of
2014), the Environmental Protection Agency is now responsible for leading the development of
Programmes of Measures to implement the WFD in Ireland, and it will be important that measures for
turloughs are considered in this context. Programmes of Measures already identified at a national
scale in 2008 for implementation of the WFD could potentially facilitate conservation of turloughs, and
it is important to ensure that further measures developed at both national and catchment scale
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consider this dimension. For example, existing measures to control point source and diffuse source
discharges, and measures to protect direct discharges to groundwater could all help reduce the input
of nutrients to turloughs. Similarly, specific measures listed under cross-compliance with the Habitats
Directive include protection and restoration measures for sensitive habitats and species receptors,
and indicate that management measures and codes of practice be developed and implemented for
individual Natura 2000 sites, including adjustment of management to achieve and maintain favourable
conservation status where needed. Other measures regulate agriculture, including, for example, a
reduction of grazing where necessary. Further supplementary measures for High Status Sites could be
used to ensure protection of the most important oligotrophic turloughs noted above. Further
refinement of these measures might include additional protection for karst features in turlough ZOCs,
as noted in the previous section.

Much of the policy framework to deliver turlough conservation therefore exists, though it is far from
clear whether all of the documented measures are being applied. A Code of Practice, jointly developed
by NPWS, EPA and relevant landowner organisations, could deliver a series of management
recommendations that helps to deliver sustainable agriculture while also ensuring that the
requirements of the Water Framework and Habitats Directive are met for turloughs.
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S. Kimberley

East Burren landscape, with the Travaun-Skaghard-Cooloorta complex of turloughs in the middle
distance, and Castle Lough beyond. Photo: S. Waldren



Turloughs: Hydrology, Ecology and Conservation

Table of Contents
1.1  Project Scope and Aims 6
1.2 Legislation Affecting Turlough Conservation 7
1.3 Linking Turlough Ecology and Conservation 9
1.4  Pressures and Threats 10
1.5 Project and Reporting Structures 11
1.5.1 Project Structure 11
1.5.2 Structure of the Final Report 12
1.6  References 14

1.1 Project Scope and Aims

The National Parks and Wildlife Service (NPWS) commissioned this interdisciplinary research
project to provide a robust scientific foundation for assessing the conservation status of
turloughs, which are karst wetlands characterised by dynamic hydrology, intermittently
occurring terrestrial and aquatic phases and mosaics of management units. The EU Habitats
Directive (HD) and Water Framework Directives (WFD) are the key legislative drivers of
turlough conservation. The vast majority of turloughs occur in the western third of Ireland
and this limited distribution induced their designation as an EU priority habitat under the HD.
Conservation status, in the context of the HD, encompasses the sum of influences acting on
turloughs that may affect their distribution and structures and functions, including the
survival of typical species. The key objective of the HD is the maintenance of ‘Favourable
Conservation Status’ (FCS) of priority habitats. The current understanding of turlough ecology
is inadequate, however, for categorising the conservation status of specific structures and
functions of the habitat. This inadequacy principally derive from a lack of extensive and
integrated eco-hydrological research. To date, eco-hydrological research has focussed on a
limited number of turloughs and extensive data often encompasses only one aspect of the
habitat. Information on the spatial and temporal variation of ecological factors is sparse and,
on a more fundamental level, there is currently almost a complete lack of baseline nutrient
data for turloughs.

Turloughs are designated as groundwater-dependent terrestrial ecosystems (GWDTEs) under
the WFD. The conservation focus in this context is on the linkage between the groundwater
body and the turlough and the prevention of significant damage from anthropogenic
pressures. Specific guidance on the definition of significant damage for GWDTEs is lacking
and improved definition demands greater understanding of the impacts of groundwater
pressures on wetlands (Kilroy et al., 2008). This relationship is poorly understood for
turloughs and demands an integrated, interdisciplinary research approach. Under the WFD,
the relevant protected areas for conservation are those designated under the HD. Currently,
however, there is no specific guidance on harmonising the conservation objectives of both the
HD and WFD for habitats such as turloughs (Irvine, 2009), yet there is broad agreement that
clarification is imperative and that the potential for the development of complementary
assessment strategies should be explored.

The project research team comprised personnel from the School of Natural Sciences and the
School of Engineering in Trinity College Dublin. The disciplines included were Zoology,
Botany, Geology and Environmental Engineering. The aspects of turlough ecology under
investigation were phytoplankton, aquatic invertebrates, hydrochemistry, vegetation,
hydrology, soils and land-use. The steering group for this project was derived from the NPWS,
the Environmental Protection Agency and consultant turlough experts, many of whom are
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members of the Irish WFD groundwater working group (GW-WG). This report presents
outputs from the targeted research, conducted with a view to improving understanding of
turlough ecological functioning. This report also aims to provide explicit links between the
improved understanding of turlough ecology gained from the project and the HD and WFD.

The overall project aims were:

e To describe and classify vegetation, algal and aquatic invertebrate communities of
turloughs.

e To integrate concomitant hydrological, biological, nutrient, soil and land-use data
generated from a broad range of turloughs with a view to identifying key drivers of
biological community distribution.

e To assess threats to key drivers of biological community distribution.

e To examine the spatial and temporal variation of various aspects of turlough ecology
and to elucidate consequent implications for monitoring.

e To support the NPWS in assessment of the conservation status of turloughs by
developing survey, monitoring strategies and management prescriptions to enable
compliance with the HD and WFD.

1.2 Legislation Affecting Turlough Conservation

The National Parks and Wildlife Service (NPWS) is the part of the Department of
Environment, Heritage and Local Government with responsibility for enforcing legislation
concerning Irish habitat and species conservation. The Wildlife Act, 1976 and the Wildlife
(Ammendment) Act, 2000 are the two most important pieces of national legislation driving
habitat conservation and management in Ireland. The Wildlife Act, 1976 is the principal
national legislation providing for the protection of ecologically interesting habitats, such as
turloughs, and Natural Heritage Areas are the primary national designation. The Geological
Survey of Ireland (GSI) is currently compiling a list of geological/geomorphological sites in
need of protection through NHA designation. The GSI has completed its list of karst features
which includes 364 turloughs, which will undergo a process of survey, reporting and review,
to provide recommendations regarding NHA status or otherwise. Formal designation will
proceed on a phased basis over the next few years, without reference to Europe, under the
Wildlife (Ammendment) Act 2000, the main objective of which was to enhance the legal
protection of NHAs and pNHAs by enforcing protection from the date of formal proposal.
Turloughs with pNHA status alone are subject to limited protection in the form of obligatory
Rural Environmental Protection Scheme (REPS) Plans and recognition of their ecological
value by Planning and Licensing Authorities.

Turlough conservation has been fortified and extended by the EU Birds Directive
(79/409/EEC), the EU Habitats Directive (92/43/EEC) and the EU Water Framework
Directive (2000/60/EEC). The HD placed an obligation on Member States of the EU to
establish the Natura 2000 network of important ecological sites. The network is made up of
Special Protection Areas (SPAs), established under the Birds Directive (79/409/EEC), and
Special Areas of Conservation (SACs) established under the HD itself. Habitats listed as
priority habitats under Annex I must be protected within SACs and, consequently, many
turloughs have been proposed for designation as Candidate Special Areas of Conservation.
cSACs are chosen subject to criteria provided in Annex III of the Habitats Directive and
turloughs were selected as candidates from the list of Areas of Scientific Interest and NHAs
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compiled in the 1970s and 1990s respectively, in conjunction with input from professional
and amateur ecologists. To date 44 sites have been designated as Candidate Special Areas of
Conservation (SACs) for turloughs in the Republic of Ireland, containing approximately 70
individual turloughs.

Some turloughs lie within cSAC complexes encompassing large areas of interspersed Annex 1
habitats whereas other turloughs are individually designated as cSACs. Farmers are
encouraged, but not legally obliged, to manage cSAC areas in accordance with a conservation
management plan drafted by NPWS and subject to review every 5 years. Landowners are
legally obliged, however, to acquire consent from the Minister for the Environment Heritage
and Local Government prior to implementing any potentially damaging changes (Notifiable
Actions) (Government of Ireland, 2014).

EU members states are required to monitor and report on the conservation status of cSACs
and their management must ensure their ‘maintenance or restoration at a favourable
conservation status’. For the purposes of the HD, conservation means a series of measures
required to maintain or restore a natural habitat at a favourable status. Conservation status is
considered favourable when the specific structure and functions which are necessary for its
long-term maintenance exist and are likely to continue to exist for the foreseeable future.
Favourable conservation status also demands that the natural range, and area it covers within
that range, are stable or increasing and that the ability of typical species to remain a viable
component of the habitat is maintained (European Commission, 2006).

The EU Water Framework Directive (2000/60/EC) requires good water status for all
European waters by 2015, to be achieved through river basin management planning and
extensive monitoring and assessment (Mostert, 2003). Achieving good groundwater status
includes preventing significant damage to associated GWDTESs such as turloughs (Kilroy et al.,
2005). There is limited guidance, however, in the WFD guidance document on wetlands
(European Commission, 2003) on the definition of significant damage for GWDTEs. For
freshwaters in general, the issue of how to assess significant damage under the WFD is tackled
by relating ecological quality to a baseline or reference state under minimal human influence
(Solimini et al., 2006). Determining the ecological quality of hydrologically dynamic habitats
is extremely challenging, as is the determination of baseline or reference conditions for
turloughs. Kilroy et al. (2008) state that a better understanding of the relationships between
groundwater pressures and impacts on turloughs is fundamental to achieving a better
definition of significant damage. Such work will enable the identification of indicators of site
condition and the development of significance thresholds.

There is significant overlap between the WFD and HD. Article 6 of the WFD requires
preparation of a register of Protected Areas including Natura 2000 sites. This Article links the
objectives of nature conservation legislation and objectives of good water status for the WFD.
A programme of measures aiming to achieve good groundwater status, including the
prevention of significant damage to GWDTESs, and will assist in the achievement of favourable
conservation status under the Habitats Directive (Kilroy et al., 2005).

A daughter Groundwater Directive 2006/118/EC has also been developed in response to the
requirements of Article 17 of the Water Framework Directive, which obliged the Commission
to propose measures to achieve good groundwater chemical status. This new Directive sets
underground water quality standards and introduces new measures to prevent or limit inputs
of pollutants into groundwater. Additionally, Statutory Instrument (SI) 31 of 2014 (Good
Agricultural Practice for Protection of Waters) gives further effect to a range of previous
Directives for Waste (75/442/EEC), Dangerous Substances (76/464/EEC), Groundwater
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(80/68/EEC), Nitrates (91/676/EEC), Water (2000/60/EC) and Public Participation
(2003/35/EEC) (Government of Ireland, 2014).

1.3 Linking Turlough Ecology and Conservation

Sheehy Skeffington et al. (2006) provide a comprehensive review of recent understanding of
turlough ecology and outline key ecological research that must be undertaken to facilitate
adequate compliance with the HD and WFD. Effective conservation of any habitat is reliant on
a solid understanding of its ecology. The HD embodies this concept by requiring an
assessment of the conservation status of the structures, functions and typical species of
priority habitats, central parameters of favourable conservation status. The terms ‘structure’
and ‘functions’ are not defined in the HD, however, and require careful interpretation in this
context as ecosystem structure (i.e. system components) and function (i.e. system dynamics)
are essentially synthetic concepts, incorporating many aspects of ecosystems (Jaeger Miehls et
al, 2009). Structural characteristics of wetlands include relationships between physical
habitat conditions, resources and species. Functional characteristics involve nutrient cycling,
decomposition and photosynthesis (Sutton-Grier et al, 2010). Ecosystem structure and
function can also incorporate the interrelationships between populations and communities
(Gaedke, 1995) in addition to interrelationships between communities within foodwebs
(Krause et al., 2003).

The relationship between ecosystem structure and function is a source of ongoing debate in
ecology and is most fully understood with regards to natural succession (Sutton-Grier et al.,
2010). Structure becomes more complex by an increase in the number of species and their
ecological diversity and consequently function increases in terms of an increase in biomass
and nutrient cycling (Bradshaw, 1984).

The complexity of the ecosystem structure and function concept and the application within
the HD is briefly addressed in reporting guidelines which acknowledge that habitat structure
and habitat function varies widely between different habitats (European Commission, 2006).
Member States are directed to identify various components and processes essential for a
habitat to be present and functioning for the habitat to be considered at FCS. Mehtala and
Vuorisala (2007) discuss the usefulness of FCS as a measure of conservation success and the
practical problems related to its application. The authors highlight the study of habitat
specific structure and functions as one of the key problems with FCS and provide suggestions
on how to deal with this issue. Potentially diagnostic habitat characteristics include species or
functional group richness, species composition (including the presence of some indicator
species) and physical conditions that limit the habitat range (Ebenman & Jonsson, 2005).
Description and classification of turlough biological communities and research investigating
the relationship between biological communities and environmental drivers is necessary for
informed selection of appropriate habitat indicators for assessment and monitoring of
turlough-specific structures and functions.

The WFD also embodies ecosystem based objectives for water resource management (Kallis &
Butler, 2001) and has established the concept of Ecological Quality Status (EQS) as a way to
assess the biological quality of surface waters. Solimini et al. (2006) provide a comprehensive
review of proposed methods for WFD ecological status assessment. Under the WFD the
ecological status of surface water is defined as “..an expression of the quality of the structure
and functioning of aquatic ecosystems associated with surface waters, classified in accordance
with Annex V. This implies that ecological status classification systems should reflect changes
in the structure of the biological communities and in the overall ecosystem functioning in
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response to anthropogenic pressures. There is a consequent need to identify biological
indicators that have predictable responses to anthropogenic disturbance and allow
classification of ecological quality based on functional relationships between pressures and
indicators (Solimini et al., 2006).

The authors emphasise the importance of a solid understanding of ecosystem functioning for
the development of ecological status assessment strategies. Turloughs lack the benefit of
extensive international research and the understanding of turlough ecological functioning is
embryonic relative to other freshwater habitats, a situation which can only be improved by
interdisciplinary eco-hydrological research.

1.4 Pressures and Threats

The HD requires an assessment of the Future Prospects of turloughs involving an evaluation of
impact of key pressures and threats (see Evans & Arvela, 2011). The HD makes a distinction
between pressures and threats for assessment and reporting of conservation status.
‘Pressures’ include past and present impacts whereas ‘threats’ refer to foreseeable impacts.
The primary contemporary pressures to turloughs are drainage, eutrophication and over-
grazing. Key threats include these three pressures in addition to climate change and grazing
absence.

Approximately one third of turloughs over 10 hectares have been irreversibly damaged by
drainage (Coxon, 1986). The impact of land drainage on groundwater resources is particularly
acute in karst areas owing to the unique characteristics of karst aquifers (Sheehy Skeffington
et al, 2006). Large-scale drainage, now ceased, has resulted in lowering of water tables,
drying up of turloughs and periodic groundwater contamination (Drew & Coxon, 1988).
Drainage ditches often stretch across turloughs, created with a view to extending the period of
favourable conditions for grazing. Increased winter precipitation (McElwain & Sweeney,
2006) may lead to increased flooding in karst areas, which could result in new demands for
drainage schemes in response to local community pressure. Research detailing the explicit
links between turlough biological communities and hydrological regime is needed to add
weight to arguments against proposals for reintroducing large-scale drainage in the karst
landscape.

Eutrophication of freshwaters is a pressure that has had a high profile since the early 1980s.
Nutrients are a significant driver of productivity leading to increased growths of algae and
aquatic plants (Solimini et al., 2006). The eutrophication processes within turloughs are
under researched and currently there is very limited information on the drivers of the trophic
status of turlough floodwaters. Karst catchments are characterised by an intimate surface-
groundwater relationship and are capable of transporting large volumes of water at relatively
high velocities compared to catchments in other geological settings.

Consequently, in karst aquifers there is less possibility of attenuation of contaminants, and
nutrients may be more conservatively transported. Evaluating the link between nutrient
pressures in turlough catchments and nutrient conditions and biological quality of the
floodwaters is a key focus of the project. The assessment of pressures and impacts to
freshwaters under the WFD adopts the DPSIR (Drivers, Pressures, State, Impact, Response)
framework. The links between the components of this framework relate to an assessment of
the risk of pollutant mobility, the effect of hydromorphological changes and the response of
biological elements (Irvine et al., 2005). Such an approach is necessary for assessing the
impact of eutrophication on turloughs.
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Turloughs are an example of marginal grazing land with Priority Habitat Status (Visser et al.,
2007) and grazing regime diversity within a turlough has been shown to be important for its
biodiversity (Sheehy Skeffington et al., 2006). Over-grazing is a perceived pressure and threat
to turloughs yet no specific research has been conducted to date to identify grazing regimes
which cause retrogressive vegetation changes from a stated management objective in
turloughs. A clear set of management objectives for turlough vegetation is a prerequisite for
this research. Grazing absence, resulting from land abandonment owing to agricultural
intensification, is also considered a threat to turlough biodiversity (Sheehy Skeffington et al.,
2006). Grazing regimes on turloughs are extremely dynamic and notoriously difficult to
quantify (Visser et al, 2007) and research to date has focused on a very limited number of
sites (Ni Bhriain et al., 2002, 2003; Moran et al.,, 2008; Ryder et al., 2005). Evaluating the
potential impact of over-grazing and under-grazing on turlough vegetation requires an
extensive evaluation of turlough grazing intensities and investigation of the effects of varying
grazing intensities on vegetation community distribution across a range of turloughs.

1.5 Project and Reporting Structures

1.5.1 Project structure

A series of five work packages were employed to deliver the research and conservation
assessment outputs. Key research aims and tasks relating to each work package are
presented in Table 1.1. A conceptual model of turlough ecological functioning is presented in
Figure 1.1. Elements under investigation are highlighted in the conceptual model.
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Table 1.1 Work packages employed for the delivery of research and conservation assessment outputs relating to the
project titled Assessing the Conservation Status of Turloughs.

Work Package Principal Personnel Key Research Aims
Investigator
1a Vegetation Steve Waldren Nova Sharkey e Describe, classify and map
Mark Murphy vegetation communities.

e Investigate effects of hydrology,
soils and land-use on vegetation
community distribution.

1b Soils Steve Waldren Sarah Kimberley e Describe, classify and map soil
types.

e Investigate effects of hydrology,
grazing intensity and soil type on
soil nutrient variation.

e Investigate nutrient release from
soils to the water column.

2 Hydrology Paul Johnston Owen Naughton e Construct models of hydrological

Laurence Gill functioning.

e Derive ecologically relevant
hydrological variables.

e Delineate zones of groundwater
contributing to turloughs.

3 Algae and Norman Allott Helder Pereira e Describe phytoplankton

hydrochemistry Catherine Coxon communities

e Describe spatial and temporal
variation in chemistry and algal
communities.

e Evaluate sources of nutrients to
turloughs.

4 Aquatic Invertebrates Ken Irvine Gwen Porst e Investigate effects of season,

habitat, hydroperiod and water

chemistry on the distribution of
aquatic invertebrate
communities.

5 Project Management Steve Waldren Sarah Kimberley e Coordinate project logistics e.g.
site selection, field work and
data integration.

e QOrganise meetings and prepare
reports.

1.5.2 Structure of the final report

The report comprises thirteen chapters. Chapter 1 provides an introduction to the aims of the
project and the legislative and conservation context of the research. Chapter 2 details the
selection of study sites. Chapters 3-8 summarise the basic findings of the work relating to
hydrology, algae, soils, vegetation, macroinvertebrates and land-use respectively. Chapter 9
details the integration of work packages and conceptual models of turlough ecological
functioning. Chapter 10 deals with outputs relevant to the EU Habitats Directive and provides
conservation assessment and a national assessment for turlough conservation status.
Chapter 11 provides recommendations for the assessment and monitoring of significant
damage to turloughs for EU Water Framework Directive compliance. Chapter 12 provides a
recommended approach for future monitoring of turlough conservation status for the EU
Habitats Directive, and finally Chapter 13 provides an overview of the conclusions and
recommendations of the project.
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2.1 Selection of Sites for Extensive Study

Turlough distribution in Ireland is strongly controlled by the occurrence of well-bedded, pure,
grey calcerenite susceptible to karstification, with or without shallow deposits of glacial till
(Coxon, 1986). Consequently, the majority of the 304 turloughs listed in the Geological Survey
Ireland Karst Database (2006) extend along the Western region of Ireland, from Co. Donegal
to Co. Cork, with clusters of turloughs occurring in Co. Clare, Co. Galway, Co. Mayo and Co.
Roscommon. The updated database of turloughs held by NPWS (Mayes, 2008) was not
available at the time of site selection, and consequently was not used here. In 2006,
hydrological and ecological information, of varying forms and standards, was available for
151 turloughs (Coxon, 1986; Tynan et al., 2007; Goodwillie, 1992; Southern Water Global,
1998); 90 turloughs had both some hydrological and ecological information available.
Twenty-two turloughs spanning Co. Clare, Co. Galway, Co. Mayo and Co. Roscommon were
selected for study from this subset of 151 to represent the hydrogeological and geographical
range of the habitat (Table 2.1, Figure 2.1). As hydrology is thought to be the key determinant
of the establishment and maintenance of wetland processes (Mitsch & Gosselink, 2000), site
selection was primarily driven by the requirement for sites representative of the range of
turlough hydrogeological variation. Site selection was initially based on the Karstic Flow
System hypothesis, at the time the best available hypothesis of turlough hydrological function,
which suggested that turloughs associated with specific types of karst and groundwater flow
(i.e shallow epikarst or conduit) are associated with a specific range of ecologies (Tynan et al.,
2007). No attempt was made to select a predetermined number of each type, sites were
merely identified where groundwater flow could be reliably inferred as conduit or epikarst
flow; 11 such sites with adequate hydrological evidence were identified. A further 11 sites
were chosen by setting aside the Karstic Flow System hypothesis owing to inadequate
evidence in the case of turloughs located in Co. Galway (East), Co. Mayo and Co. Roscommon.
In this case, a further 11 sites were chosen using alternative hydrological criteria based on
limited ecohydrogeological evidence from Coxon (1986). The mosses Cinclidotus fontinaloides
and Fontinalis antipyretica were used as a surrogate for duration of flooding, and the height of
Cinclidotus fontinaloides was used as a measure of depth of flooding. The 11 sites associated
with shallow epikarst or conduit groundwater flow were assigned to groups based on depth
and duration of flooding, as indicated by the aforementioned moss species, and gaps in the
representation of the different groupings were identified (i.e. shallow and short duration,
deep/variable depth and short duration, medium depth and intermediate duration, deep and
intermediate duration, medium depth and long duration).

The availability of groundwater tracing data and information on deposits and swallow holes
were considered as secondary criteria (see Table 2.1 for summary of alternative
hydrogeological criteria for each site). Access to turloughs was clarified with landowners
prior to the finalisation of the site selection. All selected turloughs, except Brierfield,
Carrowreagh and, Rathnalluleagh are designated as Special Areas of Conservation (SAC)
under the EU Habitats Directive (92/43/EEC) (European Commision, 1992).
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Table 2.1. List of twenty-two turloughs studied including their site codes, location, area, information of associated karstic flow system and reference to source of hydrological
information used for selection. Sites highlighted in grey were selected for more detailed spatial and temporal investigation of aquatic ecology.

Turlough

Site
Code

Townland

Easting Northing County

Karstic
Flow

Alternative Hydrogeological
Criteria

Hydrological Data
Source

System

Ardkill ARD | Ardkill 127360 | 262500 Mayo 16 000461 | Western | n/a Deep with intermediate Coxon (1986); David
duration flooding with peat, | Drew (pers. comm.)
marl, peat-marl deposits.

Ballindereen BAL Ballindereen 140092 | 215248 Galway 83 000606 | Western | n/a Shallow with short duration | Coxon (1986)

Cartron flooding and peat deposits.

Blackrock BLA Turloughnacloghdoo | 149780 | 208130 Galway 143 000318 | Western | Conduit | Deep with short duration Tynan et al. (2007)
flooding and diamicton
deposits.

Brierfield BRI Brierfield 181600 | 276560 Roscommon | 52.9 | 000594 | Shannon | n/a Medium depth with Coxon (1986); David
intermediate duration Drew (pers. comm.)
flooding and peat, marl
deposits.

Caherglassan CAH Killomoran 141456 | 206290 Galway 68 000238 | Western | Conduit | Medium depth with Tynan et al. (2007)
intermediate duration
flooding with peat-marl and
sand/silt deposits.

Caranavoodaun | CARA | Castletaylor 145109 | 215648 Galway 48 000242 | Western | Shallow | Medium depth with Southern Water Global

epikarst | intermediate duration (1998);
flooding with peat-marl and | Tynan et al. (2007)
sand/silt deposits.

Carrowreagh CARR | Carrowreagh 178378 | 275305 Roscommon | 26.3 | 001624 | Shannon | n/a Variable depth with short Coxon (1986);
duration flooding and David Drew (pers.
diamicton deposits. comm.)

Coolcam COO | Coolcam 157420 | 271390 Roscommon | 67.1 000218 | Shannon | n/a Medium depth with long Coxon (1986); David
duration flooding and peat, Drew (pers. comm.)
marl deposits.

Croaghill CRO | Croaghill 159680 | 270540 | Galway 37.4 | 000255 | Shannon | n/a Variable depth with Coxon (1986); David

intermediate duration
flooding and peat.

Drew (pers. comm.)




Turlough

Townland

Easting

Northing

County

Karstic
Flow

Alternative Hydrological
Criteria

Hydrological Data
Source

System

Garryland GAR | Garryland Wood 141750 | 204050 Galway 25 000252* | Western | Conduit | n/a Southern Water Global
(1998)

Kilglassan KIL Kilglassan 127860 | 264550 Mayo 49.9 | 000504 | Western | n/a Medium depth with Coxon (1986); David
intermediate duration Drew (pers. comm.)
flooding and peat, marl
deposits.

Knockaunroe KNO | Knockaunroe 130700 | 193450 Clare 42,5 | 001926 | Shannon | Shallow | Medium depth with Drew (1990)

epikarst | intermediate duration of
flooding with peat, marl and
peat-marl deposits.

Lisduff LIS Lisduff 184250 | 255500 Roscommon | 54.1 | 000609 | Shannon | n/a Medium depth with long Coxon (1986); David
duration flooding and peat, Drew (pers. comm.)
marl, peat-marl deposits.

Lough ALE Sheshymore 124740 | 195440 | Clare 10.7 | 001926 | Shannon | Shallow | Deep with short duration Southern Water Global

Aleenaun epikarst | flooding and marl, peat-marl | (1998);
deposits. David Drew (pers.

comm.)

Lough Coy COY | Shanvally 148927 | 207255 Galway 36 002117 | Western | Conduit | n/a Southern Water Global

(1998);
Tynan et al. (2007)
GEA Gortlecka 131450 | 194730 Clare 17.3 001926 | Shannon | Shallow | n/a David Drew (pers.

Lough Gealain epikarst comm.)

Rathnalulleagh | RAT Rathnalulleagh 177710 | 273760 Roscommon | 26.4 | 000613 | Shannon | n/a Variable depth with short Coxon (1986); David
duration flooding with Drew (pers. comm.)
diamicton deposits.

Roo West ROO | Roo 138627 | 202214 | Galway 28 001926 | Western | Shallow | n/a Tynan et al. (2007)

epikarst

Skealoghan SKE Skealoghan 124750 | 262900 Mayo 28 000541 | Western | n/a Medium depth with Coxon (1986); David
intermediate duration Drew (pers. comm.);
flooding with peat and Moran (2000)
sand/silt deposits.

Termon TER Termon 140920 | 197350 Galway/Clare | 39 001321 | Western | Shallow | Medium depth with Southern Water Global

epikarst | intermediate duration (1998)

flooding with marl deposits.




Turlough

Site

Code

Townland

Easting | Northing County

Karstic
Flow

Alternative Hydrological

Hydrological Data

System

Criteria

Source

Tullynafrankagh | TUL | Caherpeak West 143208 | 215339 Galway 20 000606 | Western | Shallow | n/a Southern Water Global
epikarst (1998);
Tynan et al. (2007)
Turloughmore TUR | Turloughmore 134700 | 199800 Clare 21 001926 | Shannon | n/a Medium depth and short

duration with sand/silt
deposits.

Coxon (1986)

*Garryland turlough, as part of the Coole-Garryland complex, is also designated as a Special Protection Area (Code 004107).
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Figure 2.1 Geographical distribution of the 22 turloughs studied (abbreviations are explained in Table 1). Shaded areas correspond to areas of pure bedded limestone
(geological data from the Geological Survey of Ireland Database: http://www.gsi.ie/Mapping.html).
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Annex 2 contains a series of site reports which summarise data from the 22 selected turloughs
on a site by site basis.

2.2 Selection of Sites for Intensive Study

Both the algal and aquatic invertebrate ecological studies aimed to elucidate the implications
of within-turlough hydrochemical and biological community variation for habitat quality
assessments. To achieve this, a sub-set of sites was selected for further intensive spatial and
temporal investigations spanning 2007 and 2008. The terrestrial phase mapping work
involved detailed spatial investigation of all 22 sites and time constraints did not allow for
further spatial and temporal work on a sub-set of sites. Given the scale of field and laboratory
work involved, it was decided to restrict the spatial and temporal algal ecology investigations
to four sites. The aquatic invertebrate aspect of the project conducted some spatial and
temporal work on eight selected turloughs during the 2006/2007 field season. Personnel
working on this aspect of the project considered it important that the four sites be selected
from the sub-set of eight sites to link with the previous spatial and temporal investigations
(Termon, Roo West, Ballindereen, Caranavoodaun, Caherglassan, Kilglassan, Brierfield,
Lisduff). These sites were previously selected to represent a gradient of total phosphorus (see
Porst, 2009 for further details). The sites on this priority list were considered for selection
and discussed in terms of their ZOCs, water nutrient status, hydrological response
characteristics, presence of existing hydrological data and geographical distribution.
Preference was given to sites with long-term hydrological datasets. Ballindereen, Kilglassan,
Brierfield and Lisduff had hydrological data for only one year at the time and were therefore
not considered suitable for more detailed work. Termon turlough was considered a selection
priority to allow for the comparison of inter-annual variation of aquatic invertebrate
community structure and composition. This turlough has a non-flashy hydrological regime
and long-term hydrological data. Mean seasonal TP and Chl a concentrations indicate a
mesotrophic nutrient status.

Caherglassan has an extremely large catchment area which would be very difficult to refine
given the time and resources available. For these reasons, this site was excluded as a
candidate for more detailed research. It was considered important, however, to include a
turlough representative of conduit-type turloughs with a flashy hydrological regime with a
eutrophic nutrient status. Blackrock and Lough Coy were considered as suitable examples,
with a preference for Blackrock, as aquatic invertebrate spatial distribution data were
available for this turlough.

Roo West was selected as a suitable site as it is an example of a shallow epikarst turlough, has
a relatively flashy hydrological regime, with long-term hydrological data and an
oligotrophic/mesotrophic nutrient status. Caranavoodaun was also considered as a suitable
site as it presents an oligotrophic/mesotrophic condition, has long-term hydrological data and
a non-flashy hydrological regime. Termon, Roo West, Caranavoodaun and Blackrock were
consequently selected as the subset of sites for detailed spatial and temporal investigations of
aquatic ecology (Table 2.1).
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3.1 Introduction

Turloughs are wetlands at the interface between groundwater and surface water and occur
predominantly on the well-bedded, pure limestone regions in the western third of Ireland,
forming a significant part of this region’s hydrological cycle. They are transient lakes resulting
from a combination of high rainfall and, accordingly, high groundwater levels in topographic
depressions in Kkarstified limestone terrain. They fill mainly by inflows of groundwater
through estavelles and springs, in addition to some surface runoff; they also ultimately empty
through estavelles and swallow-holes. The behaviour of a turlough as a wetland is
fundamentally driven by its hydrology; the hydrological regime results in a characteristic
ecology associated with the pattern of groundwater inundation.

Although turloughs are ephemeral lakes, they are essentially groundwater features and as
such are classified as Groundwater Dependent Terrestrial Ecosystems (GWDTEs) under the
Water Framework Directive (2000/60/EC), and as a Priority Habitat in Annex 1 of the EU
Habitats Directive (92/43/EEC). Both EU directives necessitate the monitoring and
management of these habitats to ensure that favourable conservation and groundwater status
is achieved.

3.1.1 The Conceptual Framework of Karst Aquifers

The defining feature of karst terrains is the dominance of solution as a geomorphic agent, with
solution and solutional transport the dominant process in the development and formation of
karst (White, 1988). It is these solutional processes which produce the secondary porosity, in
the form of dissolution conduits, which provide a low resistance pathway for groundwater
flow and interact with the granular and fracture permeability of the karst rock (White, 2002).
The permeability of a karst aquifer is comprised of a number of elements. The primary
porosity is associated with intergranular permeability of the unfractured rock, while
secondary porosity is caused by rock folding, fracturing and dissolution pathways, which
themselves vary in size, carrying capacity and interconnectivity (Ford & Williams, 2007).
Conceptually, karstic aquifers can be described using the triple permeability or triple porosity
model, which is composed of matrix, fracture and conduit permeability (White, 2002):

Matrix Permeability: The intergranular permeability of the unfractured rock

Fracture Permeability: The mechanical joints, joint swarms and bedding plane
partings all of which may be enlarged by solution

Conduit Permeability: Pipe-like openings with apertures ranging from 1 cm to tens
of metres

Matrix porosity is composed of the individual pores within the carbonate rock, and is
characterised by high storage but low groundwater velocities and laminar flow conditions
(Cheng & Chen, 2005). Fractures normally have apertures in the range 50-500 pm but can be
up to 0.01m, and typically have a laminar flow regime but may have non-linear components
(White & White, 2005). At the point where fractures exceed an aperture size of 0.01 m they
are reclassified as conduits. Although some fractures can have apertures in excess of 0.01 m,
they may not be continuous at this size and so not considered to be conduits (White & White,
2005). Conduits are solutionally enlarged flow paths through the karst aquifer. Conduit
permeability is characterised by localised distribution, low storage and high groundwater
velocities (Sauter & Liedl, 2000). Studies have identified that while almost all of the storage
was within the rock matrix, the conduit system accommodated the vast majority of flow
within the karst aquifer.
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Karst aquifers are composed of a combination of matrix, fracture and conduit permeability,
with the relative contribution of each to regional groundwater flow dependent upon the
properties of the carbonate rock itself and the degree of karstification. As a result of this
complexity the effective permeability of a karstic aquifer is highly scale-dependent. As
highlighted by Worthington (2003), the vast majority of groundwater flow may be dominated
by and contained within the conduit system, yet the conduits may only make up a minute
percentage of the aquifer volume. Overflow conduit systems may also exist within the aquifer
whose operation is intermittent and dependent upon prevailing hydrological conditions, thus
adding a temporal variability to the already highly heterogeneous spatial nature of karst
permeability (Ray, 1997).
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recharge through stream-sink
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Figure 3.1 A conceptual model for drainage in a karst area (from Gunn, 1986)

Recharge derived from precipitation may enter a karst aquifer in a variety of forms. The range
of recharge forms and pathways are shown in figure 3.1 (Gunn, 1986). Recharge can be
divided into those sources which originate within the karst body (autogenic) and those that
originate from outside the karst aquifer (allogenic).

3.1.1.1 Autogenic Recharge
Autogenic recharge is derived solely from precipitation falling directly onto the karst body,
and can take the form of both point and diffuse recharge (Ford & Williams, 2007). Diffuse (or
dispersed) infiltration consists of precipitation directly onto the karst surface. Where soil
cover is present, this infiltration is governed by the same soil moisture processes as occur in
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non karstic aquifers. Rainfall exceeding the soil moisture capacity percolates downwards until
it reaches the phreatic zone of the aquifer. In addition to the controls on recharge imposed by
soil cover, karst recharge is further governed by the subcutaneous (or epikarst) zone.

The uppermost section of the karst bedrock, known as epikarst, can impact upon the rate and
quantity of recharge entering the saturated karst aquifer. Epikarst is a term used to describe
the unsaturated zone of carbonate rock near the upper surface where significant weathering,
fracturing, solutional enlargement and storage may occur (Ford & Williams, 2007; Zhou,
2007). The epikarst is typically 3 to 10 m deep, often highly irregular and fractured with high
secondary permeability due to the considerable chemical solution in the zone (Ford &
Williams, 2007). Fracture widths reduce with depth before eventually giving way to the
largely unweathered rock below (Williams, 1983; White, 2002; Ford & Williams, 2007). An
example of this can clearly be seen in the Burren (Co. Clare) where the surface fractures are
clearly visibly on the exposed limestone pavements. A close inspection of the extensive
solutionally widened joints shows the reduction in dissolution with depth, as the fractures
close to hairline cracks within a few metres of the surface (Williams, 1983).

The link between epikarst and the underlying regional water table is often limited to sporadic
subcutaneous drains and vadose shafts (Quinlan, 1989). Due to the heterogeneous nature of
karstification within the epikarstic zone, and the consequent reduction in permeability with
depth, recharge is unable to percolate down directly into the phreatic zone (Williams, 1983).
Because of this, the epikarst zone can operate as an important groundwater store with the
development of a perched potentiometric surface. The potentiometric surface generates a
gradient towards areas of high vertical permeability, inducing a major lateral flow component
within the epikarst (Williams, 1983). In this way the transmission of diffuse recharge to the
phreatic zone is concentrated within this subcutaneous zone. As a result, epikarst can act as a
buffer between recharge events and the corresponding response within the phreatic zone,
with the residence time of water ranging anywhere between a few hours to weeks reach the
water table (White, 2002).

Point autogenic recharge occurs where precipitation is concentrated into internal runoff,
generated when rainfall exceeds a given threshold and results in surface runoff (Gunn, 1983).
This internal runoff is analogous to normal overland flow then enters the aquifer rapidly via
surface depressions or dolines (White, 2002).

3.1.1.2 Allogenic Recharge

Allogenic recharge is derived from an adjacent non-carbonate catchment area and flows onto
the karst body at a geological boundary (Ford & Williams, 2007). Precipitation is first
concentrated into surface flow paths with then flow across the boundary onto an adjacent
carbonate aquifer. Where this occurs, the stream or river can often sink abruptly via a doline
or swallow holes, or be lost more gradually via a series of smaller swallow holes along the
flow path. The quantity of allogenic recharge is obviously dependent upon the size and nature
of the adjoining catchment. Chemically aggressive waters derived from non-carbonate
catchment areas can often rapidly advance the development of substantial karst flow systems.
An example of this can be seen in the Gort lowlands, Co. Galway where the acidic allogenic
waters derived from the peat catchment of the Slieve Aughty Mountains has led to the
development of a complex network of sinking streams, conduits and surface storages
(turloughs).

The ability of the karst aquifer to accommodate concentrated recharge is dependent upon the
level of connection between surface and subsurface flow systems, and the drainage capacity of
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the underlying conduit flow system. Where the conduit system is capable of accommodating
the full allogenic recharge, no surface flow will be seen. However, where this capacity of the
swallow hole is inadequate to accommodate the full point recharge, excess flow may continue
as surface overflow or result in surface ponding around the surface water - groundwater
interface, such as poljes and turloughs (White, 2002). Similarly, where the drainage capacity
of the conduit flow path is reduced, either by physical constriction, sedimentation or human
activity, comparable surface flooding can occur (Zhou, 2007).

3.1.1.3 Discharge

Karst aquifers generally discharge to springs, which represent the termination of the
subterranean karst systems and account for the runoff from the entire karst catchment area
(White, 2002; Ford & Williams, 2007). The rate of discharge, temperature and chemical
composition from springs can vary substantially depending upon the supplying flow system.
Discharge from conduit-driven springs can vary by many orders of magnitude, whereas the
flow rate and hydrochemistry of springs derived from solutionally widened fracture swarms
can remain constant irrespective of recharge events (White, 2002). Submarine springs have
been recorded discharging both fresh and brackish water from some coastal karst aquifers.
The Gort lowlands conduit system is an example of such a system, where the periodic sea
level fluctuations have an effect upon the behaviour of springs at Kinvarra as well as exerting
an influence over turloughs as much as 10 km inland (as discussed later).

3.1.2 Lowland Irish Karst

In the Irish context it is the Carboniferous Limestone which has undergone significant
karstification. Unlike mainland Europe where most karst terrain is mountainous or plateau,
over 90 percent of karst in Ireland is located in lowland areas of less than 150 mAOD (Drew,
2002; 2008). Lowland karst in Ireland exhibits relatively low hydraulic gradients estimated at
0.01 to 0.001 with groundwater flow velocities of between 5 and 250 m/h recorded. Lowland
karst areas are characterised by a high level of interaction between ground and surface
waters. Subterranean karst flow systems coexist with surface drainage leading to complex
hydrological interactions (Coxon & Drew, 1998). Water is lost to and gained from
groundwater sources via swallow holes, estavelles and springs depending on the prevailing
hydrological conditions. Such complex and extensive interactions between surface and
groundwater can make it extremely difficult to delineate the boundaries of contributing areas
or accurately quantify recharge for karst groundwater bodies (Drew, 2008). Contributing
areas can vary greatly in areal extent depending upon prevailing hydrological conditions.
Coupled with this the heterogeneous nature of karst flow paths mean that aquifer
vulnerability can vary substantially within a contributing area making it difficult to assign
viable protection areas to springs and water supplies (Deakin, 2000).

Glacial action during the Quaternary period covered much of the limestone of Ireland with
Pleistocene and early Holocene deposits (Drew & Daly, 1993; Mitchell & Ryan, 1998). It has
also led to the infilling and/or destruction of many surface karst features such as dolines,
swallow holes and conduits. This infilling of many karstic flow systems with glacial and
fluvioglacial deposits may have rendered them inoperative or hydrologically separate from
the contemporary system (Ford & Williams, 2007). Such systems are known as paleokarst.
Over time groundwater flow can erode the choking sediments thereby reactivating the
conduits, resulting in the reintegration of paleokarst into the active system. Drew and Daly
(1993) suggest that the groundwater flow systems in the lowlands today may be a
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combination of newer, shallow epikarst systems developed during the Holocene and older
reactivated paleokarstic systems. An example of such an interaction between surface and
shallow groundwater flow systems and paleokarst exists south of Gort. The Beagh River sinks
into a swallow hole known as the “Devils Punchbowl” and drops at least 50 m below ground
level only to re-emerge from a cave less than 2 km away as the Cannahowna River (Southern
Water Global 1998).

3.1.3 Turlough Hydrology

Turloughs are one of the characteristic features of the Irish karst landscape. They are
transient lakes resulting from a combination of high rainfall and accordingly high
groundwater levels in topographic depressions in the karst. A turlough is effectively a
hydrogeological feature defined as “A topographic depression in karst which is intermittently
inundated on an annual basis, mainly from groundwater, and which has a substrate and/or
ecological communities characteristic of wetlands” (Tynan et al., 2007).

During extreme rainfall events, water levels can rise above traditional turlough boundaries
and connect bordering turloughs to form open water bodies with areas far in excess of 260 ha.
This occurred during the flooding of November 2009 where, for example, turloughs in the
Coole/Garryland complex joined forming a massive continuous water body stretching from
Ardrahan all the way to Caherglassan.

Turloughs are at the interface between groundwater and surface water. It is the nature of this
interaction, the characteristic depth, duration and frequency of flooding, which drives the
ecology and is responsible for the ecological diversity present within these unique
Groundwater-Dependent Terrestrial Ecosystems (GWDTEs). They fill mainly by rising
groundwater levels through estavelles and springs in addition to some surface runoff; and
ultimately empty through estavelles and swallow holes (Coxon & Drew, 1986). Filling
normally occurs in late autumn due to periods of intense or prolonged rainfall with emptying
typically occurring from March onwards. The karst flow system, of which a turlough is a
surface expression, possesses a flow capacity which is defined by the size and connectivity of
the flow paths present within the rock (Drew & Daly, 1993). Rainfall of insufficient duration
or intensity can be accommodated by subsurface flow paths; hence no surface flooding is
visible in the turlough basin during these dry periods. However once the required
combination of rainfall intensity and duration occurs the storage of the system is exceeded
and flooding begins.

The hydrological regime of turloughs varies greatly across turlough sites, as shown in figure
3.2 which compares the water level profiles of two turloughs collected as part of this research.
Some show a multimodal flooding regime with rapid response to rainfall events throughout
the year. These turloughs represent a high disturbance habitat as they experience multiple
distinct flood events throughout the winter and even summer flooding is relatively common.
Other sites have a unimodal flooding regime characterised by a gradual filling and a lengthy
recession. Turloughs can also show a high level of variability from year to year due to the lack
of strong seasonal definition within the Irish climate.
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Figure 3.2 Contrast between unimodal flood regime of Coolcam, Co. Galway and the multimodal regime of
Turloughmore, Co. Clare

The karst hydrological systems in which turloughs operate are dynamic and constantly
changing. Due to the localised nature of karstic groundwater flow, the collapse of an active
conduit or the reactivation of a paleokarstic system can rapidly and drastically alter the
characteristic regime of a turlough and its response to excess precipitation. Evidence of such
changes in flood regime has been provided in the form of lacustrine marl found in the basin of
many turloughs (Coxon & Coxon, 1994). The present day hydrological regime of such
turloughs does not facilitate the deposition of lacustrine marl implying that a fundamental
shift has occurred in their hydrological operation.

Turloughs have been the continuing focus of research interest mainly due to the unique flora
and fauna in this type of aquatic environment, but also from a more anthropogenic point of
view, due to the risks of localised flooding. The present day drainage network in many of the
karstic areas of western Ireland has been systematically modified by arterial drainage
schemes designed to compensate for the lack of extensive surface drainage and reduce
flooding in the area (Coxon & Drew, 1986). The key role that turloughs play as flood
attenuation devices in the regional hydrological regime has often been poorly understood,
and turlough inundation has often been seen as part of the problem rather than a beneficial
natural flood attenuation system. Areas in which turloughs occur are characterised by little or
no surface drainage, and so all effective rainfall in the area must be accommodated by
subsurface karstic flow systems. These systems have finite flow capacities and turloughs are
utilised to store the excess during periods of high and prolonged rainfall. When the system
has drained sufficiently and head levels have dropped enough the temporary storage is fed
back into the system.

Due to the localised nature of groundwater flow through karst aquifers they are particularly
sensitive to activities which may interfere with these flow paths such as artificial drainage,
disturbance of estavelles and quarrying. While drainage activities may benefit stakeholders
on a local scale by extending the availability of pasture land within turloughs, on a regional
scale these activities could have a negative effect by intensifying flooding in more
economically or socially important areas. With the absence of natural channels to act as
outlets to drainage schemes, drainage activities in upland areas tend to just prolong and
exacerbate flooding down gradient.
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3.2 Field Investigation and Data Collection

3.2.1 Site selection and description

The site selection process is detailed in Chapter 2: Site Selection. Water level monitoring
continued in all sites throughout 2007/2008, and was continued into the summer of 2009.

3.2.2 Turlough catchment areas

Estimates of catchment areas for the 22 study sites were generated by members of the
research team (see Chapter Water Framework Directive Risk Assessment). Existing
information, data and catchment estimates were collated for the study sites. Catchment area
estimates for the majority of sites had been generated in historic studies (Coxon, 1986; Coxon
& Drew, 1986; Southern Water Global, 1998), as well as more recent work carried out for
turloughs designated as SACs carried out under the Water Framework Directive (WFD) risk
assessment. All catchment estimates were reassessed by the research team utilising
individual experience, relevant hydrological research, topographic data, tracer studies and
guidance documents used for the delineation of groundwater bodies (Working Group on
Groundwater, 2005).

Figure 3.3 Water table map for area around Coolcam and Croaghill turloughs, Co. Galway

To aid in the process of catchment estimation and validation, water table mapping was also
carried out. This work provided information on regional groundwater levels and gradients in
areas which lacked existing catchment estimates. Water table mapping was confined to areas
around the northern and north-eastern turloughs, as significant work existed for the South
Galway and Mayo areas (Coxon & Drew, 1986; Southern Water Global, 1998). Spot water level
measurements were taken (in mAOD) of any turloughs, surface water bodies and rivers in the
area surrounding the study sites using a Trimble R6 Differential GPS. Water table maps were
then generated using Surfer 8© and overlaid on topographic maps for the region as shown, for
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example, in figure 3.3. From this the general direction of regional groundwater flow was
ascertained, which in turn helped to determine possible catchment area extent.

3.2.3 Water Level Monitoring

Sites were instrumented between September 2006 and January 2007, with monitoring
continuing until July 2009. Water levels were recorded at hourly intervals using a variety of
Schlumberger Divers® (Marton Geotechnical Ltd, Suffolk, UK) placed at or near the lowest
point in each turlough. Divers measure the pressure of the water and air column above them,
and from this the depth of water can be calculated. The majority of Divers used were
Schlumberger Mini-Diver® models DL501 and DL502. The Mini-Diver® DI501 has a range of
10 m of water with an accuracy of 0.5 cm and resolution of 0.2 cm. For sites where the
flooding range exceeded 10 m the Mini-Diver® DI502 was used, which has a range of 20 m of
water, an accuracy of 1 cm and a resolution of 0.4 cm. Nineteen of the twenty two Divers used
were equipped with temperature probes which recorded ambient water temperature at
hourly intervals to an accuracy of 0.1°C. A CTD Diver was installed in Blackrock turlough
which, in addition to depth and temperature sensors, has a conductivity sensor with a range
of 0 to 80 mS/cm and so recorded conductivity on an hourly basis.

A concrete platform or paving slab was used to anchor the Divers in place (Fig. 3.4a). A length
of rope was tied to the platform and a buoy attached to the other end to mark the position of
the platform and enable recovery during inundation periods. However, in most cases the
divers were left in position until the turloughs had receded enough to allow recovery on foot.
Divers were downloaded roughly every six to nine months using a Reading Unit (Fig. 3.2b).
The data was then imported into an Excel® spreadsheet format for further processing.

Figure 3.4 Diver platform, Rathnalulleagh, Co. Roscommon (a), and downloading diver using Reading Unit, Garryland,
Co. Galway (b)

A summary of the water level monitoring periods for the twenty two study sites is given in
table 3.1. Five equipment failures occurred during the monitoring program in Ardkill,
Ballinderreen, Kilglassan, Lough Aleenaun and Roo West with a resultant loss in water level
records.
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Table 3.1 Summary of water level monitoring periods for 22 study sites

Turlough Start End Days Recorded  Failure

Ardkill 05/11/2006 13/10/2008 708 13/10/2008 onwards
Ballindereen 05/11/2006 05/08/2009 557+294 From 15/5/2008 to 15/10/2008
Blackrock 05/11/2006 23/06/2009 961

Brierfield 04/11/2006 08/07/2009 977

Caherglassan 24/09/2006 05/08/2009 1046

Carranavoodaun 24/09/2006 04/08/2009 1045

Carrowreagh 04/11/2006 08/07/2009 977

Coolcam 04/11/2006 06/08/2009 1006

Croaghill 04/11/2006 06/08/2009 1006

Garryland 10/01/2007 23/06/2009 895

Kilglassan 04/02/2007 21/08/2008 564 21/8/2008 onwards
Knockaunroe 05/11/2006 05/08/2009 1004

Lisduff 05/11/2006 08/07/2009 976

Lough Aleenaun 06/11/2006 19/02/2009 836 19/02/2009
Lough Coy 24/09/2006 05/08/2009 1046

Lough Gealain 11/01/2007 05/08/2009 937

Rathnalulleagh 04/11/2006 08/07/2009 977

Roo 27/09/2007 05/08/2009 678 Before 27/9/2007
Skealoghan 06/11/2006 08/04/2009 975

Termon 05/11/2006 05/08/2009 1004

Tullynafrankagh 01/10/2006 04/08/2009 1038

Turloughmore 06/11/2006 24/06/2009 961

In order to determine the water level accurately, compensation for the variation in prevailing
air pressure was made by means of a combination of BaroDiver® (DI500) and Met Eireann
synoptic station data. The air pressure readings were converted into equivalent water head
and then taken away from the water levels recorded by the Divers. As air pressure varies
exponentially with height according to the barometric data was adjusted prior to
compensation to allow for the difference in elevation between the BaroDiver or Met station
elevation and that of the Diver on site.

Diver and BaroDiver® elevations relative to ordnance datum Malin Head (mAOD) were
obtained using differential GPS surveying techniques. In addition to the adjustment of
barometric data for differences in site elevations, each Diver record had to be adjusted for
differences in the Diver calibration itself (see Naughton, 2011 for details).

3.2.4 Temperature Profiling

Further to the integrated temperature probes housed within the Divers, a vertical array of
temperature probes was installed in an estavelle in Caranavoodaun turlough, Co. Galway to
measure the temporal variation in temperature with depth. A 1.5 m length of plastic pipe was
attached vertically to a 75 kg concrete base. Five Campbell Scientific 109-L temperature
probes were affixed at 0.25 m intervals inside the pipe using cable ties. The 109-L probe uses
a thermistor to record ambient air and water temperature within the range of -10°C to 70°C
with a maximum error of £0.2°C. The probes were connected to a Campbell Scientific CR200
multi-channel data logger attached to a nearby tree above the maximum flood level.
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3.2.5 Precipitation

Three ARG100 tipping bucket rain gauges (Environmental Measurement Ltd) were installed
in Kilchreest (Fig. 3.5a) and Francis Gap (Fig. 3.5b) Co. Galway and Ballintober, Co.
Roscommon. Their purpose was to provide detailed rainfall records and to supplement
existing Irish Meteorological Service (Met Eireann) rainfall and synoptic stations.
Precipitation was recorded at intervals of fifteen minutes; the data were then aggregated into
hourly and daily totals from 0900UTC to 0900UTC and so are consistent with Met Eireann
rainfall station records.

Figure 3.5 Tipping bucket rain gauge at Kilchreest (a) and Francis Gap (b), Co. Galway

A fence was erected around each gauge to prevent interference and damage from livestock.
Rainfall records were downloaded every four to six months.

As a turlough’s characteristic ecology is dependent on the long term hydrological regime, it
was deemed more functional to base any hydrological modelling on long established
precipitation records. Long term data were obtained for a number Met Eireann stations and
utilised in the modelling process. A list of the Met Eireann stations from which meteorological
data was obtained is given in table 3.2.

3.2.6 Evapotranspiration

Daily evapotranspiration data were obtained from Met Eireann synoptic stations located in
Shannon Airport (Co. Clare), Knock Airport (Co. Mayo), and Birr (Co. Offaly). Met Eireann
calculates potential evapotranspiration using the FAO Penman - Monteith equation.
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Table 3.2 Met Eireann synoptic, climatic and rainfall stations from which meteorological data were obtained

: Station Station . .
Location Number Easting Northing Year Open

Shannon Airport Synoptic 518 Clare 6 137900 160300 1937
Birr Synoptic 4919 Offaly 73 207400 204400 1954
Claremorris Climatic 2727 Mayo 71 134500 273900 1943
Ballinagare Rainfall 7129 Roscommon 87 174700 287700 2003
Bayygar Rainfall 2228 Galway 61 178400 252500 1969
Ballyvaughan Rainfall 2321 Clare 23 121500 208300 1984
Carheeny Beg Rainfall 2018 Galway 49 144400 194300 1993
Carron Rainfall 1718 Clare 134 127700 198200 1974
Craughwell Rainfall 2521 Galway 27 149800 220000 1985
Glenamaddy Rainfall 3127 Galway 84 162900 261600 1944
Gort Rainfall 2121 Galway 155 159700 201900 1982
Kikeeran Rainfall 5127 Mayo 27 116400 272800 1994
Loughrea Rainfall 2721 Galway 76 160100 218100 1998
Milltown Rainfall 3027 Galway 50 141000 262800 1944
Roscommon Rainfall 5829 Roscommon 58 186700 264100 1984
Strokestown Rainfall 6329 Roscommon 52 192800 278200 1987

3.2.7 Sea Level Monitoring

As two turloughs lying in the Gort - Kinvarra conduit system (Garryland and Caherglassan)
demonstrated a tidal influence at low stages, tide level data were obtained from the Marine
Institute for analysis. The nearest Marine Institute tide gauges, Galway Port and Inishmore,
consist of OTT Hydrometry CBS Bubbler water level gauges which record accurate tide levels
at six minute intervals in mAOD. Comparison of the two datasets showed that the timing of
high and low tide was synchronous but with Galway Port showing the greater high tide level
by approximately 0.4 m. This is due to the tidal bore effect caused by incoming tidal waters
entering Galway bay. Galway Port tide levels were used in the analysis with Inishmore levels
used to compensate for any missing data points, suitably adjusted for the difference in
maximum level. The tide level time series was reduced to hourly readings to allow
comparison with hourly water level time series for Caherglassaun and Garryland. A plot of
stage for Galway Port and Caherglassaun turlough for May and June 2008 is shown in figure
3.6. The variation in tide level maxima with spring and neap tides is clearly visible as well as
the corresponding effect on water levels within the turlough.
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Figure 3.6 Variation in stage of Galway Port and Caherglassan turlough, Co. Galway

3.2.8 Visual Surveying

A great deal of insight into the hydrological regime and hydrogeology of each site was gained
during the DGPS surveying process. Specific active hydrological features such as estavelles
(Fig. 3.7), springs and swallow holes were identified at a number of sites. In total the location
and nature of over one hundred previously undocumented karst features were identified and
their position accurately surveyed. These features have been submitted for inclusion within

the GSI karst database.

Figure 3.7 Estavelle in operation during turlough recession (a) and dry (b) in Lough Coy, Co. Galway
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3.3 Surveying and Digital Terrain Modelling
3.3.1 Introduction

GPS surveys were carried out on all 21 monitoring sites in order to develop digital terrain
models (DTMs) from which stage / volume / surface area relationships could be defined.
Contour maps, stage — volume and stage - surface area relationships are produced from the
turlough DTMs. The steps involved in the DTM process are shown in the flow chart below (Fig.
3.8).

Turlough Study Site

DGPS Surveying
*Point Distribution

Irregular Topographic Data

Digital Terrain Modelling «—Grid Interpolation
*Gridding
Method

v

Regular Grid Data

A 4 A 4 A 4

Contour Map Stage - Volume Curve Stage - Area Curve

___________________________________________________________________________________

Figure 3.8 Flow chart for the turlough digital terrain modelling process

3.3.2 Global Positioning System Surveying

Global Positioning System (GPS) receivers use the satellite signals to pinpoint their
coordinates on the earth’s surface to within a few metres and, then, with the use of further
methods such as differential GPS (DHPS), down to centimetre accuracy. DGPS involves the use
of a stationary base receiver and one or more mobile rover receivers. As the location of the
base receiver is precisely known, the timing errors for each satellite can be measured at this
receiver using its known coordinates and from the accumulated errors a correction signal is
generated. This signal is transmitted to the rover receiver thus allowing the rover position to
be measured to a high degree of accuracy (Fig. 3.9).
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Figure 3.9 Conceptual operation of differential GPS surveying system (from Maini & Agrawal, 2007)

Using Real Time Kinematic (RTK) surveys, the corrections are transmitted in real time to the
rover, allowing the immediate correction of GPS data and accuracies of up to one centimetre
to be achieved on site without the need for post processing All GPS surveys carried out as part
of this research used DGPS RTK surveying.

3.3.2.1 DGPS Field Surveying

During the summer of 2007 GPS surveying was carried out using a Trimble model 4700 GPS
system (Fig. 3.10a). In early 2008 a Trimble R6 GPS System equipped with the Virtual
Reference Station (VRS) hardware and software was purchased (Fig. 3.10b). This allowed all
surveys to be referenced to the Irish National Grid without the need to locate existing
benchmarks in the survey area. A combination of the R6 and 4700 GPS systems were used to
carry out subsequent surveys. Both systems have identical levels of accuracy and so results
obtained with each system were compatible.
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Figure 3.10 Trimble 4700 GPS system (a) and Trimble R6 GPS system (b)

The procedure used to carry out the GPS surveys is outlined in Naughton (2011). Point
density depended on the terrain variability. Points were taken at approximately ten to fifteen
metre intervals in areas of gentle undulation. In areas of greater topographic variation (such
as estavelles) a spacing of as little as one metre was used. An example of point density for
Blackrock turlough, county Galway can be seen in figure 3.11. Note how point spacing was
much lower in area (a) than in area (b), as area (a) contained a steep-sided channel entering
the turlough whereas area (b) consisted of gently undulating terrain.

The upper boundary of the survey was defined by the maximum water level recorded during
the monitoring period. Often natural barriers such as woodland or impassable marl deposits
were present within the boundary of the turlough, which prevented an area being surveyed in
detail. Areas of open water shallower than 1.5 metres were surveyed using chest waders or a
wetsuit if necessary. A canoe was used to take a limited number of points in areas of deeper
water. When encountering woodland, points were taken at breaks in the canopy within the
woodland, or transects in clear ground beyond it taken and used to define the upper bound. In
total over twenty thousand topographic points were taken with an average of over one
thousand points per turlough. A summary of the surveys is given in table 3.3.
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Figure 3.10 Areas of high point density (a) and of gently undulating terrain with low point density (b), Blackrock
turlough, Co. Galway

Table 3.3 Summary of DGPS survey data

Maximum Number of Spacing
Site Name Stage Points Mean Standard Deviation

(mAOD) (m) (m)
Ardkill 39.78 960 580.0 | 730.6 | 12.6 10.6 6.6
Ballinderreen 14.66 1571 1380.9 | 1208.3 | 9.3 12.8 8.5
Blackrock 26.40 1323 915.3 | 1344.2 | 19.9 12.2 8.2
Brierfield 92.53 1056 1269.0 | 1362.9 | 8.7 14.0 8.1
Caherglassaun 10.51 1554 1686.2 | 1077.1 | 19.4 11.3 7.4
Caranavoodaun 24.53 1043 1190.5 | 636.7 | 10.6 10.6 6.6
Carrowreagh 86.89 739 1436.5 | 8145 | 12.9 155 8.4
Coolcam 84.94
Croaghill 81.16 1091 1167.0 | 982.8 | 9.2 13.0 7.5
Garryland
Kilglassaun 35.27 1028 1004.8 | 1785.0 | 12.1 13.3 8.0
Knockaunroe 30.46 1663 1540.1 | 1412.8 | 14.1 12.4 8.2
Lisduff 50.00 740 977.7 | 1326.1 | 4.8 17.2 8.7
Lough Aleenaun 78.32 880 909.2 | 427.0 | 16.5 9.1 6.4
Lough Coy 18.36 1011 635.9 | 815.3 | 16.6 8.5 6.0
Lough Gealain 30.90 1020 964.0 | 9829 | 9.9 11.8 8.9
Rathnalulleagh 81.40 654 1125.3 | 713.1 | 12.0 12.5 8.0
Roo West 15.38 945 1124.8 | 863.5 | 11.3 12.7 7.3
Skealoghan 34.10 690 933.8 | 753.7 | 83 13.5 7.0
Termon 22.60 831 1115.5 | 992.5 | 10.2 13.7 6.9
Turloughmore 30.16 937 766.3 | 1399.1 | 10.1 12.0 7.6
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3.3.2.2 Water Level Correction

The elevation of each Diver was surveyed to ensure accurate barometric compensation and
adjustment of water level time series data to ordnance datum. Diver elevations during the
2006 / 2007 flooding period were tied in to the temporary bench mark (TBM) at each site
using the Trimble 4700. The TBMs were later adjusted to mAOD using a Trimble R6 VRS
survey. When a Diver was recovered during an inundation period the water level was
recorded with the Trimble R6 to allow the alignment of the time series before and after
recovery as it was impossible to replace the diver in the exact position.

3.3.3 Digital Terrain Modelling

Digital terrain modelling (DTM) provided a way to transform water level data into flooded
areas, volumes and the associated flow rates. Ecologically, DTMs aid in the determination and
representation of depth, duration and frequency of flooding, factors known to be of great
importance to the diversity and characteristic ecology of wetlands.

The elements required for a DTM are a finite number of reference points such as GPS points.
Interpolation or “gridding” is then used to predict or extrapolate the elevation at unobserved
locations based on known elevations at a set of reference points. Much detailed analysis was
carried out comparing eight different gridding methods (Nearest Neighbour, Natural
Neighbour, Kriging, Multiquadratic Interpolation, Triangulation with Linear Regression,
Polynomial Regression, Local Polynomial and Minimum Curvature) and appropriate grid
resolutions, all covered in Naughton (2011). At the end of this process it was decided to use
the kriging gridding method at a 2 m grid resolution for all DTM work.

3.3.3.1 Contour Maps
Once the surface has been computed the software was used to produce contour maps, as
shown for Lough Gealain in figure 3.12. These were also combined with a wireframe plot to
give a 3-D representation of each turlough (Fig. 3.12). The duration and frequency of flooding
for each contour can be calculated from water level time series and combined to give duration

and frequency maps. The contour plots and 3-D surfaces of all of the turloughs are given in
Naughton (2011).
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Figure 3.12 Contour map (top) and 3D terrain model (bottom) of Lough Gealain, Co. Clare

3.3.3.2 Stage Volume and Stage Area Curves
As the points at which inflow and outflow occur within the turlough are submerged during the
period of inundation, direct measurement of flow rates is practically impossible. In the
absence of direct measurements the volumes and net flows are derived by determining the
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changes in volume of the turlough across each time step. Stage volume relationships derived
from digital terrain models were used to transform recorded water levels into volumes, thus
allowing notional flow rates to be calculated. The ability of Surfer® 8 to compute volumes
between two surfaces was utilised to achieve this. Surfer® carries out volume calculations on
solids defined by an upper and lower surface. In this case the upper surface was a horizontal
plane representing a specific water level while the lower was the turlough surface. Volume
calculations were carried out on each grid cell. If the surface at either end of the grid column
was tilted or irregular the volume is approximated by a prism (Fig. 3.13). The accuracy of the
volume calculation increases with increasing grid resolution as the relative size of the
approximated prism is reduced compared to the size of the associated column.

Figure 3.13 Solid used in volume calculation between surfaces for grid cell

Volume and surface area calculations were carried out at 2 cm intervals across the range of
flooding to produce stage - volume curves (Fig. 3.14). A SurferScript program was written to
automate this process and perform and record multiple calculations. The stage volume and
stage area curves for each turlough are given in Naughton (2011).

Two methods were trialled for the application of the stage volume relation to water level time
series: polynomial curve fitting and linear interpolation. Because of inaccuracy at low levels
using polynomial curve fitting, linear interpolation was used to transform the recorded water
level time series into corresponding volume and area time series. In the modelling process,
polynomials were used to convert volume back into stage due to their ease of use.

Chapter 3. Hydrology Page 46



Turloughs: Hydrology, Ecology and Conservation

700000 4500000
600000 - - T 4000000
T 3500000
500000 -
T 3000000 _
NE 400000 - T 2500000 %
g 2000000 g
o | T S
2 300000 E
T 1500000
200000 -+
T 1000000
100000 ~ 1 500000
0 T T T T T T T T 0
10 12 14 16 18 20 22 24 26 28

Stage (MAOD)

Figure 3.14 Stage area and stage volume curve for Blackrock turlough, Co. Galway

3.4 Data Analysis
3.4.1 Water Level Profiles

The first step in classifying and quantifying turlough hydrology is through the analysis of
water level time series. The monitoring period consisted of the three hydrological years:
2006/2007, 2007/2008 and 2008/2009. The general water level profile recorded during the
2006/2007 and 2007/2008 hydrological years demonstrated what is often considered typical
turlough flooding behaviour. In 2006 water levels began to rise in mid September, reaching a
peak in December and another towards the end of January, with emptying occurring from
April onwards. The highest water level recorded in the more flashy turloughs such as Lough
Aleenaun, Turloughmore and Blackrock coincided with the first mid December peak, while
the majority of the other sites displayed a seasonal maximum during late January. A low level
flood event took place in July / August 2007 in a number of turloughs due to unusually high
rainfall for the period, with floodwaters persisting until mid September 2007. The subsequent
dry period caused a later onset of flooding in the 2007/2008 hydrological year whereby
inundation began across all study sites at the end of November. Thereafter, flooding followed
the typical pattern as in 2006/2007 year with most peak water levels taking place in
February. In contrast the 2008/2009 hydrological year showed a distinct pattern with low
level, long duration flooding consisting of several filling and emptying events taking place
throughout the year.

While the maximum flood level over the entire monitoring period occurred during the
2006/2007 year in the majority of sites, others showed the highest overall level during
2007/2008. Turloughs located in the north of the study area, in counties Mayo, Roscommon
and north Galway, as well as those in the Gort area, all recorded maximum levels in the
2006/2007 hydrological year. In contrast, turloughs in Co. Clare and around the Ardrahan
area in Co. Galway showed maxima in 2007/2008. All sites showed the lowest yearly level of
flooding in the 2008/2009 hydrological year.
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Figure 3.15 Rainfall and evapotranspiration for monitoring period from 2006 to 2009 (a), and water level time series
plot for Coolcam (b), Skealoghan (c) and Turloughmore (d)

Within the broadly similar flooding patterns there are some stark contrasts between
turloughs. A plot of water level time series from 2006 to 2009, illustrating the general
seasonal pattern of flooding, can be seen in figure 3.15 b-d with representative rainfall and
evapotranspiration records for the period shown in figure 3.15 a. The water level
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hydrographs demonstrate the range of flooding regimes observed across the monitored
turloughs. At one end of the scale are sites like Turloughmore, Co. Clare (Fig. 3.15 b), which
display a multimodal flooding regime consisting of a series of rapid filling and emptying
events. At the other end of the flooding spectrum are sites such as Coolcam, Co. Galway, which
show a single long duration flood event with an extended recession within each hydrological
year (Fig. 3.15 d). The regimes of Skealoghan (Fig. 3.15 c) and many others lie somewhere in
between these extremes, and possess a wide variety of depth, duration and frequency
characteristics.

Some turlough pairs display practically identical water level profiles, such as Garryland and
Caherglassan, Lough Gealain and Knockaunroe, and Rathnalulleagh and Carrowreagh. The
sites that show the greatest level of similarity are geographically close to each other,
suggesting the possibility of hydraulic connections between them allowing simultaneous
responses to occur. Other sites within close proximity, such as Ardkill and Skealoghan, have
substantially different regimes with Ardkill showing deeper flooding and markedly longer
recession characteristics than Skealoghan.

A comparison of water level hydrographs with the rainfall record of the same period shows a
strong relationship between rainfall and flood dynamics. Each filling event corresponds to a
period of intense, prolonged rainfall while the recession limbs all occur during a period of
little or no rainfall. This relationship is particularly strong during the winter months due to a
combination of high rainfall and lower losses due to evapotranspiration. A clear example of
this can be seen in the Turloughmore hydrograph (Fig. 3.15 b) as each distinct flood event has
a corresponding set of rainfall events. Sufficiently intense rainfall during the summer period
can also cause flooding to occur, but on a smaller scale due to the greater losses associated
with higher evapotranspiration. The low antecedent rainfall conditions create a cumulative
soil moisture deficit and storage within the aquifer itself, which further dampens the effect of
rainfall during the summer months. For example, the rainfall events that occurred in mid
2007 had an effect on all three turloughs, but the form of this response varied depending on
the flow dynamics of each system. Distinct flood events occurred in figure 3.15 b and c.
However, flooding occurred earlier and had a longer duration in Skealoghan than in
Turloughmore. Due to the long recession characteristics of Coolcam (Fig. 3.15 d) the turlough
had not yet fully emptied and so the corresponding rainfall events halted the recession rather
than causing fresh flooding.

Despite the clear differences in hydrological regime across the study sites, a comparison of
peak levels shows similarities in the timing of response to rainfall events. Following the
cessation of rainfall the net flow direction quickly becomes negative in flashy turloughs
leading to a rapid fall in water levels. The result of this is a hydrograph characterised by
number of clearly defined peaks and discrete flood events. This reversal of flow direction is a
much slower process in turloughs like Coolcam. The lower recession rate means that
sustained rainfall has a greater cumulative effect on the water level hydrograph in these sites.
During a period of little or no rainfall the level in the turlough drops at a much slower rate
than is witnessed in flashy turloughs, leaving the turlough at a relatively high level when
rainfall resumes. Thus, while the timing of peak flood levels may be similar across a wide set
of turloughs, the magnitude of the peaks themselves can differ greatly. A demonstration of
this is shown using the peaks periods 1, 2 and 3 in the 2006/2007 hydrological year (Figure
3.16).
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Figure 3.16 Magnitude of peak water levels during the 2006/2007 inundation period for Turloughmore, Skealoghan
and Coolcam turloughs

While a peak or significant change in slope occurred in all turloughs during periods 1, 2 and 3
the relative magnitude of each peak was different for each turlough; the annual maximum
level occurs in Turloughmore in period 1, in Skealoghan in period 2 and in Coolcam in period
3. Following peak 1 the higher drainage capacity of Turloughmore allowed the water level to
drop sufficiently so that the causative rainfall for peak 2 resulted in a lower overall level.
While the water level in Skealoghan also fell following peak 1, it was at a slower rate than that
of Turloughmore and so when rainfall resumed it caused the highest recorded level in peak 2.
Due to the slow recession rate of Coolcam, the water level scarcely dropped following both
peaks 1 and 2 and so the cumulative effect of this led to the highest water level occurring
during peak 3. This contemporaneous behaviour of peaks has implications for the nature of
turlough flow systems. It implies a confined flow system where changes in pressure are
rapidly felt throughout, rather than a phreatic system where a lag dependent upon the
position of the turlough within the system would be expected. The relative timing of peak
water levels is further investigated later in terms of the hydro-ecological indicators.

3.4.2 Depth-Volume-Area Analysis

The stage volume and stage area relationships derived from digital terrain models were used
to transform water level time series into corresponding volume and area time series for each
site. This allowed a detailed examination of turlough flow dynamics as the net flows into or
out of the turlough can be calculated, as well as quantifying changes in flood extent. The plots
of water level, volume and area are provided for all twenty one study sites in Naughton
(2011). Summary statistics quantifying the turloughs in terms of maximum water depth,
volume, area and average depth are given in table 3.3. Maximum water level fluctuation or
flood depth was calculated as the difference between the lowest topographic point surveyed
within the turlough and the maximum recorded water level. Average depth is the maximum
volume divided by the maximum area.

The large range of flooding in terms of depth, volume and area demonstrates the great
diversity in the characteristics of turloughs as hydrological entities. At one end of the scale lie
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shallow expansive basins such as Ballinderreen, where the average depth of flooding was only
0.85 metres across an area of almost 60 hectares. At the other extreme lie turloughs
occupying steep sided depressions with substantial depths of flooding, such as Lough Coy.
Covering only 25 hectares, Lough Coy was one of the smallest turloughs monitored in terms of
area but when full contained approximately 1.5 million m3 and reached maximum depths far
in excess of those in Ballinderreen and many others.

Table 3.3 Summary statistics of maximum turlough flood depth, volume, area and average depth

Site ID Site Name Max Depth qu Volugm = o Are;a Juerage
(m) (000 m’) ('000 m°) Depth (m)

1 Skealoghan 3.2 382.2 326.8 1.17
2 Ardkill 7.7 652.6 2334 2.8

3 Kilglassaun 49 809.6 510.4 1.59
4 Coolcam 4.5 1570.2 781.2 2.01
5 Croaghill 4.4 636 386.1 1.65
6 Rathnalulleagh 8.2 877.9 294.6 2.98
7 Carrowreagh 8.1 546.2 282.5 1.93
8 Brierfield 4.2 933.5 541 1.73
9 Lisduff 3.0 771.3 537.4 1.44
10 Caranavoodaun 3.8 498.5 345.5 1.44
11 Blackrock 154 4008.1 592.9 6.76
12 Lough Coy 10.6 1479.1 252.6 5.86
13 Garryland 10.9 23304 420.8 5.54
14 Caherglassaun 9.4 2998.9 626.1 4.79
15 Termon South 3.7 956 420 2.28
16 Roo West 5.5 1077.3 409.9 2.63
17 Turloughmore 35 416.5 307.9 1.35
18 Lough Gealain 49 919.9 357.9 2.57
19 Knockaunroe 5.8 1841.6 788.2 2.34
20 Lough Aleenaun 5.9 355.6 137.1 2.59
21 Ballinderreen 43 592.6 695.2 0.85

Range (3.0-15.4) (355.6 —4008.1) (137.1-788.2) (0.85-6.76)
3.4.2.1 Depth

Maximum depth of flooding varied substantially between monitored turloughs, reflecting the
differences in characteristic flood regime and geomorphology of each site (Fig. 3.17). Flood
depths ranged from 3.0 to 15.4 metres with Blackrock turlough, Co. Galway, displaying the
greatest fluctuation and Lisduff, Co. Roscommon, showing the least. Broadly speaking the
variation in flood depth reflects the topography of the flood basin. Sites showing a low range
of flooding tended to be shallow extensive depressions with gentle side slopes, whereas
turloughs with a greater flood depth were formed in steeper sided basins. The four highest
flood depths were displayed by turloughs forming part of the Gort - Kinvarra chain, a conduit
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karst system running from the foot of the Slieve Aughty Mountains in the east to springs
discharging into Kinvarra Bay in the west. This system combines large quantities of allogenic
recharge, extensive catchment area, a high capacity conduit system and relatively deep
surface depressions created the conditions for such a high flood range. As mentioned before
and can be seen in figure 3.17 below, the year containing the highest overall flood level varied
between turloughs, with the majority of sites recording a maximum in 2006/2007. All sites
showed the lowest level of flooding in the 2008/2009 hydrological year.

18
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Figure 3.17 Maximum turlough flood depths recorded during the hydrological years 2006/2007, 2007/2008 and
2008/2009. Site ID is given in table 3.3 above.

3.4.2.2 Volume

The maximum recorded volume of each turlough for the 2006/2007, 2007/2008 and
2008/2009 hydrological years is shown in figure 3.18. There was a greater degree of variation
in volume between the study sites than was witnessed between corresponding turlough
depths. An order of magnitude difference existed between the largest and smallest sites
volumetrically, with Lough Aleenaun filling to around 350,000m3 compared to the 4 million
m3 of Blackrock. As with the depth data, the turloughs of the Gort — Kinvarra chain showed the
highest maxima, with total volumes ranging from 1.5 million to 4 million m3. The fluctuations
in level and volume of Blackrock dwarf those of most other turloughs. In a three day period
the water levels rose by approximately six metres with a corresponding inflow of 1.6 million
m3, equating to an average flow rate of 6m3/s sustained for the entire 3 day period. As the
range of volumes is so great, a second plot comparing turloughs whose mean volume was less
than 1 million m3 is given in figure 3.19.
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Figure 3.18 Maximum turlough flood volumes recorded during the hydrological years 2006/2007, 2007/2008 and
2008/2009
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Figure 3.19 Maximum turlough flood volumes under 1 million m® recorded during the hydrological years 2006/2007,
2007/2008 and 2008/2009

The most noticeable yearly variation in maximum volume occurred in sites 6, 7 and 8, all sites
within a 3 km radius of each other in Co. Roscommon. The yearly reduction was particularly
acute in site 7, Carrowreagh, with the volume almost halving year on year. A comparison of
cumulative rainfall from the Roscommon rainfall station gives some insight into the cause of
this decline in maximum volumes. Cumulative rainfall was calculated starting just before the
onset of flooding to just after the peak water level. The reason for the lowest flood volume
occurring during 2008/2009 is clear as the cumulative rainfall over the period is significantly
lower than the other two years (Fig. 3.20). It shows a high frequency of days with little or no
rainfall (Fig. 3.21) where the turloughs had sufficient time to partially empty and for storage
to build up within the system, thus lessening the effects of subsequent rainfall. While the
2006/2007 cumulative rainfall total of 500 mm was only marginally higher than that of
2007/2008, the rate at which this was reached was significantly faster occurring a full week
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earlier in 2006/2007 than 2007/2008. While all periods followed the characteristic J-
distribution for daily rainfall frequencies, the period containing the 2007/2008 showed the
highest frequency of days with no rainfall (Fig. 3.21). These dry periods, represented by
horizontal sections within the cumulative rainfall plot, would have facilitated draining of the
catchment storage and even partial outflow from the turlough itself, thereby dampening the
effect of subsequent rainfall events. The timing of rainfall may also have impacted upon the
maximum levels reached. 2008/2009 began in August, much earlier than the other 2 years,
and so would have had higher evapotranspiration losses further reducing recharge available
for flooding.
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Figure 3.20 Cumulative rainfall plot for Roscommon rainfall station during major 2006/2007, 2007/2008 and
2008/2009 flooding events

Another contributing factor to relative levels in 2006/2007 and 2007/2008 was the
antecedent flood conditions. The flood event resulting in the 2006/2007 maximum
immediately followed a lesser flood event in September 2006. As a result of this previous
event the system would have been close to saturation with little storage available to dampen
the effects of subsequent rainfall events. In contrast the 2007/2008 flood event followed an
extended dry period and so the drainage capacity of the flow systems would not necessarily
have been operating at full capacity and a portion of effective recharge would have been taken
up as storage within the system.

Chapter 3. Hydrology Page 54



Turloughs: Hydrology, Ecology and Conservation

35

W 2006/2007

[l 2007/2008

0 2008/2009

Frequency (days)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Rainfall (mm/day)

Figure 3.21 Daily rainfall frequency distribution for Roscommon rainfall station during major 2006/2007, 2007/2008
and 2008/2009 flooding events

3.4.2.3 Area

While sites showing the greatest depth generally corresponded to the largest turloughs
volumetrically, a different set of sites showed the greatest flooded area (Fig. 3.22). Flooded
area is a reflection of turlough basin topography and geomorphology, with the highest areas
shown by those turloughs located in shallow expansive basins. The largest recorded area over
the monitoring period was that of Knockaunroe, located in the Burren, Co. Clare, which
covered almost 80 ha at its peak with an average depth of 2.34 m. Another Burren turlough,
Lough Aleenaun, accounted for the smallest at only 13.7 ha. Here for the first time the
turloughs of the Gort - Kinvarra chain are not the extreme case with Blackrock, the turlough
considerably the largest in terms of depth and volume, ranking only fifth in terms of area.
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Figure 3.22 Maximum turlough flooded area recorded during the 2006/2007, 2007/2008 and 2008/2009 hydrological
years

Chapter 3. Hydrology Page 55



Turloughs: Hydrology, Ecology and Conservation

While area may seem the least important of the hydrological variables, it can be a controlling
factor in terms of mixing, evaporation, direct rainfall, nutrient release and ecological
disturbance. Shallow expansive turloughs are more likely to be completely mixed than smaller
deeper sites as a greater surface area per unit volume is exposed to wind which induces
turbulence in the water column as it drags across the water surface. A greater area potentially
means higher levels of evaporation and direct rainfall, both important in the interpretation of
stable isotope and water chemistry data. Turloughs covering large areas may also be more
susceptible to nutrient release from subsoils, particularly those with a low average depth. The
rate at which flooding expands or recedes is important for ecological communities. This can
be a controlling factor for aquatic invertebrates as some species are not mobile enough to
adapt to rapidly fluctuating conditions, and so the rate of areal change can be a limiting factor
in community composition (e.g. aquatic invertebrates; see Chapter 8: Aquatic Invertebrate
Communities).

3.4.3 Temporal Variability

Annual changes in precipitation will generate different responses in terms of timing, duration
and frequency of turlough flooding. Significant yearly differences in maximum flood level
could result in shifting boundaries between vegetation communities, as variable levels of
disturbance are experienced by ecological communities in the upper reaches of turlough
basins. The temporal variability of hydrological parameters was compared using the ratio of
highest to lowest yearly maxima across the monitoring period (Fig. 3.23). Statistics for the
maximum flood depth, volume and area are given in table 3.4. Volume was found to show the
greatest variation between years with an average ratio of 1.67, meaning the highest recorded
volume was 1.67 times greater than the lowest.

The three Roscommon turloughs, Rathnalulleagh, Carrowreagh and Brierfield, showed the
greatest degree of yearly variation with the volume in Carrowreagh turlough reducing by a
factor of over 3.5 between the inundation periods of 2006/2007 and 2008/2009. The mean
area variability ratio was 1.26, while depth of flooding was the most stable parameter across
the monitoring period with a mean ratio of 1.2. When the geomorphology and topography of
turlough basins is considered, depth would intuitively be the least variable parameter. As
depth of flooding increases the volume of water (and associated rainfall) required for each
incremental rise in depth becomes greater, as shown in the stage / volume / area
relationships (Naughton, 2011). Therefore while the difference in maximum flood levels may
be small in terms of the overall flood depth, the increase in volume associated with this
difference is proportionally much greater.
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Figure 3.23 Ratio of highest to lowest yearly maximum for depth, volume and area for 21 study sites

Table 3.4 Ratio of highest to lowest yearly maxima for hydrological parameters of depth, volume and area

Site Name Depth Volume Area
Carrowreagh 1.29 3.77 1.99
Roo West 1.68 3.02 1.76
Brierfield 1.37 2.38 1.32
Caranavoodaun 1.35 2.37 1.38
Rathnalulleagh 1.31 2.17 1.47
Garryland 1.31 1.68 1.37
Blackrock 1.24 1.64 1.3

Knockaunroe 1.19 1.56 1.19
Caherglassaun 1.26 1.56 1.23
Ballinderreen 1.07 1.46 1.17
Lough Gealain 1.21 1.45 1.19
Coolcam 1.17 1.44 1.2

Skealoghan 1.11 1.36 1.11
Ardkill 1.12 1.34 1.28
Croaghill 1.08 1.24 1.07
Termon South 1.14 1.24 1.07
Kilglassaun 1.05 1.14 1.1

Turloughmore 1.03 1.09 1.03
Lough Aleenaun 1.04 1.09 1.04
Lisduff 1.04 1.08 1.03
Lough Coy 1.04 1.07 1.06

Despite the distinct rainfall patterns that occurred within each hydrological year a number of
turloughs displayed a remarkably consistent maximum flood extent across the entire
monitoring period. The cause of this stability varies between sites. In some cases it is a result
of the flooding regime whereas in others topographic features exert control on the flood level.
Lough Aleenaun and Turloughmore, for example, have highly flashy flooding regimes,
responding rapidly to rainfall events. While the seasonal rainfall pattern may have been
different between years, each year incorporated a series of rainfall events of similar
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magnitude and duration that caused the maximum water level within that year. Thus while
the frequency and duration of flooding may have varied depending upon the overall rainfall
pattern, the maximum level remained steady. In the case of Lough Coy and Ballinderreen
maximum flood levels are limited, artificially via a drainage channel in the case of
Ballinderreen and naturally via a connection to an adjoining depression in Lough Coy. The
reason for such consistency in Lisduff is unclear, but possibly the presence of an overflow
connection to a neighbouring bog serves as a control at high water levels. Alternatively,
perhaps at higher levels the flood waters interact with a distinct flow system which can
accommodate the excess. The elevation of well established roads and farm buildings
bordering the turlough supports the idea of a stable long term maximum flood level and an
associated limiting factor to flood extent, as they are only slightly above the recorded
maximum level.

3.5 Flow Dynamics
3.5.1 General

Through the analysis of net flows entering and exiting a turlough an insight into their
hydrological operation as part of an integrated karst flow system can be gained. Initially the
highest recorded average daily net inflow and outflow values were calculated for each site
(Table 3.5). The inflow magnitude is indicative of the properties of a turlough’s catchment
area and flow capacity, while outflow is a function of the drainage capacity of the system. The
relative magnitude of inflow and outflow values shows that all turloughs have the ability to fill
significantly faster than they empty, with a maximum average daily inflow / outflow ratio of
2.91. As it is thought to be a lack of capacity or constriction within the system that causes
turlough flooding, it is intuitive that maximum inflow values would exceed outflow. Water fed
to the turlough via direct rainfall, overland flow and shallow groundwater flow would also
serve to further increase the divergence between the recorded flow maxima.

Blackrock turlough showed the greatest average daily inflow of over 10 m3/s which equates
to an increase in volume of around 886000 m3 in a single day, a figure greater than the
maximum volume recorded in the majority of the other study sites. This inflow is also
approximately 8 times higher than the maximum inflow in neighbouring Lough Coy. The main
reason for this difference is the form of the connection between turlough and karst system.
Blackrock and Lough Coy lie along the same conduit system which is fed by the predominantly
allogenic Owenshree River running off the sandstone Slieve Aughty Mountains. At high flow
rates the capacity of the conduit system flowing beneath Blackrock is exceeded causing the
Owenshree River to discharge directly into the turlough. This does not occur in Lough Coy,
which is isolated from any surface water inputs and solely fed via an estavelle joining the
underlying conduit system. Therefore flow from the river which cannot be accommodated
within the conduit, and thus cannot fill Lough Coy, can enter Blackrock directly causing the
extremely high volume increase shown. A comparison of inflow/outflow ratio supports this,
with Blackrock showing a ratio of over 5 while the Lough Coy ratio is only 1.58, as in Coy most
flood waters enter and exit via connections to the conduit system.
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Table 3.5 Maximum average daily net inflow and outflows, inflow: outflow ratio and inflow and outflow as a
percentage of maximum volume for study sites

Aver?ge Aver?ge Daily Inflow :
Site Name Daily Daily Inflow / / Volume Daily Outflow
Inflow Outflow Outflow / Volume (%)
(m’/s) (m’/s) (%)

Skealoghan 1 0.500 -0.166 3.0 113 3.7
Ardkill 2 0.439 -0.086 51 5.8 1.1
Kilglassaun 3 1.626 -0.488 33 17.4 5.2
Coolcam 4 0.684 -0.193 3.6 3.7 1.1
Croaghill 5 0.496 -0.117 4.3 6.7 1.6
Rathnalulleagh 6 0.461 -0.325 1.4 4.5 3.2
Carrowreagh 7 0.523 -0.214 2.4 8.3 3.4
Brierfield 8 0.380 -0.134 2.8 3.5 1.2
Lisduff 9 0.341 -0.157 2.2 3.8 1.8
Caranavoodaun 10 0.309 -0.162 1.9 5.4 2.8
Blackrock 11 10.253 -2.018 51 22.1 4.4
Lough Coy 12 1.331 -0.842 1.6 7.8 4.9
Garryland 13 1.832 -0.626 29 6.8 23
Caherglassaun 14 2.496 -1.192 2.1 7.2 3.4
Termon South 15 0.254 -0.149 1.7 23 1.4
Roo West 16 0.995 -0.275 3.6 8 2.2
Turloughmore 17 1.746 -0.585 3.0 36.2 12.1
Lough Gealain 18 0.844 -0.222 3.8 7.9 2.1
Knockaunroe 19 1.333 -0.582 2.3 6.3 2.8
Lough Aleenaun 20 1.548 -0.555 2.8 37.6 135
Ballinderreen 21 0.594 -0.271 2.2 8.7 3.9
Mean 2.91 10.5 3.7
Standard Deviation 1.05 9.9 3.3

The higher flow rates did not consistently correspond to the largest estimated catchment
areas (Fig. 3.24), but rather the ability of rainfall to rapidly enter and exit the turlough. The
mechanism facilitating these rapid flows varies between sites. In Blackrock it is due to a
combination of a major conduit system running beneath the turlough and a river feeding
allogenic recharge directly into the turlough. The river and conduit system is capable of
supplying water in large quantities following rainfall events due to the large catchment area.
This catchment is comprised of steep sided, relatively impermeable bedrock of the Slieve
Aughty Mountains. This enables rapid filling of the turlough, while the conduit system has
sufficient capacity to drain this water with comparable speed following the cessation of
rainfall. On a much smaller scale are the turloughs Lough Aleenaun and Turloughmore. In this
case both turloughs are located in the Burren, an area of thin or absent soil cover which
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allows rainfall to enter the karst system almost immediately. Coupled with this both turloughs
lie at the foot of steep hills which provides a high hydraulic gradient allowing rapid flow into
the turloughs. The relative capacity of the outflow system is also extremely high, higher even
than that of Blackrock, resulting in a hydrological regime characterised by frequent, distinct

flood events.
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Figure 3.24 Plot of maximum average daily inflow against estimated catchment area for 17 monitoring sites
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Figure 3.25 Ratio of maximum Inflow/ volume and maximum outflow/ volume for monitoring sites

To illustrate the relative scale of turlough flows, the maximum inflow and outflow values were
calculated as a percentage of highest recorded volume over the monitoring period (Table 3.5,
Fig. 3.25). Inflow ratios range from 2.3 to 37.6% while outflows were 1.1 to 13.5%. The ratios
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further demonstrate the continuum of temporal flooding behaviour from slow to fast. The
lowest ratios are shown by those sites characterised by low frequency, long duration flooding
with ratios increasing through intermediately responsive sites up to the flashy multimodal
flooding regime of Lough Aleenaun.

The lowest inflow ratio was shown by Termon turlough, Co. Galway. The hydrograph of
Termon reflects this with a longer than average filling period and maximum water level
between 35 to 55 days later than the average across the study sites. The characteristic
extended recession of Termon is also represented here with a low outflow/maximum volume
percentage of 1.4%, which signifies that, even at maximum recorded outflow capacity, it
would take 75 days for the turlough to empty. The hydrographs of other turloughs with
similarly low outflow / volume percentages, such as Coolcam and Brierfield, also show
lengthy recession limbs and corresponding long duration of flooding.

The inflow and outflow figures of Turloughmore (site 17) and Lough Aleenaun (site 20) are
the most significant in terms of overall maximum volume. The highest daily increases of
150780 m3 in Turloughmore and 133747 m3 in Lough Aleenaun represent 36.2% and 37.6%
of the total maximum recorded volume in each turlough. The corresponding outflow
percentages of 12.1% and 13.5% are also the highest recorded within the study sites. As a
result of this behaviour both sites show a highly fluctuating regime with numerous filling and
emptying events. Lough Aleenaun was the archetypal example of this with 16 distinct flood
events recorded during the monitoring period.

3.5.2 Inflow Analysis
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Figure 3.26 Plot of flow and rainfall for rising limb of volume hydrograph during 2007/2008 main flood event, Lough
Gealain turlough, Co. Clare

To investigate the filling characteristics of turloughs and the link with rainfall in more detail, a
subset of ten turloughs were selected representing the full range of hydrological regimes and
spatial distribution of the study sites. As many turloughs showed comparable volume
hydrographs and therefore similar inflow behaviour, particularly neighbouring sites such as
Lough Gealain and Knockaunroe, a subset was chosen to avoid repetition of analysis in the
initial stage of the investigation. The volume time series representing the main flood event
during the 2007 /2008 hydrological year and the corresponding precipitation time series from
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the nearest rainfall station were collated for all sites. The rising limb of the volume
hydrograph was isolated within the time series and net daily flow rates calculated for each
daily time step. A plot of flow and rainfall for the period from the onset of flooding until the
highest volume recorded during the 2007/2008 hydrological year shows the general turlough
flow behaviour and response to rainfall (Fig. 3.26).

As would be expected given the variations in turlough size and hydrological behaviour, the
magnitude of inflow varied substantially but there were similarities in inflow behaviour
between turloughs in the same geographical area (Fig. 3.27). Seven of the sites showed
maximum average daily inflows of a similar scale in the range of 0.24 to 0.42 m3/s, although
the duration that the higher flow rates were sustained for was highly variable. No clear
relationship existed between estimated catchment area and maximum net inflow, illustrating
the dependence of inflow on properties other than the catchment area such as catchment
gradient, flow system type, degree of karstification, and the nature of the connection between
flow system and turlough.
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Figure 3.27 Average daily flow for three turloughs following the onset of flooding in 2007

The remaining three sites, Lough Coy, Turloughmore and Lough Gealain, showed larger flow
rates of up to 1.74 m3/s (Fig. 3.28). Turloughmore shows the highest net inflows but these
were sustained only for a very short period. Of these three sites it has by far the smallest
catchment, so there is insufficient area from which to derive recharge compared to the other
two sites. However, the steepness of the catchment and the heavily karstified nature of the
area allow a recharge and runoff rate sufficiently high enough to produce flows of comparable
scale, which take the form of pulses of rainfall passing quickly through the system temporarily
routed through the turlough. In comparison, Lough Coy did not reach the same maximum
values but is able to maintain high inflows for a longer duration due to the greater catchment
area drained by the karstic conduit system to which the turlough is linked.

An inconsistency can be seen after the 5t of January in Lough Coy where little or no flow
appears to occur, compared to the highly fluctuating flows of the other two sites. This
discrepancy is due to the interaction of Lough Coy with an adjoining basin at high stages.
When the turlough reaches a threshold level it overflows across into an adjacent depression,
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limiting the maximum water level and causing an apparent flow cessation in the hydrological
record. The exact role this additional storage plays in the hydrological regime of Lough Coy is
unknown but is focus of ongoing research.

2
—Lough Coy
m —Turloughmore
"’E Lough Gealain
=
o
LL
>
'©
o)
()
o
o
o
>
<
-1 T T T T T T T
28-Nov 08-Dec 18-Dec 28-Dec 07-Jan 17-Jan 27-Jan 06-Feb

Date

Figure 3.28 Average daily flow for Lough Coy, Turloughmore and Lough Gealain following the onset of flooding in
2007

3.5.2.1 Flow Transition

The turloughs within the analysis subset were highly variable in terms of their temporal flow
behaviour. The time between the cessation of rainfall and the occurrence of flow transition or
change in flow direction is indicative of the underlying karst flow system and was found to
have a strong role in determining the characteristic hydrological regime of a turlough. While a
few maintained a net inflow for most or all of the monitoring period, most sites fluctuated
from net inflow to net outflow on a number of occasions in response to the prevailing rainfall
conditions. The number of days of net inflow and net outflow recorded at the sites for the
period 1/12/2007 to 31/1/2008 is shown in figure 3.29. This interval was chosen as it
covered the major net inflow period between the flooding onset and maximum water levels
for all sites, and so allowed the comparison of filling behaviour across a range of sites and in
response to the same general rainfall signal. Taking into account local differences in rainfall,
this reveals the general trend in transition time from inflow to outflow. Sites where this
occurs quickly, such as Turloughmore and Skealoghan, have a higher frequency of flooding
and the capacity of the flow system is high relative to the volume stored within the turlough.
Sites where this occurred at a slower rate, such as Lisduff and Termon, were characterised by
much longer duration, low frequency flooding and so represented a lower disturbance
environment.
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Figure 3.29 Number of days of net inflow and net outflow for flow analysis subset during the period 1/12/2007 to

31/1/2008

However, the duration of each flow type does not fully reflect the overall flow behaviour as
there was a disparity between number of outflow days and the relative magnitude of the
outflow during the analysis period, with some sites reaching far greater net outflows than
others as demonstrated by the inflow to outflow ratios (Fig. 3.30). Despite Turloughmore
experiencing a net outflow for 15 days more than a net inflow, the volumes over this period
are approximately equal with a ratio of 1:1. Both Ardkill and Rathnalulleagh showed the same
inflow and outflow durations, though the greater outflow capacity of Rathnalulleagh results in

aratio of 6:1 compared to only 18:1 in Ardkill.
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Figure 3.30 Sum of daily net inflow and net outflow including inflow: outflow ratio for flow analysis subset during the

period 1/12/2007 to 31/1/2008
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The effect of differences in flow behaviour is clearly demonstrated by comparing the net flows
in the geographically close turloughs of Skealoghan and Ardkill (Fig. 3.31). Despite the
estimated zone of contribution for Skealoghan being twice that of Ardkill, the two turloughs
show remarkably similar inflow characteristics in terms of quantity and timing with
coincident net inflow peaks occurring in both series. The major difference in flow behaviour
occurs following the cessation of rainfall and the subsequent transition to net outflow.
Skealoghan shows a much shorter transition time and displays a net outflow for 25 days of the
analysis period, reaching a maximum average net outflow of 0.087 m3/s. This compares with
only 12 days of net outflow in Ardkill, and a maximum outflow of 0.027 m3/day which equates
to less than a third of that shown in Skealoghan. The cumulative effect of this, as shown in the
lower plot, is a volume approximately 150000 m3 greater in Ardkill than in Skealoghan at the
end of the analysis period. This “easier” drainage for Skealoghan makes sense as it helps to
offset the effect of a larger catchment area, i.e. if its drainage characteristics were similar to
Ardkill, then the inflow characteristics would presumably not be so similar.
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Figure 3.31 Net flow and volume for Skealoghan and Ardkill turloughs, Co. Mayo
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Another interesting feature of the flow hydrograph is the behaviour of Skealoghan during the
significant recession period in mid December 2007. Following the cessation of rainfall the net
flow rate decreased, eventually reversing direction and becoming a net outflow. The net
outflow rate then appears to plateau at approximately -0.07m3/s. This behaviour was
repeated in other turloughs that experienced significant recessions during the analysis period,
and potentially points to a characteristic maximum outflow capacity limiting the recession
and is further investigated later.

3.5.2.2 Inflow and Rainfall

The inflow time series and corresponding precipitation time series from the nearest rainfall
station during the analysis period were collated for all sites. Plots of net inflow clearly show a
strong relationship between net inflow and rainfall, with peaks in the inflow time series in
evidence after each major rainfall event (Fig. 3.32). When rainfall ceased, the net inflow
dropped eventually transitioning to a net outflow following sufficiently long dry spells. The
time for this transition to occur differed greatly between the sites. Generally the highest
inflows coincided with the greatest magnitude rainfall event, but this was not always the case.
The rainfall-inflow relationship displayed a cumulative effect where high inflow rates were
generated by a series of consecutive lower intensity rainfall events. Another factor affecting
the association between rainfall and inflow was the preceding flow conditions. The flow
response shown by turloughs to similar magnitude rainfall events was less following a
recession period than following a prolonged filling period. It was also apparent that the length
of the recession had an effect upon the level of inflow, with longer recessions further damping
the inflow response.
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Figure 3.32 Plot of average daily flow and rainfall for rising limb of volume hydrograph during 2007/2008 main flood
event for Ardkill, Co. Mayo

A clear delay can be seen between the rainfall event itself and the corresponding maximum
inflow. This would be expected as it would take some time for rainfall-derived recharge to
enter the karst system and thereafter the turlough. Time-lagged correlation was used to
quantify the length of this delay for each turlough, whereby net flow values were correlated
with rainfall offset by varying intervals; the lag corresponding to the maximum correlation
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coefficient was thus identified (Table 3.6). A number of individual lags were also checked
manually and found to match those indicated by those of the time-lagged correlation. The
delay, ranging from 1 to 3 days, showed little difference between sites and was not related to
overall turlough hydrological regime, as turloughs with radically different flood durations and
frequencies showed identical lag.

Table 3.6 Maximum inflow, time-lagged correlation coefficients and lag for flow — rainfall analysis

Site Name Sli;e (::55 y Lag Correlation Avera:?;i ;Z)terval C;:"::Ir;;in
Skealoghan 1 2 0.64 5 0.84
Ardkill 2 2 0.62 6 0.87
Kilglassaun 3 1 0.41 6 0.59
Coolcam 4 3 0.51 7 0.74
Croaghill 5 2 0.65 6 0.80
Rathnalulleagh 6 2 0.43 9 0.73
Carrowreagh 7 2 0.49 4 0.71
Brierfield 8 2 0.46 7 0.76
Lisduff 9 2 0.34 7 0.75
Caranavoodaun 10 3 0.56 9 0.67
Blackrock 11 1 0.67 3 0.74
Lough Coy 12 2 0.36 8 0.76
Garryland 13 3 0.56 8 0.79
Caherglassaun 14 1 0.59 6 0.72
Termon 15 1 0.67 7 0.73
Roo West 16 3 0.59 6 0.74
Turloughmore 17 1 0.76 4 0.79
Lough Gealain 18 1 0.78 5 0.89
Knockaunroe 19 3 0.69 7 0.88
Lough Aleenaun 20 1 0.80 3 0.77
Ballinderreen 21 1 0.54 3 0.67

The level of correlation could be improved by using average rather than time-lagged rainfall
(Table 3.6). Average rainfall at time t, ARy, is given by:

n
2R
AR, =0
n

Where n is the averaging interval, is the number of preceding days rainfall is averaged over.
Correlation was found to increase to a maximum after between four and nine days and then
drop off, as shown for example in Ardkill turlough (Fig. 3.33). The averaging intervals
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corresponding to maximum correlation are given in table 3.6. The process of averaging
rainfall is in effect applying an instantaneous unit hydrograph to the rainfall data, where the
length of the unit hydrograph is defined by the interval with the highest correlation coefficient
and an equal weight of 1/interval is applied to each ordinate of the hydrograph. The
applicability of unit hydrographs for generating inflow from rainfall records shown here is
further developed in the turlough modelling process as described later.

Correlation Coefficient

0.3

0 1 2 3 4 5 6 7 8 9

Averaging Interval (days)

Figure 3.33 Correlation coefficient between inflow and average rainfall over varying averaging periods for Ardkill
turlough, Co. Mayo
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Figure 3.34 Plot of volume and cumulative rainfall for Ardkill turlough, Co. Mayo, for the period 23/11/2007 —
11/2/2008

Given the high correlation identified between rainfall and net inflow, the connection between
turlough volume and cumulative rainfall was investigated to quantify this relationship on a
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level which is less sensitive to small-scale effects and data errors. A plot of cumulative rainfall
was generated for each turlough within the subset from onset of flooding to maximum level
and compared to corresponding volume data (see example from Ardkill, Fig. 3.34). Where
sites displayed a significant recession during the analysis period the longest continuous phase
of net inflow was extracted from the dataset and correlated with cumulative rainfall. The
inflow duration and correlation coefficients between cumulative rainfall and volume are
shown in table 3.7, with all sites in the subset showing high coefficients in excess of 0.95 and
the gradient of the recession line denoted as the notional area.

Table 3.7 Correlation coefficients between cumulative rainfall and volume and notional zone of contribution areas for
inflow analysis subset

site Name site ID Inﬂm;; :;lsr)ation Cc‘:c;rer;;ztz: Notit():’;i )Area
Skealoghan 1 19 0.996 1.230
Ardkill 2 81 0.992 1.010
Croaghill 5 48 0.991 1.431
Rathnalulleagh 6 36 0.985 2.412
Lisduff 9 58 0.984 2.643
Caranavoodaun 10 48 0.977 1.383
Lough Coy 12 18 0.954 9.437
Termon 15 81 0.996 1.357
Turloughmore 17 6 0.952 4.603
Lough Gealain 18 21 0.984 1.351

Strong relationships for the longest duration were shown by those sites which maintained a
net inflow throughout the analysis period, principally because there was insufficient time
between rainfall events to allow flow transition to occur. For example, the plot for Ardkill
turlough demonstrates the close match found between time series (Fig. 3.34), with a Pearson
correlation coefficient of 0.991. In these sites, characterised by long transition times
associated with low outflow capacity, turlough inflow remained approximately proportional
to the rainfall intensity over the entire analysis period. In sites which displayed significant
recessions during the analysis period, departure from the linear relationship occurred
following rainfall cessation, represented by a horizontal line in the cumulative rainfall plot,
and also during the onset of flooding immediately after a recession event. After a recession
event the effect of rainfall on turlough volume was reduced for a time but regained
approximate linearity after a few days. The reasons for this are twofold. Firstly, as shown in
the comparison of inflow and rainfall, it takes a number of days for the full effect of a rainfall
event to be felt within the turlough due to delays in recharge and transit time through the
flow system. Secondly, the drainage of the karst aquifer during recession frees up storage and
capacity within the bedrock system which can accommodate a component of subsequent
rainfall thus lessening the amount of water passing to storage within the turlough.

One implication of the linear relationship identified between cumulative rainfall and volume
is that during inflow periods a unit rainfall causes a unit increase in turlough volume. While
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the mechanisms and processes involved are inherently non-linear, the high correlations found
show that it can be approximated as such for inflow periods. The constant of proportionality
between rainfall and represents a notional catchment or contributing area. This constant is
essentially the product of a mass balance and gives the absolute minimum area required to
account for the recorded volume in the turlough. The actual catchment area will be
substantially greater than this, as losses such as evapotranspiration are not accounted for.
Also, considering the heterogeneous nature of karst systems, the actual contributing area may
vary with changing hydrological conditions both within the catchment and the turlough itself.
The strong relationship between cumulative rainfall and volume is expanded upon in the
modelling processes detailed later.

3.5.3 Outflow Analysis

The analysis of turlough hydrology during draining or recession periods can yield key
information about the nature and capacity of the underlying karst flow system. To elucidate
this aspect of turlough behaviour major recession events for each site were studied and all
recession information (in the form of days showing an average net outflow) collated and
plotted against corresponding stage. A common temporal pattern was identified whereby the
net outflow increased during the initial phase of recession as spare drainage capacity in the
underlying system became available (Fig. 3.35). In the absence of rainfall, outflow continued
to rise to a maximum value, the magnitude of which depended upon the capacity of the
individual drainage system.
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Figure 3.35 Recession volume and flow for Brierfield turlough, Co. Roscommon
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The time taken to reach the maximum outflow varied depending upon system outflow
capacity and rainfall conditions. Peak outflow was quickly reached in some sites within the
first few days of recession which thus enabled the rapid drainage of floodwaters. Other slower
responding sites took far longer to reach the maximum discharge. Generally it was found that
the higher the outflow capacity, the shorter the delay between onset of recession and peak
outflow. Rainfall during the recession period reduces the outflow rate and so delayed the
onset of maximum outflow. Rainfall events in figure 3.35 can be seen to clearly correspond
with a decrease in net outflow. Significant rainfall reduces the outflow rate by raising the head
within the underlying flow system, where the outflow from the turlough is reduced due to a
higher proportion of the total drainage capacity of the system being taken up with
contribution from the underlying system. The net outflow rate also falls due to inflow entering
the turlough directly via rainfall onto the turlough surface and runoff from the immediate
surroundings. The relative importance of each element varies between turloughs and is
dependent upon the hydrological operation of the turlough, and the nature of the connection
between turlough and underlying system.

The nature of the relationship between stage and outflow was derived from stage-discharge
plots generated for each site. It was shown that a stage-discharge curve defining a turlough’s
maximum drainage capacity was formed by the maximum outflow values across the flooding
range (Fig. 3.36). This curve defines the characteristic relationship between stage and
turlough discharge at peak outflow conditions. During the initial recession phase, turlough
outflow increases until it reaches a maximum value on the stage-discharge curve (“Recession
Events”, Fig. 3.36). Thereafter outflow decreases with falling water level, as would be
expected in a reservoir. The underlying assumption here is that points on the stage-discharge
curve represent the actual outflow from the turlough. In other words, there is no inflow
occurring at this time and so net
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Figure 3.36 Plot of net outflow against stage with indicated stage — discharge curve for Ardkill turlough, Co. Mayo
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The majority of outflow values fall short of the maximum as defined by this curve, as shown
by the wide scattering of points above the curve in the outflow plots (Fig. 3.36). These points
are made up of outflows during two scenarios:

a) Increasing net outflows during the initial recession period when flow is in a state of
transition
b) Reduced outflow caused by rainfall events during the recession

The stage-discharge curves of studied turloughs took an array of forms. Most sites showed a
continuous smooth curve across most or all of the flood range, such as Turloughmore, Co.
Clare (Fig. 3.37 a). Others, such as Skealoghan, Co. Mayo, had a number of discontinuities in
the stage-discharge relationship, with distinctive discharge curves applying within different
flood ranges (Fig. 3.37 b). This discontinuous behaviour may represent the operation of
distinct systems within the turlough basin, with additional outflow capacity available at
higher flood levels.

Net Flow

Stage Stage
() (b)

Figure 3.37 Continuous stage — discharge curve of Turloughmore, Co. Clare (a) and discontinuous curve for
Skealoghan, Co. Mayo (b)

In such cases a threshold water level is required within the turlough to maintain outflow at
the upper maximum capacity. As the water levels fall below this threshold the upper system
becomes inaccessible, thus reducing the total outflow capacity available to the turlough and
dropping the overall outflow capacity to that of the lower system. Similar behaviour definitely
occurs in many turloughs at low water levels, as estavelles located above the base of the
depression become isolated from the main water body. Consequently, the estavelles cease to
operate as outflow points and the outflow rate drops severely. In some cases, outflow
effectively ceases at low flood level leaving a shallow permanent water body at the base of the
turlough.

A number of sites showed a maximum outflow capacity independent of water level in the
upper range of flooding. Rather than a reduction in outflow with falling head within the
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turlough, as would be expected in a raised tank draining out through an orifice into the
underlying system, the outflow is limited by a single maximum value across a range of stages
(Fig. 3.38). This trait is prevalent in turloughs characterised by long duration, low frequency
flooding such as Brierfield, Termon and Coolcam.
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Figure 3.38 Stage — discharge relationship indicating maximum outflow capacity and stage threshold for Brierfield
turlough, Co. Roscommon

This constant outflow rate may represent the maximum drainage capacity of the system in
equilibrium conditions. When levels fall below the threshold required to maintain outflow at
maximum capacity the controlling factor on discharge becomes water level and the turlough
is draining more or less freely, where outflow is regulated by the system’s discharge orifice.
These slower turloughs can be seen to take significantly longer to reach maximum outflow for
a given stage, and in many cases there is insufficient time between rainfall events for outflow
capacity to be reached. Consequently, turlough outflow operates below capacity for
substantial periods of the recession resulting in prolonged flood duration.

In this interpretation, the total capacity of the karst flow system is composed of two elements:
catchment flow and turlough flow. The proportion of each element within this total is
controlled by their relative heads. During the initial recession phase the underlying catchment
flow is preferentially accommodated with a resultant fall in catchment head. Due to this drop,
the proportion of turlough flow increases as the recession progresses with the head of both
turlough and catchment flow system reaching an equilibrium condition. When this occurs the
outflow from the turlough ceases to rise and the proportion of turlough outflow to underlying
flow remains stable. When this equilibrium condition is reached while flow is still at system
capacity, the discharge from the turlough remains constant (Fig. 3.39 a). When the head had
dropped below the threshold required to maintain system capacity, turlough discharge drops
in line with the stage-discharge curve. When the recession is of insufficient duration for the
equilibrium state to be reached, the outflow from the turlough will increase to a peak before
declining with falling head (Fig. 3.39 b).
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Figure 3.39 lllustration of proportion of flows in underground network during turlough recession for (a) case where
system outflow capacity is reached during recession and (b) where system outflow capacity is not reached

The outflow rates of Blackrock turlough, the largest site volumetrically, show a unique stage-
discharge relationship as well as an interesting temporal pattern in terms of the highest
recorded outflows. Unlike other turloughs, the highest average daily outflows from Blackrock
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did not coincide with the highest flood levels, but instead occurred in the mid range of
flooding, at a stage of around 20 mAOD (Fig. 3.40). Intuitively the greatest outflows would
result from one or more of the following scenarios:

- At relatively high flood levels thus providing the maximum head to drive flow from the
turlough

- With a high hydraulic gradient between Blackrock and the flow system down gradient,
in this case Lough Coy

- Following an extended dry period thus allowing outflow to reach maximum system
capacity
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Figure 3.40 Stage-discharge plot for Blackrock turlough, Co. Galway

The stage at which maximum outflow occurred did not correspond with any of these
scenarios. Instead the common trait across the three recessions containing the highest
recorded outflows is that they follow periods of low or absent levels of flooding. One possible
explanation for this is that in the early phase of flooding, significant storage exists lower down
the system which is able to accommodate higher outflow quantities from Blackrock. Later in
the season, when the system has reached equilibrium, the outflow from Blackrock is limited
and does not exceed the threshold of around 1.4 m3/s. The riverine nature of Blackrock must
also be highly influential in determining flow behaviour. Blackrock is the only riverine
turlough within the study group, with the Owenshree River discharging directly into the basin
at high flood levels. As the highest flood levels coincide with the greatest flow in the river, it
may be that the actual outflow from Blackrock is much greater at higher stages than is
indicated by the net outflow figures due to continuous, direct inflow from the Owenshree
River.

3.5.3.1 Stage-discharge Curve Derivation
The derivation of a stage-discharge relationship is complicated by the occurrence of rainfall
events within the recession period. The maximum outflow events were extracted from the
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outflow dataset and used in the derivation of the stage-discharge curves. The simplest form of
the stage-discharge curve is present where turlough outflow changes continuously with stage
without any distinct changes in flow behaviour (Fig. 3.41). In this case the stage-discharge
relation is comprised of a single curve where the outflow Q is given by the equations:

Q:a(H_Ho)b where Qp =0

Q=Q+a(H—H0)b where Q,>0

Where:
Qo is the outflow at stage Ho (m*/s)
Q is the outflow (m>/s)
a is the scaling coefficient
b is the orifice coefficient
H is turlough stage (mMAOD)
H, is turlough base level (mAOQOD)
q is the outflow rate at lowest recorded stage (m?/s)

The additional flow term q is required where the Diver was located slightly above the lowest
level within the turlough. In this case there would still be outflow at stage Hp, and therefore
the stage-discharge curve must to be offset by an amount q during derivation.

Net Flow (m?3/s)
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Figure 3.41 Stage-discharge curve for Turloughmore, Co. Clare
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The second variation on the stage-discharge relationship is for those sites which display a
maximum outflow capacity above a certain stage threshold, but below this have a consistent
stage-discharge relationship (Fig. 3.42). Here the stage-discharge relationship consists of two
parts covering constant and varying outflow, and the outflow Q is given by:

For H < H;

For H = H;

Where:

0 =a(H - He)®
Q=g+a(H-H"

Q = Qax

H, is the threshold stage above which outflow is at maximum capacity (mAQOD)

Qmayx is the maximum outflow capacity
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Figure 3.42 Stage-discharge curve for Croaghill turlough, Co. Galway

The final stage-discharge type is for those turloughs which demonstrated differing outflow
behaviours with changing stage, either due to the complex interaction and operation of
distinct flow systems at different levels within the basin, or the lack of sufficient outflow data
to clearly define a continuous relation. In such cases, a number of individual curves were
fitted to represent all identifiable outflow behaviours accurately (Fig. 3.43).
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Figure 3.43 Stage-discharge curve for Ardkill turlough, Co. Mayo

3.5.3.2 Recession Approximation

As shown previously, the recession behaviour of turloughs can be a complex one, with
different stage-discharge relationships often applicable within different flood ranges. This
diversity makes it difficult to directly compare turlough outflow characteristics, or generate a
standard metric for quantifying turlough recessions. The most obvious solution to this is to
use the maximum drainage capacity or a variant thereof which was identified for the majority
of turloughs. The capacity value allows direct comparison between turlough flow systems
and, by dividing the maximum recorded volume, it also provides a hydrological indicator for
recession duration. This figure represents a notional minimum time it would take for the
turlough to drain from full. While this time will obviously be less than the actual recession
duration, as flow rates drop at lower stages, it does provide an indicative hydrological
indicator for turlough recession for use in the interpretation of ecological data.

To ensure consistency in analysis, and to compensate for the lack of a clearly defined outflow
capacity in a number of turloughs, a standard method for deriving a constant turlough
recession rate was devised. This method utilised a common feature of turlough volume
hydrographs, namely that substantial portions of the recession limb could be approximated
with a straight line (Fig. 3.44). This approximation removes many of the small-scale effects
shown in the flow records themselves. In turloughs with a high level of outflow constriction,
this linear approximation represents the actual recorded capacity outflow rate. In turloughs
which do not show a clearly defined maximum capacity, it represents an average flow rate
during the phase when outflow shows only a relatively small decrease with falling water level.
As flow is defined as dV/dT, the rate of change in volume, the constant flow rate can be
derived from the slope of the recession limb of the volume hydrograph (Fig 3.34). Thus, by
using linear regression on sections of the volume hydrograph, an average drainage capacity
was derived for each turlough.
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Figure 3.44 Linear approximation of volume recession, Ardkill turlough, Co. Mayo
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Figure 3.45 Regression analysis of volume recessions for Rathnalulleagh turlough (a) and Ardkill turlough (b)

The notional drainage capacity can be clearly defined only when there is little or no rainfall
during the recession period. To limit the effect of rainfall during the recession, regression
analysis was carried out on data from mid March to late April 2007, a period where little or no
rainfall fell across all study sites. A few fast responding turloughs such as Turloughmore and
Lough Aleenaun had fully receded prior this period. In these cases multiple recession events
were isolated from the volume time series and regression analysis carried out on all
recessions. The highest recorded rate was taken as the maximum recession capacity. R? values
of at least 0.98 were achieved in all regressions showing the validity of the approximation.

The drainage capacity and recession rates and notional minimum recession durations are
shown in figure 3.46. The drainage capacities ranged from 0.070 to 1.152m3/s, with a median
value of 0.154 m3/s. These values put turlough outflows far in excess of the majority of
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recorded Irish karst springs (Drew & Chance, 2007). The mean turlough recession duration
was 64.8 days, indicating that on average turloughs could take just over two months to empty
at the maximum emptying rate.
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Figure 3.46 Approximated drainage capacity and notional recession duration for 21 monitored turloughs

As found in earlier analysis, the turloughs of the Gort-Kinvarra chain (sites 11 to 14) showed
the greatest outflow capacity, accounting for the four highest values. This is thought to be due
to a well developed conduit system and its ability to accommodate large flows. Interestingly,
Lough Coy displayed lower notional recession duration than Blackrock, despite the fact that
Blackrock consistently empties before Lough Coy. This anomaly can be explained by
considering the configuration of the flow system, where due to their relative gradients and
connection to the underlying conduit system, Blackrock drains preferentially to Lough Coy.
This preferential drainage prevents Lough Coy from emptying at a high rate until Blackrock
has already dropped significantly, thus causing Blackrock to empty before Lough Coy. As a
fraction of overall volume, however, the drainage capacities of Lough Aleenaun and
Turloughmore are by far the greatest. This is reflected in the low recession durations of 11
and 12.4 days respectively for these sites (Table 3.8).
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Table 3.8 Approximated drainage capacity and recession duration for study sites

site Name site ID Drainagt-.; Capacity Recession Duration
(m’/s) (days)
Lough Aleenaun 20 0.374 11
Turloughmore 17 0.39 12.4
Lough Coy 12 0.535 32
Blackrock 11 1.156 40.1
Carrowreagh 7 0.152 41.6
Rathnalulleagh 6 0.239 42.4
Caherglassaun 14 0.701 49.5
Kilglassaun 3 0.185 50.7
Knockaunroe 19 0.396 53.8
Garryland 13 0.496 54.4
Roo West 16 0.218 57.3
Skealoghan 1 0.069 64.1
Lisduff 9 0.132 67.5
Lough Gealain 18 0.154 69.1
Croaghill 5 0.103 71.8
Ballinderreen 21 0.088 78.3
Caranavoodaun 10 0.072 80.7
Brierfield 8 0.109 99.4
Ardkill 2 0.075 100.6
Coolcam 4 0.129 140.9
Termon 15 0.078 142.5

3.5.4 Indirect Flow Estimation

Flows calculated based on volume time series give the net flow rates rather than actual flows,
although depending upon the modus operandi of the flow system these may be one and the
same. The direct measurement of flow within turloughs is an extremely difficult task, as the
points at which inflow and outflow occur within the turlough are not well confined and are
submerged during the period of inundation. However, the identification of inflow periods
would provide a greater understanding of turlough hydrological operation, as well as
elucidate the relationship between net flow and actual flow. In order to achieve this, a number
of potential methods to identify the presence of inflow were considered.

Direct flow measurement using electromagnetic current sensors and specialised loggers could
provide an in-situ means of velocity measurement, but were found to be prohibitively
expensive under this project. The use of thermal imaging or thermography could potentially
identify the locations of inflow points due to differences in water temperature between
surface and groundwater (Bogle & Loy, 1995). Ideally two sets of images would be taken
during both the filling and emptying phases, and if possible during cold weather maximising
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the temperature differential. This too was prohibitively expensive and outside the scope of
the project. However, as a surrogate for thermal imaging, an array of temperature probes was
installed in an estavelle in Caranavoodaun, Co. Galway.

3.6 Time Series Analysis

3.6.1 Simple Correlation Analysis

Table 3.9 Maximum and minimum correlation coefficients

Maximum Correlation Minimum Correlation
| Average

Site Name Value Corr;ist;;olr;ding Value Corr;ist?)ll;ding Correlation
1 Skealoghan 0.972 10 0.548 4 0.846
2 Ardkill 0.975 5 0.303 20 0.758
3 Kilglassan 0.950 14 0.538 4 0.839
4 Coolcam 0.990 15 0.048 20 0.608
5 Croaghill 0.975 2 0.303 20 0.785
6 Rathnalulleagh 0.978 7 0.537 20 0.846
7 Carrowreagh 0.978 6 0.516 20 0.820
8 Brierfield 0.946 5 0.213 20 0.721
9 Lisduff 0.952 16 0.413 20 0.838
10 Caranavoodaun 0.988 16 0.516 20 0.857
11 Blackrock 0.952 12 0.292 4 0.757
12 Lough Coy 0.973 14 0.325 4 0.770
13 Garryland 0.995 14 0.502 4 0.844
14 Caherglassan 0.995 13 0.465 4 0.833
15 Termon 0.990 4 0.096 20 0.649
16 Roo West 0.988 10 0.541 20 0.867
17 Turloughmore 0.863 20 0.101 4 0.602
18 Lough Gealain 0.996 19 0.603 4 0.866
19 Knockaunroe 0.996 18 0.611 4 0.862
20 Lough Aleenaun 0.863 17 0.048 4 0.531

To examine initial similarities between different turlough water level profiles, correlation
analysis was carried out on water level time series. The maximum, minimum, and average
correlation coefficients between the hourly water level time series for all turloughs for the
period October 1st 2007 to 30t September 2008 are shown in Table 3.9, with the full
correlation matrix given in Naughton (2011). The range of coefficients, from 0.996 to 0.048,
shows the diversity of hydrological regimes and the continuum that exist across turlough
ecosystems. Generally there is a good level of correlation between time series with high
average coefficients, indicating a broadly similar flooding regime across the study sites
corresponding to the seasonal inundation pattern. Some sites showed an extremely high level
of correlation, with values approaching 1 derived for several turlough pairs: 0.995 between
Garryland and Caherglassaun, and 0.996 between Lough Gealain and Knockaunroe. These
pairs are geographically adjacent, with hydrograph comparisons showing them to be almost
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identical in terms of level and response time, with virtually simultaneous changes in water
levels. Such close correlations would be expected if direct, relatively unrestricted connections
existed between the water bodies or, in the absence of a direct linkage, a connection to a
common groundwater flow system with both sites responding similarly to changing
hydrological conditions. Alternatively, given that adjacent turloughs receive identical rainfall
inputs, a similar modus operandi could result in highly correlated hydrological regimes even
if each site operated in isolation. The relationships between geographically bordering,
possibly hydraulically linked sites are further investigated later.

Some of the highest values correspond to sites that occur in completely different regions of
the study area. Termon shows a high correlation of 0.99 with Coolcam, which is located
approximately 70 km to the north. The similarities between the flooding characteristics are
clearly demonstrated in the plot of water levels normalised with respect to maximum depth
(Fig. 3.47). In contrast, Termon has a relatively low correlation of around 0.5 with nearby
sites Garryland and Caherglassaun, again emphasising the spatial heterogeneity that can exist
in flow properties within karst systems.
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Figure 3.47 Normalised depth plot for Coolcam and Termon turloughs, Co. Galway

While there is a wide spatial variation in the sites corresponding to maximum correlation, it is
interesting to note that only two sites account for all of the lowest correlations evaluated:
Coolcam (site 4) and Lough Aleenaun (Site 20). As identified in previous analyses, these
turloughs represent the extremes of turlough hydrological behaviour. Coolcam’s regime
consists of a single long duration flood event with gentle rising and recession hydrograph
limbs, resulting in a low level of ecological disturbance. Lough Aleenaun displays a
multimodal flooding regime with seven distinct flooding events within the same period (Fig.
3.48). In contrast to Coolcam, the rapid responses to rainfall events and highly fluctuating
water levels throughout the year represent a high level of disturbance.
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Figure 3.48 Comparison of stage depth hydrographs for Coolcam turlough, Co. Galway and Lough Aleenaun, Co. Clare

By using the behaviour of Coolcam and Aleenaun as benchmarks, an indication as to the
nature of a turlough’s hydrological regime and the scale of disturbance it represents can be
established. A minimum correlation with Coolcam implies a higher level of disturbance with
faster and more responsive flooding, whereas a minimum correlation with Aleenaun is
indicative of a unimodal flood regime with low disturbance. The minimum correlation ID
specifies which end of the disturbance spectrum a site tends towards, with Coolcam signifying
a higher level and Aleenaun a lower level. The value of the minimum correlation coefficient
itself indicates how far along the spectrum the turlough is, with lower values implying a more
extreme regime and vice versa.

A plot of correlation coefficient with Coolcam versus the corresponding Aleenaun coefficient
for each turlough shows the relative distribution of disturbance (Fig. 3.49). Sites plotted in the
lower left corner (Coolcam, Termon, Brierfield, Ardkill and Croaghill) represent the slower
responding turloughs with lower levels of disturbance while those in the upper right corner
(Lough Aleenaun and Turloughmore) correspond to those sites with highly fluctuating levels
and high disturbance. The wide distribution of points from low to high disturbance clearly
represents the range of hydrological behaviours that exist within the study sites and across
turlough habitats as a whole. It is this variability which results in the high level of habitat and
ecological diversity found between sites. Correlation analysis was then carried out on water
level time series of 16 turloughs for the 2006/2007 hydrological year and the correlation
coefficients superimposed on the plot for 2007/2008 (Fig. 3.49). As can be seen in figure 3.49,
both years showed a similar distribution and the relative position of sites within the spectrum
very similar in both years. Another interesting trend is the upward shift of the 2007/2008
distribution relative to 2006/2007, highlighting the drier year experienced by many sites in
2007/2008. This upward shift indicates that during this period, many sites moved further
from the long duration flooding characteristic of Coolcam due to the shorter duration of
flooding.
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Figure 3.49 A plot of correlation with Lough Aleenaun versus the corresponding correlation with Coolcam for each
turlough for the 2006/2007 and 2007/2008 hydrological years

3.6.2 Autocorrelation

Autocorrelation is a widely used method for analysing time series data used in the time
domain. The autocorrelation function provides a normalized measure of the linear
dependence of successive values within a time series, and allows the quantification of the
memory effect in the system (Padilla & Pulido-Bosch, 1995; Box et al., 2008). In the analysis of
karst systems, the correlogram provides information on the level of karstification and storage
within the aquifer (Labat et al., 2000; Panagopoulos & Lambrakis, 2006; Bailly-Comte et al.,
2008). The autocorrelation function itself is described in Naughton (2011).

The autocorrelation function can be interpreted using two metrics; the slope of the
correlogram and the decorrelation lag time. The rate at which the autocorrelation function
decreases as the time lag is increased, or its slope, differs depending on the characteristics of
the karst system. The memory of the system is quantified using a parameter known as the
decorrelation lag time. This is defined as the lag at which the autocorrelation function has
fallen a predetermined value (Panagopoulos & Lambrakis, 2006). The exact magnitude of this
value is somewhat arbitrary, but is usually between 0.1 and 0.2 as below this the memory
effect of the system is adjudged to be indistinguishable from signal noise (Valdes et al., 2007).
Where the karst system is poorly developed and has major groundwater storage, the
correlogram will have a relatively gentle slope and consequently a high decorrelation lag time
(Padilla & Pulido-Bosch, 1995; Larocque et al., 1998). Where the system demonstrates more
rapid drainage characteristics the correlogram will have a much steeper slope and
correspondingly lower decorrelation lag time.
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While classically the storage within a karst aquifer is considered to consist of groundwater
held within the matrix, fractures and conduit permeability, in the case of lowland Irish karst
systems there is additional storage provided in the form of turlough basins. The
autocorrelation function characterises the manner in which this storage is utilised by the

karst flow system and from this, information about the nature of the flow system itself can be
inferred.

3.6.2.1 Stage Autocorrelation

Autocorrelation analyses were carried out on the hydrological year from 1st October 2007 to
30th September 2008, as it represented a consistent interval with similar rainfall inputs over
which autocorrelation functions could be generated and compared. The longest continuous
water level time series available for each site was also analysed to identify potential longer
term effects. Examples of the autocorrelation functions produced are shown in figure 3.50,
with the complete set of stage correlograms given in Naughton (2011).
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Figure 3.50 Autocorrelation functions for (a) Lough Coy (b) Lough Coy for 2007/2008 hydrological year, (c) Termon
(d) Turloughmore (Time in days on horizontal axis, correlation coefficient on vertical axis)

A cursory look at the correlograms reveals that the seasonality of turlough flooding associated
with the annual recharge cycle of the aquifer is clearly visible, with positive r(k) peaks
occurring at lags roughly coinciding with flooding events during the winters of 2007/2008
and 2008/2009 (Fig. 3.50 a). The smoothest correlograms with the slowest slope changes are
shown by sites characterised by long duration, low frequency flooding such as Brierfield,
Coolcam and Termon (Fig. 3.50 c). The slope changes of more responsive turloughs show far
more variability and changes in autocorrelation slope, such as Lough Aleenaun and
Turloughmore (Fig. 3.50 d). Between these lay a continuum of behaviours such as that shown
by Lough Coy (Fig. 3.50 a, b) with increasing regularity of the autocorrelation function
implying greater temporal stability in water levels.
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Table 3.10 Decorrelation lag times (in days) for stage and flow time series

Stage Autocorrelation Flow Autocorrelation

Analysis Period 2007/2008  2007/2008 Full 2007/2008 Full
Decor. Level 0.2 0.4 (1] (1] 0.2
Turloughmore 38.9 27.2 55.9 3 3
Lough Aleenaun 413 12.2 46.5 3 2
Blackrock 44.4 345 59.3 4 5
Lough Coy 45.1 351 59.6 10 8
Caherglassan 49 39.2 65.3 11 10
Garryland 49.9 40 61.3 9 10
Ardkill 52.8 41 80.2 45 46
Knockaunroe 53.4 43.9 67.5 11 10
Lough Gealain 53.7 43.6 63.6 8 7
Skealoghan 53.8 42.5 71.8 6 7
Croaghill 54 43.1 73.1 30 20
Lisduff 55.1 44.9 73.1 40 33
Rathnalulleagh 55.5 44 62.4 19 13
Caranavoodaun 55.5 44.6 69.8 13 14
Roo West 55.7 45.6 56.2 8 6
Carrowreagh 57.3 44.3 72.8 7 12
Brierfield 60.6 49.8 78.1 33 22
Coolcam 62.5 51.5 75.5 59 58
Termon 62.5 51.7 82.4 55 61
Mean 52.7 41 67.1 19.7 18.3
Standard Deviation 6.6 9.1 9.4 18.2 18.1

Decorrelation lag times were initially identified for all sites using a decorrelation level of 0.2
(Table 3.10). As expected a range of lag times was identified, with the lower values
representing turloughs with highly fluctuating regimes, while higher values signified sites
with more slowly responding regimes. The continuum of flooding behaviour was repeated
here. There was a relatively low range of lag times, with standard deviations of 6.6 and 9.4
days for the two analysis period showing the similarity between many of the turlough
flooding regimes. Interestingly, despite showing the steepest initial slope on the correlogram
Lough Aleenaun does not show the lowest decorrelation lag; instead, it is Turloughmore with
the lowest lag time at 38.9 days, compared to 41.3 days for Lough Aleenaun. This anomalous
result is due the chosen decorrelation level of 0.2. A visual inspection of the Lough Aleenaun
correlogram confirms this, with a clear change in slope of the autocorrelation function at r(k)
values around 0.25 (Fig. 3.51 a). Lough Aleenaun fills and empties far more frequently
compared to Turloughmore. While the two sites show similar regimes during the winter
months, Turloughmore shows a damped response to summer rainfall events and thus has a
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lower frequency of flooding. This may be due to the additional storage available within the
Turloughmore karst system compared to that of Lough Aleenaun. This extra storage is able to
accommodate flows generated by precipitation events during the summer months without
the onset of turlough flooding, whereas the low storage capacity of the Aleenaun system
results in the onset of flooding in response to rainfall throughout the year.

To assess the sensitivity of lag time to decorrelation level, and how it affected the
interpretation of stage time series, lag times were recalculated for decorrelation level of 0.4
and plotted against 0.2 lag time (Fig. 3.51 b). This showed an approximately linear
relationship between the two lag times with one exception: Lough Aleenaun. Generally the
correlograms showed a smooth, continuous decrease in r(k) with increasing lag but, in the
correlogram for Lough Aleenaun, the autocorrelation function levels out for lags between 25
and 40 days before falling off thereafter. Therefore it is important to consider the shape of the
autocorrelation function and any distinct changes in slope when interpreting turlough
correlograms.
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Figure 3.51 Autocorrelation function for Lough Aleenaun using 2007/2008 stage data (a) and plot of 0.2 lag time
against 0.4 lag time for autocorrelation analyses carried out using 2007/2008 stage data (b)

3.6.2.2 Flow Autocorrelation

Autocorrelation was also carried out on net daily flow rate time series. As with the stage time
series, analyses was carried out using data from the 2007/2008 hydrological year as well as
the longest available record. The flow correlograms are provided in appendix C and the
decorrelation lag times for the flow time series are shown in Table 3.10. There was a greater
distinction between flow correlograms and corresponding lag times compared to that found
during the stage analyses. The lag times varied by order of magnitude, from 3 days for Lough
Aleenaun to 59 days for Coolcam, while the standard deviation of 18.2 days for 2007/2008
hydrological year is also far higher than the figure of 6.6 days for stage correlograms over the
same period. It is also relatively high when compared to the mean lag time across the study
sites of 19.7 days. This would be expected, since turlough flows are a response to the shorter-
term events, namely precipitation, whereas the turlough water level represents a more long
term response of the aquifer to the excess recharge during the winter period.

An example of the differences in flow behaviour is clearly demonstrated in figure 3.52. Figure
3.52 a shows the correlogram for Lisduff. Here, the correlogram shows a gentle slope with the
0.2 lag time of 40 days is far above the mean of 19 days. This links in well with the direct
analyses of flow rates carried out in Section 3.5, where a net inflow rate was sustained in
Lisduff over a long period, and is indicative of the long-term effects of rainfall events felt
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within the system. This behaviour is replicated in the other slow draining turloughs of
Coolcam, Termon and Ardkill with lag times of 59, 55 and 45 days respectively. In contrast,
the slope of the correlogram for Blackrock falls steeply, reaching the 0.2 decorrelation level
after only 4 days (Fig. 3.52 b).
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Figure 3.52 Autocorrelation functions for Lisduff (a) and Blackrock (b) using 2007/2008 daily flow data

3.6.3 Cross Correlation

The flow behaviour was further investigated using cross correlation with precipitation
records. Details of the cross correlation function itself are given in Naughton (2011).

The time delay, defined as the lag at which the maximum value of the cross correlation
function ry (k) occurs, indicates the level of development or karstification of the system
(Padilla & Pulido-Bosch, 1995). The direction of the relationship is given by the sign of the
delay, with a positive delay indicating that the output y: shows a response to the input signal
X:. A shorter delay represents a more rapid transfer of the input through the system, and in
studies of karst springs is generally associated with well developed flow systems
(Panagopoulos & Lambrakis, 2006). As can be seen in Table 3.11, all flow delays were
positive, showing the intuitive relationship that turlough flow reacts to precipitation events.
However, the delay is fairly constant across the study sites and shows a very low range of
between 1 and 4 days, thus provides little information on the relative operation of the
systems. Part of the reason for this ambiguity can be ascribed to features of a turlough flow
time series and the role turloughs occupy within karst systems compared to that occupied by
springs.
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Table 3.11 Results from cross-correlation analyses between net daily turlough flow and precipitation (all delays given
in days)

2007/2008 \ Full

Site Name = =
Max R Delay =0 =0

Delay Delay

Max R Delay

Lough Aleenaun 0.56 1 4 0.56 1 4
Turloughmore 0.44 1 6 0.44 1 6
Blackrock 0.5 2 11 0.5 2 12
Skealoghan 0.43 2 14 0.43 2 13
Carrowreagh 0.33 2 16 0.33 2 17
Knockaunroe 0.51 3 16 0.51 2 16
Lough Gealain 0.61 1 16 0.61 1 12
Lough Coy 0.44 2 17 0.44 2 14
Caherglassan 0.48 1 18 0.48 1 15
Rathnalulleagh 0.28 3 18 0.28 3 20
Garryland 0.45 2 19 0.45 2 14
Caranavoodaun 0.41 2 30 0.41 1 26
Roo West 0.42 1 30 0.42 1 23
Brierfield 0.34 2 49 0.34 2 52
Lisduff 0.39 4 51 0.39 3 31
Croaghill 0.47 2 59 0.47 1 32
Ardkill 0.46 2 70 0.46 1 48
Termon 0.4 1 70 0.4 1 67
Coolcam 0.35 1 73 0.35 1 58
Average 0.44 1.8 30.9 0.44 1.6 25.3
;‘;""/’,':;; ‘:, 0.08 0.8 23.2 0.08 0.7 18.3

A karst spring represents the output from the karst system; the cross correlation function is
the product of all processes which transform precipitation within the aquifer including
storage effects. In contrast, a turlough forms an integral part of the storage within a karst
system rather than a system output. The turlough flow cross correlation function represents
an element of the internal processes which transforms precipitation within the karst system.
Turlough flow is a function of both the input signal (precipitation) and also state of the
system, i.e. the relative heads within the turlough itself and the underlying aquifer. In addition
to the contributing factors of flow path development and degree of Kkarstification, the
hydrological state of the overall system determines the effect rainfall will have on turlough
flow. It may cause a positive flow into the turlough, or alternatively just decrease the rate of
net outflow if the turlough is in recession. If fact, during dryer periods it may have no effect at
all on the turlough as the flow system is able to accommodate the recharge completely
without utilising turlough storage.

A useful indicator generated from the cross correlation function is the delay between a lag of
zero and the time at which ryy(k) drops to 0. This metric gives a general indication as to the
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period during which a precipitation event has a positive effect on net flow. This variable
ranged from a low of just 4 days for Lough Aleenaun to 73 in Coolcam during the 2007/2008
hydrological year. This variation is reflected visually in the cross correlation functions and the
number and degree of slope changes shown, with an increasing irregularity indicating a
shorter rainfall effect (Fig. 3.53 a-d).

03 1 05 ‘

Moo

02

01

)
”Ww% /\ !

=)

\q{w j 5

n } Mo
My, Jw MWJ e |

02

03 I L I s s s L 02
-400 -300 -200 -100 0 100 200 300 400 -400

400

{a) Coolcam (b} Knockaunroe

05 T T 06

0.4 J 05
04

0.3

03
02

o M, . |
JMWWUN i N\ w\,ftmm D; ”\“%WWW\&"‘\WMWWMM“

200 300 400 -400 -300 -200 -100 o 100 200 300 400

o

-400 301
{c) Skealoghan {d} Lough Aleenaun

Figure 3.53 Cross-correlation functions using daily net flow and precipitation data from 2007/2008 hydrological year
for (a) Lisduff, (b) Knockaunroe, (c) Skealoghan and (d) Turloughmore

3.6.4 Time-lagged Correlation

In order to investigate turlough dynamics and provide relevant information concerning the
nature of site interconnectivity, time-lagged correlation was performed on turlough water
level time series. Time-lagged correlation involves offsetting one time series relative to the
other and identifying the time lag at which the maximum correlation occurs. The direction of
the lag between two sites indicates which reacts more readily to rainfall, while the value of
the lag quantifies the temporal difference in response time. Four subsets of study sites were
based on geographical location, denoted subset 1 to 4 (Table 3.12). A comparison of their
respective flooding regimes would be helpful in the understanding of one extreme in turlough
behaviour. Within each subset time-lagged correlation was carried out using both the entire
2007/2008 hydrological year dataset and the shortest continuous period of inundation of any
site within the subset.
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Table 3.12 Geographically close site subsets

Subset 1: Mayo Subset 2: Williamstown

Skealoghan Coolcam
Ardkill Croaghill
Kilglassaun
Rathnalulleagh Lough Gealain
Carrowreagh Knockaunroe
Brierfield

During the analysis process it was observed that, while differences in recession duration were
correctly identified, in many cases the shorter lag time between actual water level peaks was
overestimated. When comparing sites with similar duration flooding regimes, such as in the
Burren subset, the delay between peak water levels was accurately represented. However
where sites exhibited comparable filling patterns but distinctive recession durations, such as
in the Roscommon subset, similarities in the maxima were masked by large disparities in
recession duration. In order to ascertain the relative timing of peaks, clearly defined maxima
in the water level time series were manually isolated within each subset and the lag
measured. A positive lag in site A vs. site B implies the peak level occurred in site A earlier than
site B. A negative lag implies the reverse, with the site B maxima preceding that of site A. Each
maximum represents a point at which the flow direction changes from net inflow to net
outflow. As sites in the same geographical location are generally subject to common rainfall
patterns and events, a comparison of peak water level across each subset can give an insight
into the temporal dynamics of the flow systems. Through the interpretation of these relative
delays together with local hydraulic gradients, the determining factors affecting turlough
hydrology on a local level can be explored.

3.6.4.1 Subset 1: Mayo

The Mayo subset consists of the three turloughs Skealoghan, Ardkill and Kilglassan and is
located approximately 8 km east of Ballinrobe. Morphologically, Ardkill is located in a deep
depression while the other two sites have much flatter topographies consisting of shallow
basins surrounded by gentle side slopes. The water level hydrographs for each site are shown
in figure 3.54. As can be seen from the plot, the bases of Skealoghan and Ardkill lie at
approximately the same level with that of Kilglassan around a metre higher. Visually the
hydrographs of Skealoghan and Kilglassan show a similar flooding pattern with maximum
flood depths of 1.9 and 2.2 m respectively, but with a slower recession in Skealoghan. Ardkill
displays a far greater range of flooding with a maximum recorded depth of close to 7 m, and a
recession limb far in excess of that shown by either Skealoghan or Kilglassan. This divergence
in recession behaviour was identified earlier, with Ardkill showing one of the lowest lag times
45 days compared to only 6 for Skealoghan.
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Figure 3.54 Plot of water levels as mAQOD, rainfall and computed maxima for Subset 1: Mayo

The differences in recession duration are clearly picked up in the time-lagged correlation. The
maximum correlation between Skealoghan and Ardkill occurred with a positive lag of 689
hours or 29.7 days (Table 3.13, Fig. 3.55). When assessed over the inundation period this
dropped to 418 hours (17.5 days), but with Ardkill still lagging considerably behind
Skealoghan. Skealoghan in turn was found to lag behind Kilglassan, but on a smaller scale with
a negative lag of 108 hours across the hydrological year. This reflects the extended recession
of Skealoghan compared to that of Kilglassan.

Table 3.13 Results of time-lagged correlation and manual comparison of maxima for Subset 1: Mayo

Peak
1

Lag
(hrs)

Hydrological Year Inundation Period
Correlated Sites

Lag (hrs) Correlation  Lag (hrs)  Correlation

Skealoghén VS. 639 0.908 418 0.760 94 53 43
Ardkill
Ske:?\loghan Vs. 108 0.937 28 0.832 73 -69 -27
Kilglassan
A-rdklll VSs. 723 0.871 -675 0.664 221 -122 -70
Kilglassan
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Figure 3.55 Time-lagged correlations for Skealoghan vs. Ardkill and Kilglassaun vs. Skealoghan (hydrological year)

Three water level maxima were identified, labelled 1 to 3 in figure 3.54, and the relative time
delays between them determined. Despite the large variation in flood duration, depth and
recession characteristics present within the subset, the water level maxima all occurred
within a relatively short interval. The initial maxima in Skealoghan preceded that of Kilglassan
by almost 3 days, but later in the season this pattern was reversed with Kilglassan peaking
first. While the peak in Ardkill water levels consistently occurred after that of the other two
sites, the delay of between 2 to 4 days was far shorter than what might be expected given the
contrasting hydrological regimes.

When the maximum water level events are compared with the rainfall record they all follow
periods of little or no rainfall, as expected. It is interesting to note that despite the differences
in net flow rates and recession duration, the time it takes for this process to begin is
remarkably consistent across the sites within the subset. If the controlling factor governing
turlough hydrology was the filling process, a far greater difference would be expected
between sites such as those within subset 1.

3.6.4.2 Subset 2: Williamstown
Coolcam and Croaghill turloughs lie to the west of Williamstown, north Co. Galway. The
topography of the area is dominated by glacial deposits and eskers. Coolcam lies to the west of
Croaghill and has a basin floor level of around 80 mAOD compared to 78 mAOD of Croaghill,
with water levels showing a regional gradient from west to east. The hydrographs of Coolcam
and Croaghill show comparable filling and emptying characteristics with a high correlation of
over 0.9. The maximum flood depths are also similar at around 3 m.
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Figure 3.56 Plot of water levels as mAOD, rainfall and computed maxima for Subset 2: Williamstown

The time-lagged correlation results indicate Coolcam lagging behind Croaghill by 17 days
(Table 3.14) across the hydrological year, a similar lag as that found between Skealoghan and
Ardkill in subset 1. As with subset 1, this reflects the relative difference in recession durations.
A comparison of water level maxima shows a lag in Coolcam with respect to Croaghill in the
order of 3 days. Again, as with subset 1, this is a considerably shorter period than was
indicated by the time-lagged correlation.

Table 3.14 Results of time-lagged correlation and manual comparison of maxima for Subset 2: Williamstown

Peak Peak  Peak

Hydrological Year Inundation Period 1 2 3

Correlated Sites Lag Lag Lag

Coolcam vs.

. -406 0.963 -463 0.968 -94 -91 -64
Croaghill

Despite the short time lag between corresponding maxima, the highest water level recorded
in Coolcam during the inundation period occurred almost 52 days after the highest in
Croaghill. The disparity between these two values can be explained by a greater level of
restriction or lower capacity of the outflow from Coolcam than is present in Croaghill. During
an extended period of low or no rainfall, the greater drainage capacity of Croaghill allows its
water level to drop significantly more than that which occurs in Coolcam during the same
period. This difference in drainage capacity has a cumulative effect across the flooding period,
with the result that the renewed flooding begins from a relatively higher level in Coolcam than
it does in Croaghill when rainfall recommences. Thus while there are corresponding peaks in
both time series their relative levels within the series can be different.
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3.6.4.3 Subset 3: Roscommon

The Roscommon subset, located 3km to the southeast of Castleplunket, contains the turloughs
Rathnalulleagh, Carrowreagh and Brierfield. In terms of elevation Brierfield is the uppermost
turlough, followed by Carrowreagh with Rathnalulleagh the lowest (Fig. 3.57). An initial
examination of the hydrographs shows some level of similarity between all sites within the
subset, with a simultaneous onset of flooding across the sites and peak water levels occurring
at approximately the same time. There is a strong resemblance between Rathnalulleagh and
Carrowreagh with parallel filling and emptying characteristics in evidence, as would be
expected given the correlation of 0.978 (Table 3.15). Brierfield, in contrast, displays a longer
period of inundation with a recession far in excess of that demonstrated by either
Carrowreagh or Rathnalulleagh. At 3.6 m the maximum flooded depth of Brierfield is also
significantly less than that of either Rathnalulleagh or Carrowreagh, which have maximum
depths of 7.8 and 7 m respectively.
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Figure 3.57 Plot of water levels as mAOD and computed maxima for Subset 3: Roscommon

Table 3.15 Results of time-lagged correlation and manual comparison of maxima for Subset 3: Roscommon

. Hydrological Year Inundation Period
Correlated Sites = :
Lag (hrs) Correlation Lag (hrs) Correlation
Rathnalulleagh vs. Carrowreagh -16 0.979 -4 0.992
Rathnalulleagh vs. Brierfield 707 0.901 904 0.925
Carrowreagh vs. Brierfield 728 0.892 938 0.916
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
Correlated Sites Lag (hrs) | Lag (hrs) Lag (hrs) | Lag(hrs) | Lag (hrs)
Rathnalulleagh vs. Carrowreagh -168 -43 -63 -63 -66
Rathnalulleagh vs. Brierfield -145 - -9 -37 -30
Carrowreagh vs. Brierfield 23 128 54 26 36

The turloughs of subset 3 follow a similar pattern as that identified in subset 1 and 2. The
disparity in flood duration between the sites is clearly identified using the time-lagged
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correlation method, in this case with Brierfield showing a maximum correlation when lagged
by 707 hours (29 days) behind Rathnalulleagh (Table 3.15). The difference in final emptying
dates between these sites was greater still at just over 50 days. Rathnalulleagh was found to
marginally lag behind Carrowreagh with less than a day offset required to maximise
correlation, further highlighting the contemporaneous behaviours of these sites. The timing of
flood maxima followed the same trend identified in subsets 1 and 2, with peak levels in all
sites occurring in a short interval irrespective of the relative lengths of the recession. In this
case Rathnalulleagh was preceded by both Carrowreagh and Brierfield with the lag remaining
fairly constant for peaks 2 to 4, but showing a noticeably longer delay of a full week during
peak 1. This could be due to the relative positions of each turlough within their particular flow
system. The probable hydrological configuration of these sites has Rathnalulleagh and
Carrowreagh forming part of the same flow system, with Carrowreagh at the upper end of the
catchment, while Brierfield forms part of a separate system. This would explain the similar
peak times between Brierfield and Carrowreagh, while the delay experienced in
Rathnalulleagh is caused by the damping effect of Carrowreagh located up gradient in the
system.

3.6.4.4 Subset 4: Burren

The sites of subset 4, Lough Gealain and Knockaunroe, border each other on the limestone
pavement at the foot of Mullaghmore. If a purely flow-through turlough system existed it
would be in this locale that one would expect it, as the bare rock outcrops which characterise
the area would present ideal conditions for the distributed flow system throughout the
epikarst. Despite this there are still obvious swallow holes present in both turlough basins,
with water clearly draining to a depression in Lough Gealain witnessed during this study. It
appears that the deposition of marl within the basins have formed low permeability barriers
covering much of the epikarst, thus promoting the development of larger flow systems.

The correlation and lag time remained consistent across the periods of analysis, with
Knockaunroe consistently lagging behind Lough Gealain by approximately 24 hours (Fig.
3.58). The manual analyses uncovered a slightly greater delay between maximum water
levels, but with Lough Gealain still preceding Knockaunroe. The main flood events themselves
during the year, peaks 3 and 4, showed a similar lag of 77 and 61 hours respectively (Table
3.16). This is similar to the relationship identified between Carrowreagh and Rathnalulleagh
in Subset 3. The upper turlough (Lough Gealain) has a damping effect on the impulse response
to recharge, causing a delay to be felt in the lower turlough (Knockaunroe) further down the
system. The preferential drainage of the upper turlough also helps to maintain a positive
gradient into lower turlough, thus causing a lag in peak time.
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Figure 3.58 Plot of water levels as mAOD and computed maxima for Subset 4: Burren 1

Table 3.16 Results of time-lagged correlation and manual comparison of maxima for Subset 4: Burren

Hydrological Year Inundation Period
Lag (hrs) Correlation Lag (hrs) Correlation
Lough Gealain vs. Knockaunroe 23 0.997 26 0.997

Correlated Sites

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 \

Correlated Sites Lag (hrs) Lag (hrs) Lag (hrs) Lag (hrs) Lag (hrs)
Lough Gealain vs. Knockaunroe 48 7 77 61 90

3.6.5 Frequency Analysis

3.6.5.1 Fast Fourier Transform (FFT) Analysis
To complement the analysis of data in the time domain, stage and flow time series were also
analysed in the frequency domain using the technique of Fourier analysis. The principle of
Fourier analysis is covered in Naughton (2011). Frequency analyses were carried out using
the Fast Fourier Transform (FFT), an efficient algorithm for the calculation of the Discrete
Fourier Transform (DFT).

Stage time series datasets comprising the longest continuous monitoring period for each
turlough were analysed using FFT in the MatLab software package (version r2008a). The data
were detrended to remove any long term drift and then transformed into the frequency
domain using the FFT. The first ten peaks were extracted from the FFT results. Peaks
corresponding to the length of the analysed dataset were then discarded, and the remaining
peaks sorted in descending order of energy.

The annual pattern of inundation was identified in the FFT analysis of the full monitoring
period, with the highest energy for each turlough corresponding to frequencies ranging from
312 to 355 days (Table 3.17
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). The one exception to this was Lough Aleenaun, which showed the greatest energy at 209
days. This demonstrates the less significant impact the annual recharge cycle has on the
flooding regime of Lough Aleenaun. This turlough regularly floods in response to heavy
rainfall events throughout the year, and so the flooding regime is more sensitive to short term
rainfall patterns and the effect of the annual recharge cycle is less pronounced.

In turloughs with unimodal flooding regimes, such as Ardkill, Coolcam and Termon, the
dominant frequency is that of the annual flooding pattern (Fig. 3.59 a). In such cases the vast
majority of signal energy is associated with lower frequencies representing the seasonal
flooding pattern, and as the frequency is increased the peaks become poorly defined and
greatly reduced in magnitude. In contrast, turloughs showing multimodal flooding regimes
such as Lough Aleenaun had a more even distribution of energy across the frequency
spectrum, with clearly defined peaked of comparable magnitude (Fig. 3.59 b). This reflects the
greater frequency of flooding driven by higher flow capacities and lower transmission time
within the aquifer.

(a) Ardkill
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(b) Lough Aleenaun
Figure 3.59 FFT results for Ardkill (a) and Lough Aleenaun (b) analysed over entire monitoring period

The largest energy peaks were shown by those sites that experienced the greatest range of
flooding, such as Blackrock, Caherglassan and Lough Coy, whereas shallower turloughs
tended to have lower energy more evenly distributed across a range of frequencies. In order
to quantify and compare the energy distribution across frequencies, the ratio of energy
between the first and fifth peak was calculated. Table 3.17 shows the study sites arranged in
order of descending energy ratio.
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Table 3.17 Results of FFT analysis on longest available stage time series for 19 turloughs

Site Name - period (da): f) - Energy — Ratio of Energy 1° : 5"
1" Order \ 5" Order 1" Order \ 5" Order

Termon 335 77.3 11316 568 19.9
Coolcam 335.9 53 12839 732 17.5
Lisduff 325.7 54.3 9607 559 17.2
Croaghill 335.6 91.5 13246 905 14.6
Ardkill 354.6 41.7 22704 1632 13.9
Brierfield 326 139.7 13368 1198 11.2
Roo West 339.5 45.3 9746 993 9.8
Rathnalulleagh 326 61.1 34638 3609 9.6
Skealoghan 325.3 54.2 7302 789 9.3
Caherglassan 349 65.4 34885 3900 8.9
Caranavoodaun 348.9 87.2 8244 1016 8.1
Knockaunroe 335 77.3 13295 1776 7.5
Lough Gealain 312.7 52.1 10917 1459 7.5
Carrowreagh 326 75.2 32431 4299 7.5
Lough Coy 349 65.4 39749 5355 7.4
Garryland 298.3 63.9 30391 4865 6.2
Blackrock 320.6 120.2 48214 10720 4.5
Turloughmore 320.6 120.2 9762 2546 3.8
Lough Aleenaun 209.2 41.8 8193 3371 2.4

This found that sites characterised by long duration flooding, such as Coolcam, Termon and
Lisduff, showed the highest ratios, whilst sites which displayed a more disturbed regime, such
as Lough Aleenaun and Turloughmore, the energy was more evenly distributed and so the
ratio was substantially lower. This is as would be expected as in unimodal flooding regimes;
the majority of energy is contained at low frequencies as the dominant flooding pattern is that
of seasonal increase in recharge. In contrast, when the flood regime consists of more frequent
flood events, the energy within the signal is understandably distributed across a greater range
of flood frequencies. The ranking of sites using this ratio also corresponds well to the
correlation analysis carried out earlier, where the correlation coefficients for Lough Aleenaun
and Coolcam were used to plot the relative distribution of disturbance. Here, the rate at which
energy dissipates at higher frequencies, given in the form of the ratio of 1st to 5t peak,
provides a similar indicator of disturbance.

3.6.5.2 Tidal Effects on Turlough Water Level
The stage records of two turloughs in the Gort-Kinvarra chain, Garryland and Caherglassan,
displayed a clear tidal response at lower water levels (Fig. 3.60). This tidal effect does not
represent direct flow of seawater into the turlough, but rather a decrease in the hydraulic
gradient in the system with the tide level even exceeding the turlough stage for brief periods.
This was picked up in some of the springs in Kinvarra following high tide where the
conductivity of water emerging from the springs rose significantly due to the cyclical
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saltwater intrusion into the system. To quantify this phenomenon and determine its extent
across the flooding range, specific analyses were carried out on water level time series in 0.5
m depth intervals using FFT. Here, the frequency of interest is that of the tidal cycle which is
typically 12 hours and 26 minutes which corresponds to a frequency of approximately 0.5
rads/hr. To limit the effects of noise caused by rainfall-induced recharge impulses travelling
down the system, sections of the recession curve were extracted representing different ranges
of flooding and analysed using FFT.
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Figure 3.60 Comparison of water level in Caherglassan turlough and tide level

Caherglassan itself is located 8 km inland. Here, the power of the tidal frequency drops with
increasing flood depth, representing the lessening effect tidal fluctuations have on turlough
water level. A peak in the FFT plot at the tidal frequency of 0.5 rads/hr is clear in the lower
range of depths, such as 2 to 2.5 mAOD (Fig. 3.61 a). At flood levels of above 6 mAOD the tidal
effect is not clearly identified and so this was taken as the upper extent of tidal influence (Fig.
3.61 b). To determine the lag between the tidal cycles and water fluctuations within the
turloughs themselves, time-lagged correlation was carried out between water level and tide
time series using the sections of the time series where the tidal effect was most clear, namely
the shallower flood depths. The maximum correlation coincided with a lag time of 5 hours,
indicating the level of attenuation by the conduit system.
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Figure 3.61 FFT data for Caherglassaun recession data for for 2 — 2.5 mAOD flood depth (a) and 6 — 6.5 mAOD flood
depth (b)
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Figure 3.62 Comparison of water level in Garryland turlough and tide level in Galway Bay

Garryland is located up gradient of Caherglassan and approximately 10km away from
Kinvarra, but also shows a marked tidal effect at low water levels (Fig. 3.62). FFT analyses on
depth intervals revealed the upper limit on tidal effects to be approximately 6 mAOD, as was
found for Caherglassan. A greater time lag was identified for Garryland than in Caherglassan,
with the water level signal lagging behind the tide by 8 hours. This increase in lag time
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represents the extra degree of attenuation caused by the conduit system between
Caherglassan and Garryland.

3.7 Modelling
3.7.1 Introduction

Turlough hydrology is driven by rainfall. Identifying the nature of the relationship between
rainfall and water level is the primary objective of the hydrological modelling process. The
aim of the modelling aspect of this research was to devise a generic hydrological model,
capable of generating water level time series from rainfall and evapotranspiration records.
Such a model, when used in conjunction with ecological and management data, can be used to
evaluate the conservation status of turloughs as groundwater dependent terrestrial
ecosystems (GWDTE). Long-term hydrological records can be synthesised from historic
rainfall data and can be used to identify and quantitatively describe the critical long term
hydrological factors which influence biological diversity within and among turloughs. By
inference this allows ecological ‘damage’ or risk to be assessed. The models developed also
have applications in flood risk assessment in karst areas,

Of necessity a decisive factor for any turlough hydrological model is minimal data
requirements. Long term monitoring of turlough hydrology is limited to a group of turloughs
around the Gort area, and even amongst this group continuous, consistent records are scarce.
In general, there are little or no existing data for use in the generation or calibration of any
long term hydrological model. Therefore the approach was to devise a conceptual model of
turlough functioning based on data collected during this research and to use this as a basis for
the generic model formulation. Firstly, a simple soil moisture deficit (SMD) model was
developed to simulate the soil reservoir and evapotranspiration effects. Following this, two
modelling techniques were devised to predict turlough water level using the output from the
SMD model and parameters based upon field data and analysis: the aggregated rainfall model
and the general reservoir model.

3.7.2 Model Efficiency

The specific criterion used to determine model efficiency or measures of fit, is dependent
upon the requirements of the model in question. For example, the focus of the model may be
to predict the peak, the duration of flooding or the recession behaviour. A number of
performance statistics exist for assessing the goodness of fit of a hydrological model, as
discussed in Naughton (2011). However, as the primary purpose of the modelling carried out
as part of this research is to produce a reasonably good fit across the full range of flooding,
rather than say the high water levels as would be used in flood risk assessment, the main
model performance indicator used in this research is the Nash-Sutcliffe criterion for
efficiency.

3.7.3 Soil Moisture Deficit Model

Soil cover within a catchment controls the quantity and rate at which infiltration occurs into
the karst aquifer system. Water is contributed to the system in the form of precipitation, and
is lost through a combination of evaporation and transpiration by vegetation cover, i.e.
evapotranspiration (E;). The soil itself can retain a certain amount of water under gravity,
known as its field capacity. When the water supplied to the soil exceeds the field capacity the
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soil becomes saturated, with excess precipitation converted into overland flow or percolation.
If there is insufficient rainfall to replenish the soil moisture lost over time through E;, a deficit
develops within the soil. This is known as soil moisture deficit (SMD) and is defined as the
amount of rainfall required to restore the soil to field capacity (Shaw, 1994).

Evapotranspiration (E;) does not always occur at the potential rate but decreases with
increasing SMD. As the moisture level in the soil drops it is no longer available to plants with
shallower root systems and so the rate of E; reduces accordingly. Penman (1950) introduced
the idea of a root constant which defined the amount of moisture that could be extracted
without difficulty by a given vegetation type (Shaw, 1994). Different vegetation types were
assigned root constants based on root depth and their ability to easily extract soil moisture.
For example, permanent grassland has a root constant of 75 mm while woodland, with its
associated deeper root systems, has a root constant of 200 mm. It is assumed that E; occurs at
the potential rate for a given vegetation type while the SMD is less than the root constant plus
25 mm. As the SMD increases it becomes more difficult for vegetation to obtain water from
the soil leading to actual ET eventually dropping to zero. If SMD reaches a critical value,
known as the permanent wilting point, the vegetation wilts and dies.

R PET

Figure 3.63 Conceptual SMD reservoir model

Where:
Hs, is the level in the reservoir at time t (mm)
Hsqx is the soil field capacity (mm)
R is rainfall (mm)
PET is potential evapotranspiration (mm)
I is infiltration/percolation (mm)

An SMD reservoir model provides a simple way to represent the differences in soil moisture
conditions throughout the year and to calculate percolation to groundwater (Fleury et al,
2007). This is conceptually represented as a linear reservoir with the fluctuation in levels
dependent on the reservoir inputs and outputs, namely rainfall as input and potential
evapotranspiration and percolation as outputs. A level of zero corresponds to the base of the
reservoir (Fig. 3.63). The reservoir has a maximum level that is defined by the soil field
capacity parameter Hsmax. Hsmax is regarded as a characteristic of the catchment and varies
with overburden thickness, soil and vegetation type. For example in areas where rock outcrop
is close to or at the surface, such as in the Burren, the value of Hsmax would be close to zero as
the soil would have very little capacity for storing moisture, and so a high percentage of
rainfall percolates throughout the year. If the level in the reservoir exceeds the soil capacity
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(Hst > Hsmax), the amount by which it is exceeded equates to the percolation. As the lower limit
of the soil reservoir is zero, Hsmax also limits the maximum soil moisture deficit that may exist,
thus preventing the reservoir from becoming excessively under-saturated.

The reservoir level at time t (Hsy) is calculated by a mass balance for each time step and given
by:
Hs, =Hs,, +R-PET -1 (Equation 3.1)

The operation of the soil reservoir is demonstrated in the scenarios shown in figure 3.64 a
and b. In figure 3.64 a the reservoir level Hsi.1 at 50 mm is below field capacity. Given rainfall
and PET during the time step are 20 mm and 5 mm respectively, the change in level AHs: is
+15mm. As the new level is still less than Hsmax infiltration is zero. In figure 3.64 b the
reservoir level Hsc1 is equal to Hsmax at the beginning of the time step. Again, the change in
level is +15 mm. As this would exceed the upper limit of the reservoir, the excess becomes an
infiltration, or percolation to groundwater, of 15 mm.

R=20mm J IPET=5mm R=20mm l IPET=5mm

AHs=15mm H
Hs,;=100mm|

Hs,,=50mm

(@) (b)

Figure 3.64 Operation of the soil reservoir under soil moisture deficit (a) and field capacity conditions (b)

Once the soil reservoir is near capacity, typically during the winter months in temperate
climates, the value of Hsmax has little impact on the net infiltration. Where Hsmax has a greater
effect is during dry periods. A low value for Hsmax can result in the model predicting more
numerous low level flood events, as relatively little rainfall is required to produce infiltration
which in turn causes flooding. Similarly, the onset of flooding would be predicted to occur
earlier in the turlough basin for lower Hsmax as less rainfall is required to bring the soil
reservoir up to field capacity. Hsmax has little or no buffering during the inundation period as
dry periods are too short and PET too low for the deficit to become significant. The value of
Hsmax for each turlough which produced effective runoff coincident with the onset of flooding,
and also gave the highest model efficiency, was used throughout the modelling process.

Daily potential evapotranspiration (PET) data calculated using the FAO Penman-Monteith
equation were obtained from Met Eireann synoptic stations located in Shannon Airport (Co.
Clare), Knock Airport (Co. Mayo), and Birr (Co. Offaly). Knock data were taken to be
representative of evapotranspiration conditions for the northern turloughs while Birr PET
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data were used for turloughs located in counties Galway and Clare. A program to simulate the
operation of the SMD model was written in MATLAB.

3.7.4 Aggregated Rainfall Model

Previous analysis has shown a strong relationship between cumulative rainfall and volume
during the filling period, with Pearson Product Moment correlations of >0.95 established.
Consequent to this relationship, the possibility of using cumulative rainfall as the basis for a
generic turlough hydrological model was explored. While this relationship was strong during
the filling phase, cumulative rainfall continuously increases and so a method was required to
incorporate a recession element into the cumulative rainfall model. The methodology devised
is based on the idea that the filled turlough volume is dependent on the cumulative rainfall
over a defined period, hereafter referred as to as the aggregation period T. Thus, the
aggregated rainfall model is founded on the notion that volume in the turlough at time ¢t is a
function of the cumulative rainfall over the preceding T days.

The modelling methodology consists of summing rainfall over successive consecutive
intervals, and correlating the subsequent time series with volume. The period over which the
rainfall is summed is the aggregation period T. It was found that the correlation coefficient
increased with increasing T towards a maximum value, and then decreased for higher values
of T. A linear regression between the aggregated rainfall and turlough volume time series
gives a linear equation of the form:

V=S+a*AR (Equation 3.2)

Where:
Vis modelled volume (m?)
S is karst storage capacity (m?)
a is contributing area (m?)
AR is aggregated daily rainfall (m)

This methodology produces three characteristic parameters for each turlough:

Aggregation period T: An indicator of the memory of the system, or how long water is
retained within the turlough, and so provides an indirect measure of flood duration. A large
aggregation period implies long flood duration with a lengthy recession, while a smaller value
indicates a hydrological regime with rapid filling and emptying.

Storage capacity S: This is the volume of water required to have built up in the karst flow
system before flooding occurs in the turlough basin. The storage capacity represents both the
storage and the flow capacity of the underlying flow system, and is a characteristic of the karst
aquifer in which the turlough is located as well as being indicative of the hydrological
operation of the turlough. A high storage capacity implies that significant quantities of rainfall
falling within the turlough contributing area do not actually enter the turlough, but are taken
up by storage or accommodated by the karst flow system. The reverse of this, a low storage
capacity value, implies that the vast majority of rainfall within the contributing area passes
directly through the turlough. In this scenario the turlough would operate like a surface
reservoir, with discrete input and output points whose operation are dependent upon the
prevailing hydrological conditions such as rainfall and water level within the turlough.

Contributing area a: The contributing area a defines the minimum magnitude of the zone of
contribution and so provides a lower limit for the required catchment area. This is the
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minimum topographic area required to supply the recorded water volume within the
turlough. The actual scale of the catchment area could be much greater than that specified by
the contributing area a, as it is assumed that all effective rainfall within this area enters the
turlough. It is a fitted parameter of the model. This would not be the case, as some recharge
would be retained in storage within the matrix and fracture porosity of the karst bedrock.
Depending upon the hydrological operation of the turlough and the associated karst flow
system, the groundwater entering the turlough may only represent a fraction of the total
recharge with the remainder potentially bypassing the turlough basin altogether.

A number of simplifying assumptions are made to assist in the application of this modelling
methodology. The first is that of linearity; it is assumed that a direct proportional relationship
exists between rainfall and volume, i.e. that 1 mm of rainfall at time ¢ results in an increase in
volume of @ m3 (0.01 x a) irrespective of existing hydraulic conditions. Similarly at time t + T
the volume decreases by a@ m3 (Fig. 3.63 a).

Aggregation period T Aggregation period T
A A D '
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Figure 3.63 Linear relationship between rainfall and volume (a) and the principles of instantaneous inflow and
superposition (b) used in the rainfall aggregation model

The second assumption is that of instantaneous inflow, where 100% of rainfall enters the
turlough during the time step in which it occurred. This means that the rising limb of the
hydrograph increases in a series of steps, with the magnitude of each volume step
proportional to the magnitude of the associated rainfall event (Fig. 3.63 b). Due to the
heterogeneous nature of karst aquifers, rainfall will infiltrate much faster in highly karstified
areas than in adjacent, perhaps less karstified areas. The result of this characteristic is a lag
between a rainfall event and its full extent being realised within the turloughs, shown in the
delay between a rainfall event and the associated peak water level. The parallel assumption
for the recession limb means that once a rainfall event is no longer within the aggregation
period, it is not included in the regression. As a result, the recession limb of the volume
hydrograph drops in a series of discrete steps as the aggregation period for each rainfall event
elapses (Fig. 3.63 b).

[t is assumed that the contributing area remains the same for all hydrological conditions, and
that once the karst storage capacity has been reached, 100% of effective rainfall in the
contributing area enters the turlough. Catchment areas in karst regions can vary significantly
with changing hydrological conditions, as various flow systems may only be operational
within a certain range of water levels. This situation may often not be the case within karst
aquifers, with multiple groundwater flow systems operating and interacting during different
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hydrological conditions, and even may include the amalgamation of adjacent catchment areas
during periods of high groundwater levels. This may also occur within the basin itself; an
example being estavelles located above the base of a turlough no longer functioning as sinks
once the water level recedes below their threshold. Also, where a flow system exists beneath
the turlough a significant proportion of the flow potentially bypasses the turlough altogether,
and so the contributing area represents a fraction of the area from which total floodwater is
derived.

3.7.4.1 Modelling Methodology
Initial trials of this modelling technique were carried out for all turlough topographies using

daily rainfall data as the input. The modelling methodology is discussed in detail in Naughton
(2011).

The first model run was carried out using rainfall data as the input for all study sites. This run
gave an average maximum correlation of 0.78 and standard deviation of 0.1. The range of
aggregation period values showed the diversity in hydrological regimes, from a low of 12 days
for rapidly responding Lough Aleenaun up to 203 days for much slower Termon Lough. In
terms of modelling performance, this run yielded mixed results, with Nash - Sutcliffe
efficiencies varying greatly from only 32% for Brierfield, Co. Roscommon, to 81.9% for Lough
Aleenaun, Co. Clare (Fig. 3.66 d). Despite these low efficiency values, the general seasonal
pattern of flooding was picked up across the range of flooding regimes, with major flood
events generated during the winters and individual peaks associated with heavy rainfall
events visible in the modelled output (Fig. 3.66 a-d). However, large errors were shown in the
relative magnitudes of the peaks, both within each flooding season and between flooding
years. Also, as would be expected since the effects of evapotranspiration were not considered,
substantial flood events were predicted during the summer where no such event took place
(Fig. 3.66 b, c).
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The modelling process was then repeated using effective rainfall (rainfall - potential
evapotranspiration) as the model input. This resulted in an average model efficiency increase
of approximately 16%, up to a mean of 77.7%. In the case of Coolcam and Croaghill, the
increases were as much as 43% and 37% respectively. The inclusion of evapotranspiration
effects served to damp the response to rainfall during the warmer months, and so reduced the
appearance of anomalous flood events during the summer. As this also increased the
magnitude of the higher peaks relative to the lower ones, the peak volume error following
regression was also reduced. This can be seen in the example shown for Caranavoodaun
turlough, Co. Galway (Fig. 3.67 a, b). A large over-prediction error can be seen in the model
using rainfall as input due to the predicted summer flood event after approximately 300 days
(Fig. 3.67 a). The error associated with the same event is greatly reduced when effective
rainfall is used as input (Fig. 3.67 b). Improvements can also been seen in both peak volume
and timing estimation.
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Figure 3.67 Aggregated rainfall model for Caranavoodaun using (a) rainfall and (b) effective rainfall as input
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Next, infiltration time series were generated for each turlough using the SMD model for Hsmax
values from 10 up to 60 mm, in increments of 10 mm. The revised form of the modelling
equation thus becomes:

V=S+a*Al (Equation 3.3)

Hsmax

where Al is the aggregated infiltration generated using a maximum allowable SMD of Hsmax. It
was unnecessary to test values above 60 mm as deficits rarely if ever reached this level using
the SMD model. Also, with Hsmax below 10 mm the SMD reservoir output rapidly approaches
effective rainfall which had already been used. The variation in Hsmax had little impact on the
turlough behaviour during the winter months, as high rainfall and low evapotranspiration
meant that only a minimal soil moisture deficit build up during this period and rarely reached
the defined maximum. The main changes in flooding behaviour were shown during the
summer months. Lower values of Hsmax caused a slightly higher flooding frequency, but the
increase in storage capacity generated during the regression tended to partially counteract
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this. It is also clear that the role of evapotranspiration in turlough response decreases with the
more rapid response to rainfall.

3.7.4.2 Model Results

The best-fit model parameters for all turloughs using the longest available hydrological
record, in descending order of efficiency, are given in Table 3.18Error! Reference source not
found.. Average efficiency gave a mean of just over 81%, which rose to 86% when the
turloughs around Castleplunket, Co. Roscommon were discounted (Rathnalulleagh,
Carrowreagh and Brierfield). The Hsmaxvalues which corresponded to best model fit varied
from 10 up to 60 mm, while the aggregation periods ranged from 10 to 173 days. Plots
showing recorded and predicted volume time series are given in Naughton (2011).

Table 3.18 Best-fit aggregated rainfall model results with corresponding maximum soil moisture deficit Hsay,
aggregation period T, storage capacity S and contributing area a

Max Max

Site Name Correlation Efficiency Z:’;‘;’)‘ ( d:ys ) (”513 )
Coefficient (%)

Coolcam 0.97 93.4 40 163 -267581 3113
Ardkill 0.96 92.6 10 135 -135397 1075
Croaghill 0.95 91.4 50 120 -79572 1481
Knockaunroe 0.94 89.7 20 82 -286320 2720
Lough Gealain 0.94 89.2 10 81 -53264 1297
Lisduff 0.94 89 60 90 -45514 2013
Skealoghan 0.93 88.6 10 73 -57898 827

Lough Aleenaun 0.94 88.6 30 10 -6972 2070
Caranavoodaun 0.93 87.9 60 80 -63696 767

Caherglassan 0.93 87.7 20 66 -425394 6849
Termon 0.94 87.7 60 176 -219354 1342
Garryland 0.91 83.9 20 67 -336211 4542
Lough Coy 0.91 82.2 60 44 -19709 5215
Blackrock 0.88 79.9 10 38 -677436 13127
Turloughmore 0.85 75.9 30 15 -36222 1620
Roo West 0.85 73.6 30 82 -148322 1197
Rathnalulleagh 0.80 66 20 85 -154359 1399
Brierfield 0.74 54.2 50 144 -182895 1616
Carrowreagh 0.70 49.3 10 108 -69695 470

The aggregated rainfall model showed some good results for every type of turlough flooding
regime. The highest efficiency was shown by Coolcam, Co. Galway, a turlough with one of the
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longest flood durations of any site (Fig. 3.77). The modelled volume hydrograph shows a good
general fit for as well as picking up the timing and magnitude of volume peaks in all three
hydrological years.

1800
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Figure 3.77 Aggregated rainfall model results for Coolcam turlough, Co. Galway

Skealoghan turlough, Co. Mayo, has a flooding regime somewhere in the mid range of
frequency and duration. The efficiency of 88.6% shows the general pattern of flooding was
clearly picked up (Fig. 3.78). However, the length of the best-fit aggregation period, at 73 days,
meant that the modelling procedure was unable to accurately represent the short-term level
fluctuations shown by the turlough. While peaks do exist within the modelled time series that
correspond to the recorded peaks, the lack of sensitivity means that the model
underestimates the rate of recession following the maxima. The effect is less prominent
during the main recession, but did lead to substantially smaller predicted peaks in 2006/2007
and 2008/2009. In effect the model may be over - simplifying the recharge process in this
case.
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Figure 3.78 Aggregated rainfall model results for Skealoghan turlough, Co. Galway
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As the aggregation period was further reduced for the more responsive sites, the predicted
response was able to pick up short term fluctuations in volume. The best example of this is
shown by Lough Aleenaun, Co. Clare. Here, the low aggregation period of 10 days allows the
high frequency flooding events to be represented within the predicted hydrograph (Fig. 3.79).
It also showed the low memory of the system which is indicative of low residence times
within the turlough basin.
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Figure 3.79 Aggregated rainfall model for Lough Aleenaun, Co. Clare (a) and Turloughmore, Co. Clare (b)

The modelling process has highlighted a key difference in the operation of the two most
responsive turloughs, Turloughmore and Lough Aleenaun. Both turloughs show a comparable
aggregation period, 10 days for Aleenaun and 15 days for Turloughmore, but model efficiency
is substantially higher for Aleenaun at 88.6% compared to 75.9%. The cause of this is clearly
visible in plots of the modelled results (Fig. 3.79 a, b). These turloughs show very similar
hydrological behaviour during the main flooding season, with rapid filling and emptying
occurring in response to heavy rainfall events. However, their behaviour diverges during the
drier summer months. Lough Aleenaun shows a flood response to rainfall events throughout
the year (Fig. 3.79 a); whereas Turloughmore has a much lower frequency of flooding during
dry periods (Fig. 3.79 b). The magnitudes of the higher volume peaks are also substantially
under-predicted while flood frequency is over-predicted in the case of Turloughmore.

This distinction in behaviour points to a difference in the flow capacity of the respective
systems underlying each turlough. The response of Lough Aleenaun to all major rainfall
events suggests an extremely low bypass flow capacity, or even its operation as a reservoir
with distinct inputs and outputs. The flow system containing Turloughmore, in contrast, is
able to accommodate considerable flow before Turloughmore becomes flooded. The presence
of additional storage within the Turloughmore system is demonstrated by the higher storage
capacity value of 36222 m3, compared to only 6972 m3 for Lough Aleenaun. This is supported
by features observed within and surrounding each turlough. In Lough Aleenaun, a channel
runs in an arc from the base of the central rock spring rises at the base of the central rocky
outcrop on the eastern side before sinking at the western end of the outcrop (Fig. 3.80). When
flooding occurs it expands out from this channel until the entire basin is inundated. This
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channel is also the last area to drain, and often retains a small amount of water throughout the
year.

Figure 3.80 Arcing channel within Lough Aleenaun, Co. Clare

In Turloughmore, there are no such features indicating a continuous inflow of water into or
through the turlough during dry periods. The behaviour of a depression directly beside
Turloughmore, which has a lower base elevation, gives an insight into the groundwater flow
conditions in the vicinity of the turlough. Flooding has been observed in the adjoining
depression both in the summer, when no flooding occurred in Turloughmore, and during the
winter after complete recession has occurred in Turloughmore. The summer flooding
demonstrates the existence of a flow path that bypasses Turloughmore and feeds directly into
this depression during lower flow periods. This depression acts as additional storage within
the system, offsetting the effects of rainfall and limiting the occurrence of flooding within
Turloughmore. During the winter, the depression damps the effects of rainfall during the
initial filling phase, but when it reaches capacity later it ceases to damp the inflow signal and
so the flow response into Turloughmore increases. Therefore, as the aggregated rainfall
model represents the behaviour of the turlough using a single linear relationship, the overall
effect of the neighbouring depression is to over-predict flood events and under-predict inflow
at higher volumes. In Lough Aleenaun there is no such storage capacity, and so flooding
occurs more frequently and the linear relationship between rainfall and inflow provides a
better approximation throughout the year.

Clearly, the worst results achieved were shown by the subset of turloughs located near
Ballintober, Co. Roscommon. As all three used data from the same rain gauge, the data
integrity of the rainfall record was first checked to ensure this was not the cause of the errors.
The rainfall time series used was from a rain gauge installed as part of this project, located
only 3 km away from the sites. This was compared to data from the Met Eireann station in
nearby Roscommon Town, and both showed extremely similar rainfall patterns and
intensities so that data error did not explain the poor model performance. The Roscommon
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subset showed among the highest levels of temporal variation in volume. Carrowreagh, for
example, showed a 50% reduction in maximum volume year on year during the monitoring
period. The yearly decrease in depth was relatively much less, with only a 14% decrease from
2006/2007 to 2007/2008 and 10% from 2007/2008 to 2008/2009.

A possible explanation here is that the level in the turloughs, and associated volumes, are
responding to the head within the subsurface flow systems and the interactions between the
turloughs. In order for a turlough to fill, there must be a hydraulic gradient towards the
turlough. The rate at which the turlough fills, and the level to which it rises, is dependent upon
the interaction and the head. If this were the case, a smaller decrease in head would cause a
proportionally much greater change in volume due to the depth-volume characteristics of
each turlough. The water entering from the underlying system would depend upon the
relative levels of the two. But the consequential effect is a massively lower volume within the
turlough, as draining occurs.

3.7.4.3 Conclusion

The aggregated rainfall model showed that reasonable results could be obtained using a
simple generic model based upon the correlation between turlough volume and rainfall.
Despite it limitations, it provided a reasonable estimate of turlough water volume, and
associated stage, based upon rainfall and evapotranspiration records and demonstrated that,
at least during the rising limb of the volume hydrograph, the interaction between effective
rainfall and volume could be relatively successfully modelled using a linear relationship. The
methodology also generated a set of characteristic hydrological parameters for each turlough.
These descriptors for the first time allow the comparison of turloughs as hydrological entities,
based on quantitative recorded data rather than qualitative descriptions. The low data
requirements and simplicity of use of this model also makes it suitable for use as a
classification system for turlough hydrology. Moreover, the model demonstrates the strong
correlation between net rainfall and water level response confirming the relatively rapid
recharge as a characteristic feature of turlough hydrology. Simple though it is, the model also
encapsulates and supports the basic conceptualisation of a turlough as a reservoir.

3.7.5 Reservoir Modelling

Using the insights gained during the hydrological analysis process, a more refined version of
the reservoir modelling technique was utilised for a subset of turlough sites. Reservoir
(“storage-release”) modelling is particularly well suited to the modelling of turloughs, as they
physically act as reservoirs for excess recharge during the winter months. This approach
conceptualises the turlough as a reservoir with the same physical characteristics as the
turlough being modelled (stage-volume-area relationships), and where the hydrological
signature of the turlough is controlled by the nature and functioning of the reservoir inflows
and outflows. The objective of this modelling approach is to identify the characteristic
equations governing the flow rates, and therefore the volume and stage, and to enumerate the
relationship these hold with rainfall in order to accurately predict turlough hydrological
regimes. Figure 3.81 outlines the elements of the modelling process:
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Figure 3.81 Flow chart for reservoir modelling methodology

The light blue boxes in figure 3.81 highlight the parameters that control the operation of the
reservoir at each time step. The contributing area and inflow hydrograph transform
infiltration or groundwater recharge into reservoir inflow. Reservoir outflow is a function of
stage, and so a volume-stage relationship is required to transform volume into stage. The
outflow itself is then calculated using the stage-discharge curve, and used to calculate the
volume at the next time step. The derivation of these parameters begins with reservoir
outflow and the stage-discharge curve.

3.7.5.1 Reservoir Outflow
The first step in the modelling process was the identification of the equations governing
reservoir drainage or outflow. This was based upon the outflow analyses carried out in
Section 3.5, where it was shown that a stage - discharge curve defining a turlough’s maximum
drainage capacity was formed by the maximum outflow values across the flooding range. This
curve defines the characteristic relationship between stage and turlough discharge at peak
outflow conditions (Fig. 3.82). Using this relationship, a potential outflow time series was
calculated by applying the stage - discharge relation to the stage time series. This outflow time
series represents the hypothetical maximum outflow that would occur given the water level
recorded within the turlough.
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Figure 3.82 Stage-discharge curve for Lough Gealain, Co. Clare
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As described in Section 3.5, the complexity of stage - discharge curves varied significantly
between turloughs. The form of the curve itself also varied, with some showing a convex
(stage power less than 1) and others a concave (stage power greater than 1) curve. Some
sites, such as Lough Gealain and Ardkill, showed a smooth, well defined stage-discharge curve
across the full range of flooding. Other turloughs had a number of discontinuities in the curve,
with distinctive discharge curves applying within different flood ranges. These discontinuities
are possibly indicative of multiple zones of groundwater flow in operation at different levels
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within the turlough basin, for example where a swallow hole ceases to operate at lower water
levels when it becomes disconnected from the main water body. Another cause of
discontinuities in the curve is a lack of data at certain intervals within the range of flooding.
An example of this can be seen in Caranavoodaun (Fig. 3.83 a, b). During both the 2006/2007
and 2007/2008 hydrological years, rainfall events disrupted the recession in the stage
interval centred around 23.5 mAOD (Fig. 3.83 a). This resulted in a lack of definition in the
stage-discharge curve at (Fig. 3.83 b).

3.7.5.2 Reservoir Inflow
The next step in the reservoir modelling process was the derivation of a relationship between
effective rainfall or infiltration and turlough inflow. The basic principle on which this step is
based is that the volume response recorded in the turlough is the resultant of a combination
of inflow and outflow signals. It follows then, that since the net change in volume (4V) at each
time step (4t) is the sum of inflow (Qin) and outflow (Qou:) during that step, and with the stage-
discharge curve defining the maximum possible outflow at each time step, then inflow is given
by:
AV

E + Q{;m = an (Equation 3.4)

As is clear from the above equation and can be seen in figure 3.84, the inflow signal follows
closely that of the net flow signal, but is offset upwards at each time step by the magnitude of
the outflow.

Net Flow
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Figure 3.84 Plot of net flow, hypothetical outflow and inflow for Ardkill turlough, Co. Mayo

The next step was to derive a connection between infiltration and this notional inflow. To
achieve this, a development on the strong correlation between cumulative rainfall and net
inflow identified in Section 6 was utilised. Rather than using gross rainfall as an input, the
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SMD reservoir model was once again employed here since, as well as providing a more
realistic representation of infiltration, it was shown to greatly improve the results from
previous hydrological analyses and modelling outcomes. The same SMD parameters were
used for each turlough as were identified in the aggregated rainfall modelling procedure
earlier.

First, the cumulative inflow and SMD infiltration was calculated over the calibration period
(Fig. 3.85 a). Next, a linear regression was carried out between cumulative infiltration and
inflow (Fig. 3.85 b), with the slope of the regression line giving the contributing area. This
contributing area, measured in m? * 103 where infiltration is in mm, represents the area
required to generate sufficient infiltration as to the account for hypothetical inflow over the
corresponding period. It is similar to the contributing area defined in the aggregated rainfall
model, except that it defines the relationship between infiltration and flow rather than
infiltration and volume.
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Figure 3.85 Plot of cumulative infiltration and cumulative inflow for the 2008/2009 flooding period (a) and plot of
cumulative infiltration versus cumulative inflow (b) for Lisduff turlough, Co. Roscommon

This method of inflow prediction is a lumped parameter method, in that it represents all
inflow processes with a single parameter and does not differentiate between the different
sources of inflow such as direct rainfall versus conduit flow, or matrix versus conduit driven
groundwater flow. However, adding additional parameters to represent the relative fractions
would be somewhat arbitrary due to the limitations of the data available, but could be a
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possible future development if used in single site studies where more detailed hydrological
information were available.

During the modelling process it was found that using the contributing area often led to
significant over or under estimation of modelled volume. The methodology outlined above
provided an initial estimate for the contributing area, which then could be altered during the
calibration process to give the best overall result. The calibration process involved initially
changing the contributing area manually to improve performance, followed by an iterative
optimisation to maximise model efficiency using the Solver tool within Microsoft Excel.

3.7.5.3 Inflow Hydrograph

Earlier investigations found that significant improvements in relationships between rainfall
and net inflow could be achieved simply by averaging the rainfall over increasing intervals,
and selecting the interval which showed the best match. A development on this process is the
use of a unit hydrograph or transfer function. One widely used model for the generation of
unit hydrographs in surface water modelling is the Nash cascade (Beven, 2000) which is
dicussed in more detail in Naughton (2011). The advantage of this model is its flexibility, with
different values of the parameters (N and K) combining to give a wide range of unit
hydrograph shapes (Fig. 3.86). In the context of this study, the Nash reservoirs are used to
transform effective rainfall into recharge, with the conceptual reservoirs representing storage
present within the epikarst and underlying karst flow system. The flexibility of the Nash
model allows the inflowing water entering the turlough derived from a combination of
sources (storages) to be combined into a single inflow hydrograph. The hydrograph
parameters are N and K together with the number of intervals or length (duration) of the
hydrograph. Varying lengths of hydrograph were trialled during the modelling process. As no
significant improvement was seen in model performance for lengths greater than 14 days, this
figure was used for all modelled turloughs. This does not impact on those sites with a shorter
response time as all coefficients after the response time would be set to zero in the parameter
fitting process. The coefficients N and K were optimised using the Least Squares method
under the restriction that the sum of all coefficients was unity.

T

Figure 3.86 Unit hydrographs associated with routing of instantaneous flow through series of linear reservoirs (Shaw,
1994)
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There are a number of assumptions associated with unit hydrograph theory: linearity,
superposition and invariance (Shaw, 1994). Linearity supposes that there is a direct
proportional relationship between input and output, in this case infiltration and inflow, so
that a unit input produces a unit output. The second assumption, namely superposition, states
that the combined output from a series of inputs is the sum of the component hydrographs.
The third assumption is that the relationship between input and output does not alter with
time. Given the complexities and inherent non-linearity of karst flow systems it is unlikely
that all of these assumptions holds true. However, the unit hydrograph does provide a
relatively simple tool for simulating the complex natural processes involved, given the data
limitations involved in this modelling process and the improvements in the model
performance, was deemed the acceptable for use here. Nevertheless, the apparently linear
response of turlough water level to cumulative rainfall provided strong support for the
application of the linear reservoir modelling approach.

3.7.5.4. Volume-Stage Relationship

The purpose of the reservoir modelling process is to accurately predict the volume, rather
than stage, response in the reservoir to a given precipitation input. The reservoir water level
can then be ascertained using the depth volume characteristics of the turlough basin in
question. However, as outflow is a function of stage (i.e. hydraulic head); there was a
requirement to transform the predicted volume into stage continuously at each time step.
This can be achieved using the stage-volume data derived from the digital terrain modelling
in Section 3.4.
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Figure 3.87 Volume — stage curve for Coolcam turlough, Co. Roscommon

In the initial data processing phase, stage was transformed into volume using linear
interpolation of data points at 0.02 m intervals. While interpolation could be used to
represent this transformation, the method is cumbersome and difficult to code. Instead,
polynomials were generated and fitted covering the range of flooding experienced by the
turlough, thus facilitating conversion. Due to discontinuities in the relationship, curves were
broken up into intervals and polynomials of 2rd and 5t order were generated for each interval
(Fig. 3.87). The polynomials were fitted using the Least Squares method in MATLAB
(R2008a). The maximum error in the conversion process was set at 2 cm, in line with
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instrumentation accuracy, and the order of the polynomial adjusted on a trial and error basis
until an acceptable fit was achieved. For each site, between two and four volume-stage
polynomials were required to give an accurate conversion across the full range of flooding.

Care had to be taken when defining the relationship for the upper extremes of flooding. In
some cases the oscillatory nature of the polynomials resulted in unrealistic predicted
behaviour, such as a decrease in stage with increasing volume. To prevent this, each volume -
stage curve was generated using data above the highest recorded water level. This additional
data came directly from the DTM, as the level to which the turloughs was surveyed was
substantially above the highest recorded water level. However, if the models were to be used
for the prediction of extreme flood levels, details of the basin topography would have to be
extended upwards. This could be achieved with additional GPS surveying or, on a larger scale,
by utilising contours from GIS/DTM datasets such as those maintained by the Ordnance
Survey.

3.7.5.5 Modelling Results
Reservoir modelling was carried out on eight turloughs with reasonably well defined stage-
discharge curves and representing the spectrum of turlough hydrological behaviours. The
subset consisted of Lough Gealain, Lough Aleenaun, Turloughmore, Lisduff, Ardkill, Coolcam,
Croaghill, and Skealoghan, with table 3.19 summarising the results for each site. The specific
performance of this technique and notable aspects of the modelling procedure are detailed for
each site in the following sections.

Table 3.19 Reservoir modelling results

Site Name Czntributigg Model Efficiency (%)
rea(km’)  2006/2007  2007/2008  2008/2009  Overall
Lough Gealain 3.25 97.6 98.6 89.7 96.7
Lough Aleenaun 5.01 88.2 92.8 - 90.5
Coolcam 6.40 96.1 95.1 69.6 92.7
Croaghill 3.40 93.9 93.9 56.9 86.9
Lisduff 5.70 98.7 96.3 91.5 96.7
Ardkill 2.12 97.7 97.2 - 96.6
Skealoghan 2.78 96 80.6 91.4 90.7
Turloughmore 5.41 86.7 85.6 75.8 83.9

Lough Gealain

Lough Gealain was selected as the first suitable candidate for this modelling approach for a
variety of reasons. Firstly, it is located at the upper end of its catchment in the Burren, an area
of thin or absent subsoils. As such there are no substantial water bodies, extensive flow
systems, or significant depths of overburden adding complexity to the system and affecting
the rainfall response. Another decisive factor was the presence of a major spring in the
northern end of the turlough, which was identified during field investigations. Based on
observations of the spring flows it was deemed possible that the majority of the recharge
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entering the turlough was from this source. This would match well with the simplest
interpretation of the reservoir, with unconnected inflow and outflow points. This is supported
by diving carried out by Byrne and Reynolds (1982), where no evidence of conduits or water
movement apart a small, shallow, debris filled trench were identified within the basin. The
stage - discharge curve of the turlough was also well defined across the flood range and so the
outflow calculations could be carried out with some degree of certainty. The final reason for
this site selection was the good performance of the turlough’s aggregated rainfall model. As
the aggregated rainfall technique is a more simplistic version of the reservoir modelling
attempted here, the high efficiency shown indicates good promise for more detailed
modelling.

As described in the modelling methodology, the first step involved the derivation of the stage-
discharge curve. Two different relations were defined within the Lough Gealain curve, one for
those stages above 29.2 mAOD and second for those below. The relevant equations gave the
outflow Qou: (in m3/day) by:

H < 29.2 mAOD: Q,,. = —13000(H - 27.5)*°
H >29.2 mAOD: Q,, = —2289H +50482

The next step was to calculate the inflow time series and the associated contributing area.
Outflow values were calculated for the stage time series, using the above equations, for the
2007/2008 hydrological year. This outflow time series was then subtracted from the net flow
to give the required notional inflow time series (Fig. 3.88). Inflow values were added over the
calibration period to give the cumulative inflow time series. Linear regression of the inflow
and cumulative infiltration time series gave an initial contributing area of 3.7 km?2. It is
interesting that this area is far smaller than the estimated catchment area of over 13 km?2.
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Figure 3.88 Inflow, outflow and net flow time series during the main 2007/2008 flooding period for Lough Gealain,
Co. Clare

Next, the volume-stage relationship was derived from the turlough’s DTM data. Two 2"d order
polynomials were required to accurately transform volumes across the full flooding range,
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one for volumes below 75000 m3 and a second for those above. All the relevant parameters
were then entered into the modelling spreadsheet.

Rainfall and evapotranspiration records beginning in January 2006 were input into the SMD
model to produce the infiltration time series for the model input. During the calibration
process it was found that a contributing area of 3.7 km?2 produced excessive inflow into the
turlough, and so this was reduced down to 3.2 km? to produce a better fit. The model showed
an excellent performance during both filling and recession phases, with predicted peak
magnitudes and times corresponding very closely with recorded values (Figure ). This is
reflected in the model performance statistics, with the overall efficiency coming in at 96.7%.

The greatest deviations between model and recorded time series were found in the
2008/2009 year, which showed an efficiency of 89.7%, compared to almost 98% for the
2006/2007 and 2007/2008 hydrological years. One reason for this is the nature of the
flooding pattern during this period. The flooding season was far longer in the 2008/2009 year
than in previous years, with a greater number of filling and recession events. Small errors
over this phase had a cumulative effect. The higher recession rate of the model during
February 2009 lead to a downward offset of the model volume for the remaining monitoring
period, with a greater degree of storage occurring within the turlough basin than was
predicted.
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Figure 3.89 Plot of recorded and modelled volume for Lough Gealain, Co. Clare

A comparison of recorded versus modelled stage also yields a good fit for all years (Fig. 3.90).
As it is stage, rather than volume, which is used in the derivation of hydroecological variables
such as duration and frequency of inundation, this shows the use of the model for the long-
term characterisation of Lough Gealain’s hydrological regime.
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Figure 3.90 Plot of recorded and modelled stage for Lough Gealain, Co. Clare
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Figure 3.91 Plot of recorded and modelled volume for Lough Aleenaun, Co. Clare

Mar-09

Like Lough Gealain, Lough Aleenaun is a promising turlough for reservoir modelling due to its
location in the Burren plateau, its potential flow through operation and also the good
performance of the aggregated rainfall method. However unlike Lough Gealain, which would
be in the mid range in terms of flooding response, Lough Aleenaun shows the highest flood
frequency of any monitored site. Despite these differences in hydrological regime the
reservoir model produced excellent results for Lough Aleenaun, with an overall model
efficiency of 90.5%. While the highest peaks showed a good fit across the monitoring period,
the subsequent lesser peaks tended to be notably lower than the corresponding recorded
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values (Fig. 3.91). This, again, indicates a greater amount of flood retention than was
predicted by the purely flow through model. However, a modification of the stage-discharge
relation by decreasing the outflow at lower volumes while increasing the outflow at higher
volumes could also correct this behaviour.

The estimated contributing area at 5.01 km? is greater than the previous estimate based on
topography of 4.6 km?2. This implies that there may be groundwater flow entering the
turlough from outside the immediate topographic catchment of the turlough. This supports a
hypothesis suggested by D. Drew (Pers. Comm.), which stated that when groundwater
conditions are high, Lough Aleenaun may receive groundwater recharge from an adjacent
catchment to the north.

Turloughmore
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Figure 3.92 Plot of recorded and modelled volume for Turloughmore, Co. Clare

The reservoir model predicted with reasonable accuracy the volume response of
Turloughmore, giving an overall efficiency of 83.9% (Fig. 3.92). As has been discussed in
previous sections, the hydrological regime of Turloughmore closely resembles that of Lough
Aleenaun with a fast response to rainfall events during the winter months. Unlike Lough
Aleenaun, however, Turloughmore tends not to flood during the summer months. This
difference is the main source of error in this instance. A series of flooding events are predicted
during the summer months which do not materialise in the volume record. In order to control
the magnitude of these flood events the upper bound of the contributing area was limited,
with the area parameter here set at 5.41 km?2. This is a 20% increase over the previous
catchment area estimate of 4.5 km2. Considering the current stage - discharge relation, this
would also have to be increased further to over 6 km? in order to accurately predict the peak
water levels. Given that this model assumes that 100% of effective recharge enters the
turlough, the actual catchment area would then have to be factored up further still. This
highlights one of the shortcomings of this reservoir model configuration; it does not facilitate
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the bypass of flow beneath the turlough. This mode of groundwater flow is highly probable in
Turloughmore, given the behaviour of the adjoining, lower depression as described earlier.

Lisduff

During the initial model trial for Lisduff, it was found that while the time to peak was fairly
well matched across the monitoring period the volume was substantially over predicted in
2006/2007 and 2007/2008, while at the same time substantially under predicting
2008/2009 volumes (Fig. 3.93 a). The annual stability of Lisduff's maximum water level had
previously been identified in Section 3.6 where, despite the variability in annual rainfall
patterns, Lisduff turlough showed little variation in terms of maximum stage levels reached.
One suggested explanation for this was the presence of an unidentified overflow at the upper
reaches of the turlough basin. A high level overflow such as this would change the
hydrological behaviour by artificially lowering the flow response at the upper end of flooding.
In order to test if such an outlet would produce a better modelling result, an outflow with a
capacity of 0.5 m3/s was added at 49.9 mAOD. This allowed the volume in 2008/2009 to be
significantly raised relative to the previous two years (Fig. 3.93 b).
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Figure 3.93 Plot of recorded and modelled volume without overflow (a) and with overflow (b) for Lisduff turlough, Co.
Roscommon
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As can be seen from a comparison of figure 3.93 a and b, the high level overflow resulted in a
significant improvement by considerably decreasing the magnitude of inflow at higher flood
levels. As with Lough Gealain, the main inaccuracies in the Lisduff model were shown during
the 2008/2009 hydrological year. The predicted volume falls short of the first major peak of
the flooding season, and also under predicts the final peak following the main recession in
May 2009.

Ardkill

The model follows the turlough behaviour extremely well during both recorded recession
periods (Fig. 3.94), indicating that the mode of drainage is similar to that of a tank draining
through an orifice. The required contributing area, at 2.12 km?, also tallies well with
catchment area of Ardkill, previously estimated at only 3.1 km2. The maximum level is well
matched during the calibration year of 2007/2008 but is underestimated by approximately
60,000 m3 during the 2006/2007 year. This under prediction translates into difference in
level of 0.3 m which, given uncertainties associated with the stage - discharge curve at higher
levels, is well within acceptable error bounds.
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Figure 3.94 Plot of recorded and modelled volume for Ardkill, Co. Mayo

The apparent overfilling which occurs during July at the end of the first main recession event
may not be an error associated with the model, but rather due to deficient monitoring data
over this period. In the first monitoring year, the Diver was located a little above the base of
the turlough and so did not record water level fluctuations at low water levels. Based on
records from nearby turloughs, it is likely that Ardkill experienced some renewed flooding in
July 2007, and so the renewed flooding predicted during July 2007 may in fact have occurred.

Some over filling was predicted during the initial flooding phase of the 2007/2008
hydrological year. This was shown by some of the other turloughs modelled using this
technique (see Coolcam and Croaghill). The presence of additional storage within the karst
system could account for this deviation. While the SMD model accounts for some storage
which may build up due to evapotranspiration effects, it is very likely that the karst system
itself possesses additional storage in the form of matrix and fracture porosity. During periods
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of heavy rainfall following relatively dry conditions, some of the recharge may be taken into
storage. This would have the effect of reducing the recharge entering the turlough. Once this
storage reached capacity, it would have little impact upon the mechanisms controlling
turlough flooding.

Coolcam

Overall the reservoir model produced a reasonably good fit for Coolcam turlough, showing an
overall efficiency of 92.7%, although visually it doesn’t appear to give as good a fit as this
statistic would suggest (Fig. 3.95). The model gave a good fit for both the peak volumes and
the general recession behaviour during 2006/2007 and 2007/2008. However, significant
errors arose in the 2008/2009 year, with efficiency falling substantially to 69.6%. As was seen
in Ardkill turlough, reservoir volumes were overestimated during the initial phases of
flooding. Also, the model showed a greater response to recharge events during recession
periods. This is particularly clear in the main 2006/2007 recession, where the calculated
inflow caused filling to occur in the model during August 2007. The actual response of the
turlough to the same event was far less where a decrease in outflow was shown but the
overall volume continued to recede.
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Figure 3.95 Plot of recorded and modelled volume for Coolcam turlough, Co. Galway

Given these discrepancies, it is possible that additional storage plays an important role in the
Coolcam flow system. If this storage drained concurrently with the turlough, it could provide
the dampening that would be required to remove the tendency towards overfilling in the
initial filling and recession phases. It could also go some way to correct the relative magnitude
of the annual maxima. The flooding in 2008/2009 occurred over a longer period than either of
the previous two years. It also contained more recession events. If turlough recession is taken
as an indicator of a more general drainage of storage within the system, then the higher
recession frequency in 2008/2009 would represent a greater degree of activity of catchment
storage. This activity would serve to decrease the inflow reaching the turlough during such
periods. Such a modus operandi would also reduce the impact of rainfall during recession
events, as a portion of the generated recharge would be taken up by the catchment storage.

Chapter 3. Hydrology Page 129



Turloughs: Hydrology, Ecology and Conservation

3.7.6 Turlough Conceptual Model

The interpretation of the inflow and outflow time series used in the reservoir modelling
procedure is dependent upon the hydrological operation of the turlough. This operation can
be described using two conceptual models: the flow-through model and the surcharged tank
model. In the first scenario, the flow time series represent the actual flows which occur within
the turlough at each time step. In the second scenario, rather than representing actual
movement of groundwater through the turlough, the flow time series indirectly represent the
relative heads within both the turlough and the underlying and surrounding karst flow
system.

3.7.6.1 Flow-Through Model

The simplest interpretation of this reservoir model configuration is that of a flow-through
system, with both inflow and outflow occurring simultaneously within the turlough basin (Fig.
3.96). In this case, groundwater inflow and outflow would occur independently at distinct
points within the turlough basin. Inflow could be derived from a number of sources: direct
rainfall, surface runoff, shallow groundwater as well as deeper conduit driven inflow. Some
sources of inflow would act independently of the water level within the turlough, such as
direct rainfall and overland flow. Others would be a function of turlough water level, such as
shallow groundwater flow entering the turlough in the form of diffuse epikarst flow. At low
water levels a gradient would exist into the turlough thus producing inflow. As the turlough
water level rises, the epikarst would become inundated and potentially cease its contribution.
It is feasible that the gradient could potentially reverse with floodwater entering the storage
within the epikarst, similar to bank storage within rivers. Also, the discharge rate from a
conduit system terminating within the turlough basin would vary depending upon the head
driving it as well as the head within the turlough. In this conceptual model the inflow time
series represents the cumulative effect of all systems supplying floodwater to the turlough.

Direct Rainfall

Shallow Groundwater Flow l l Surface Runoff

Figure 3.96 Conceptual model for the flow-through turlough system

Turlough discharge occurs in isolation from the inflow points, and may take the form of
conduits, fractures or a combination of both. In this case, the outflow time series as defined by
the stage - discharge curve, quantifies the cumulative capacity of all modes of outflow. It
follows that in such a system there would be a constant flow of groundwater through the
turlough, with a far lower residence time than that of the surcharged tank model.
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3.7.6.2 Surcharged Tank

The second conceptual model would be that of a surcharged tank, where the volume response
in the turlough is dependent upon the relative heads in the turlough and underlying karst flow
system (Fig. 3.97). In this model the turlough acts as additional surface storage for the
underlying karst flow system, essentially accumulating excess groundwater that cannot be
accommodated due to insufficient capacity. The single conduit shown in figure 3.97 may
represent an actual conduit, a conduit system or an area of interconnected fractures. Two
catchments are defined in the model. The first is the greater catchment area, which drains via
the conduit system beneath the turlough. The interaction between this system and the
turlough is a function of the relative heads within both. The second is a smaller local
catchment which supplies water to the turlough via direct rainfall, surface runoff and shallow
groundwater flow independent of the turlough water level. Rainfall on the greater catchment
enters the turlough via the conduit flow system, the capacity of which is controlled by the
restriction.

During normal recession periods, flow through the conduit system does not enter the
turlough. Instead the constriction (and/or friction losses along the conduit) regulates the rate
of release of water from the turlough under falling head levels. When head within the system
drops sufficiently, the head within the turlough causes the stored groundwater to be
discharged back into the system. The rate of the outflow during this phase is dependent upon
the flow capacity of the system and the relative difference in heads between turlough and the
greater catchment. Assuming the surcharge tank model, there is no outflow from the turlough
during filling periods, and little inflow into the turlough during recession periods. Obviously
there will still be inflow into the turlough due to direct rainfall, surface runoff and diffuse
shallow groundwater flow from the areas immediately surrounding the turlough but in this
scenario the net flow approximates actual turlough flow.
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Figure 3.97 Conceptual model for turlough operation as a surcharged tank

Under this model, the proportion of catchment recharge entering the turlough depends upon
the flow configuration and capacity of the system. If the catchment is large but has a relatively
unrestricted flow system, then only a small fraction of the recharge (equivalent to what is a
turlough’s potential zone of contribution) actually enters the turlough. Alternatively, if a flow
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system has a large capacity up gradient but is heavily restricted down gradient of the
turlough, then the majority of groundwater flow will be discharged into the turlough.
Obviously larger catchments may be able to produce and sustain greater flows than smaller
contributing areas, but it is the level of constriction in the system that governs the effect this
has upon a turlough. Thus, (outflow) constriction is a determining factor in the hydrological
behaviour of turloughs. The constriction itself could be due to a localised narrowing of the
pipe or an effective constriction as a result of longer pipe head losses.

With regard to the notional inflow and outflow time series, the outflow is signified by the head
within the turlough in terms of the outflow that would occur during full recession given the
water level. The inflow time series characterises changes in head within the underlying
system as well as the contribution of direct sources of recharge. The balance between
hypothetical inflow and outflow controls the rate of filling and emptying. When there is a
gradient into the turlough, i.e. inflow is greater than outflow, the volume stored within the
turlough basin increases. When the head within the underlying system decreases, this storage
is discharged back into the underlying system.

It is feasible that both types of hydrological conceptualization exist as turloughs within the
Irish landscape. Results from past investigations into turlough hydrology in the Gort lowlands
area (Southern Water Global, 1998; Gill, 2010) supports the surcharged tank model. These
studies concluded that the system in this area operated on the basis of a significant conduit
system with surcharged tanks, and pipe network modelling based on this idea gave a good
simulation of turlough hydrological behaviour. Physical evidence for the surcharged tank
model can be seen in turloughs such as Lough Coy, where large estevelles have been
witnessed operating in response to the conditions present in the underlying conduit system.

However, the Gort-Kinvarra system consists of exceptionally well-developed conduit systems
and vast catchment areas in comparison to the majority of other Irish karst systems. Instead,
most turloughs form part of much smaller karst flow systems. Evidence for the flow-through
model has been identified during this research. In Lough Aleenaun, groundwater has been
observed simultaneously rising and sinking at separate points within the turlough basin,
suggesting a flow through system. Another potential flow-through system was identified in
Lough Gealain turlough where a large spring flowed into the northeast corner of the turlough
basin. The source of this spring lay above the high water level of the turlough and so the
turlough stage had no influence over the inflow rate.

These sites may represent the pure, ‘type’ examples of each system model, but it is equally
likely that many turloughs are a complex combination of both modes of functioning.

Irrespective of the conceptual model assumed for individual turloughs, this modelling
methodology can be relied upon to link to ecological requirements as it allows the generation
of long term hydrological time series from existing daily rainfall and evapotranspiration
records. The composition of turlough ecological communities may change in response to both
short and long term hydrological behaviour. Hydro-ecological indicators derived from the
longer synthesised records will allow the examination of any long term effects, while
indicators derived from the hydrological data collected during this research can be used to
study any short term effects. The specific indicators developed during this research are
described in detail in the next section.
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3.8 Turlough Hydroecolgical Indicators
3.8.1 Introduction

The overall objective of this project is to integrate data representing different characteristics
of turlough hydrology and ecology with a view to identifying the critical factors that influence
biological diversity within and among turloughs. A number of indicators were derived from
water level, volume and area time series, while others emerged from the digital terrain and
hydrological modelling processes.

3.8.2 Hydrological Indicators

From water level, volume and area time series a number of potential indicators were derived,
each tailored to fit with the nature and resolution of the ecological dataset with which it was
to be integrated. The hypothesis behind the hydrological indicators used in the interpretation
of multiple ecological datasets (namely flood duration, frequency and hydroperiod) will be
described here.

3.8.2.1 Elevation

Sample Point

127200 127300 i 127400 127500 127600 127700
'

Sample Point
Elevation

Figure 3.98 Contour map and elevation profile used in the derivation of sample point elevation in Ardkill turlough,
Co. Mayo

For the majority of hydrological indicators derived in this research, the critical parameter is
the sample elevation. Once the elevation is known, the pattern of inundation for an exact
location can be characterised and so relevant hydrological indicators for that point derived.
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During ecological fieldwork, carried out as separate tasks within the turlough conservation
project, the position of sample points were recorded using a handheld GPS. This logged the (X,
Y) coordinates of each point, but not the elevation. Thus the elevation of sample points, such
as vegetation relevés and soil samples, had to be derived indirectly using the digital terrain
models (DTM) created as part of the hydrological research. The elevation of each sample point
was determined by identifying the elevation of the corresponding coordinate on the surface of
the DTM. A visual representation of this process is shown for Ardkill turlough in figure 3.98.
In practice, this was evaluated by calculating the difference or residual between a plane at
zero elevation and the turlough surface at each (X, Y) point using Surfer version 8.6 (Golden
Software Inc.).

3.8.2.2. Flood Duration

The duration of inundation strongly influences the distribution and composition of ecological
communities within turloughs, with flood duration primarily controlling plant species
survival (Casanova & Brock, 2000; Sheehy Skeffington et al., 2006; Chapter 7: Turlough
Vegetation - Description, Mapping and Ecology). Duration curves provide a way to represent
the amount of time a given quantity is equalled or exceeded over a defined interval and have
long been used in hydrological analysis for design and regulatory purposes (Fetter, 2001). For
example, in river flow it is used to define the 95t percentile flow, which is the flow that is
equalled or exceeded 95% of the time, a statistic commonly used to assess the level of dilution
available in the water course. In the context of turlough hydrology, duration curves present a
means of quantifying the flooding effect or disturbance experienced by ecological
communities at any point within a turlough basin. Within any defined period, a flood duration
gradient exists whereby elevations at the base of the turlough experience longer flood
duration that those higher up the basin. The water level - duration curve quantifies this
gradient.

The procedure for generating a duration curve, as outlined in Fetter (2001), is as follows:

— The level data is first sorted in descending order, from highest to lowest

— Arank mis assigned to each value from 1 to n, n being the length of the data set

— The probability P of a given level being equalled or exceeded within the period n is
given by:

P=100-" (Equation 3.5)
n+1

— A plot of probability P against stage (the so-called duration curve) shows the
percentage of time each level is equalled or exceeded

Duration curves can be generated over any defined period such as calendar year, hydrological
year, inundation period or entire monitoring record, depending upon the application.
Invertebrate communities (e.g. population densities) in a given year are highly dependent
upon the hydrological regime of that year and so short term duration curves are applicable. In
contrast, many vegetation communities respond to long term changes in hydrological regime,
and so a particularly wet or dry year may not significantly change the communities present
within a turlough. Therefore, longer term duration curves would be more relevant.

An example of duration curves for Rathnalulleagh, Lough Aleenaun and Lisduff for the
2007/2008 hydrological year is shown in figure 3.99. The primary use of flooding depth -
duration curves in the context of this research is to quantify the duration of inundation at
individual sampling points based upon their respective elevation. So, for example, if a sample
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point was located at a height of 4 m above the base of the turlough, from figure 3.99 it can be
seen that the duration of flooding at that point in Rathnalulleagh is approximately 40% and
around 10% in Lough Aleenaun, while in Lisduff the point at this elevation would not have
flooded during this period.

Rathnalulleagh
Lough Aleenaun
Lisduff

Depth (m)

0 10 20 30 40 50 60 70 80 90 100
Duration (%)

Figure 3.99 Duration curve for Rathnalulleagh, Lough Aleenaun and Lisduff turloughs for the 2007/2008 hydrological
year

Flooding depth-duration gives the cumulative time a given elevation is inundated during a
defined period. It may not, however, fully quantify the level of disturbance experienced within
the turlough basin. This is clearly demonstrated through the comparison of duration curves
for Lough Aleenaun and Lisduff in figure 3.99. Lough Aleenaun is the most highly responsive
of the study sites, with multiple short-duration flooding events occurring throughout the year.
In contrast, the hydrological behaviour of Lisduff is characterised by a single main flood event
during the year. Therefore in Lough Aleenaun the total duration, as represented by the
duration curve, is split into a number of distinct flooding events whereas in Lisduff it
predominantly represents a single flood event. This difference in behaviour is not clear from
the duration plots alone, hence there is a need for additional hydrological indicators
describing the frequency of flooding.

3.8.2.3 Hydroperiod

A variation on the idea of flood duration is the hydroperiod. This is a widely used variable in
ecological studies but can often have vague or very different definitions depending upon the
application. The hydroperiod does not differentiate between different elevations within the
turlough basin, but instead uses a single variable intended to characterise the flooding
duration for each turlough. This variable may take the form of the duration of flooding prior
to sampling (Fig. 3.100 [1]), the longest continuous inundation period during which sampling
took place (Fig. 3.100 [2]), or the sum of the durations of all flood events over a defined period
(Fig. 3.100 [2, 3]), depending upon the application. The specific definitions of hydroperiod
used in the interpretation of different ecological datasets are given in the relevant section.
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Figure 3.100 Example of different definitions of hydroperiod for Skealoghan turlough, Co. Mayo, during the
2007/2008 hydrological year

The hydroperiod was thus calculated for all 22 turloughs (Table 3.20):

Table 3.20 Hydroperiod for the 2006/2007 flooding season for 22 monitoring sites (*2007/2008 value used due to
hydrological data unavailability)

Site Name Hy ‘Z::; i;iOd Site Name Hy ‘Z::; i;iOd
Ardkill 293 Kilglassaun 223
Ballinderreen 211 Knockaunroe 213
Blackrock 169 Lisduff 234
Brierfield 267 Lough Aleenaun 158
Caherglassaun 200 Lough Coy 187
Caranavoodaun 205 Rathnalulleagh 175
Carrowreagh 186 Roo West* 213
Coolcam 346 Skealoghan 213
Croaghill 348 Termon 304
Garryland 211 Tullynafrankagh 246
Gealain 212 Turloughmore 135

3.8.2.4 Flood Frequency
Flood frequency is defined as the number of times a given water level is equalled or exceeded
over a given interval, and is thus dependent upon the specific flood pattern over the analysis
period. Like flood duration, frequency can be generated over any defined period depending
upon the application. Unlike flood duration, a frequency gradient does not exhibit a simple
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pattern from the base of the turlough upwards (Fig. 3.101). Instead, the lowest flood
frequencies tend to be shown by zones at the extremes of the flooding range, i.e. the highest
and lowest flood levels, with zones in the intermediate range of flooding experience the
highest flood frequency.

A flood event represents a disturbance to terrestrial turlough ecological communities as
floodwaters change conditions from dry to wet, or aerobic to anaerobic. This transition, and
the frequency at which it occurs, plays a major role in determining species composition within
such ephemeral water bodies as turloughs. Ecological communities which experience a high
frequency of flooding must be able to quickly adapt to this change in environment. This is
equally true for communities within different zones of a turlough basin, as these can also
experience different flooding frequencies. A flooding season characterised by a single main
flood event, such as 2006/2007, will generally show lower flood frequencies and so represent
a different level of disturbance than one composed of a series of filling and recession events,
such as 2008/2009. Multiple flood events during the winter period may have a lesser impact
on the composition of turlough ecological communities than a single event during the summer
and so flooding seasonality also has to be considered in the interpretation of flood frequency
data.
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Figure 3.101 Stage hydrograph (a) and associated flood frequencies at 0.5 m intervals (b) for Caranavoodaun
turlough, Co. Galway over monitoring period from September 2006 to July 2009
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3.8.2.5 Wet/Dry Periods

While flood frequency quantifies the number of flood events experienced by a given elevation,
it does not consider the relative lengths of each flood event. When duration is taken into
consideration this goes some way to highlight the distinctions in flooding regime. However, to
allow more thorough comparison, the longest continuous inundated and dry periods were
also calculated for all vegetation relevé points. These periods were calculated using the
longest available water level record rather than on a yearly basis, as the longest flooded
period tended to cross over years. The wet/dry start date was recorded along with the period
length, both in days and as a percentage of the water record length.

3.8.2.6 Areal Reduction Rate
As the dry phase of an ephemeral wetland represents an ecological disturbance for its aquatic
fauna, a metric was required to quantify this disturbance and allow differentiation between
sites. The idea of the areal reduction rate is to characterize the rate at which flood waters
receded across the surface of the turlough. The areal reduction rate (dA/dT), in m2/day, is
defined as the average rate of decrease in surface area between the time of maximum and
minimum flooded area and is given by:

a Iy _ Amax — Amin ( )
= Equation 3.6
dr AT
Where:
Amax = maximum flood area (mz)
Anmin = minimum flood area (m?)
T = time between occurrence of maximum and minimum flood area (days)

Table 3.21 Areal reduction rate information used in aquatic invertebrate analysis

Max Area
Site Name Max Date 5 Min Date  dT (Days)
(m’)

Caranavoodaun 10/02/2008 354866 22/05/2008 102 -354866 -3479
Roo West 08/02/2008 410721 28/05/2008 110 -410721 -3734
Termon 16/03/2008 402128 30/07/2008 136 -141710 -1042
Blackrock 07/02/2008 663368 08/04/2008 61 -663368 -10875
Brierfield 14/02/2008 485275 19/06/2008 126 -485275 -3851
Lisduff 08/02/2008 537626 07/06/2008 120 -537626 -4480

As the flood area reduced at varying rates during the recession depending upon local
topography, preliminary collaborative analyses were carried out between aquatic
invertebrate data and areal reduction rates calculated over a range of different intervals. Due
to the limited invertebrate data available and the range of other factors which affect species
populations it was decided to use a general areal reduction rate base upon the maximum and
minimum recorded areas during the monitoring periods (Table 3.21). In calculating the areal
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reduction rate the maximum flood area corresponded to the highest recorded flood level and
extent. The minimum flood area was taken as either zero where the turlough fully emptied, or
in cases where a permanent water body was present the surface area of the permanent water
body.

3.8.2.7 Flood Velocity

As surface gradient can vary substantially in different parts of the turlough, the exact location
of sampling points would be required in order to calculate the velocity of flood recession.
While sampling locations were not recorded in the field, the general area of sampling within
the turlough was known as well as the date and time at which it occurred. From a
combination of the hydrological records and the turlough DTM, the flood level and extent at
the time of sampling could be ascertained and thus a good estimate of sampling location
coordinates be made. The distance between sampling points ( & ) was then calculated from
these coordinates using:

6= \/(Xz =%, )+ (Y, —y.) +(z,-2,) (Equation 3.7)

By dividing the distance by the time elapsed between sampling events, the mean floodwater
velocity along the sampling transect during the intervening period was determined.

An example of the flood velocity analysis is shown for Blackrock turlough, Co. Galway (Fig.
3.102). Figure 3.102 a shows the sampling transect location within the turlough basin, with
the corresponding elevation profile with sample point locations is given in figure 3.102 b. The
chronological order that the sampling point occurred within the time series is labelled 1 to 6.
The highest flood velocity (-7.092 m/day) over the sampling period occurred during the final
phase of recession, between points 5 and 6, which coincided with the flattest section of
transect. This pattern is repeated in Roo West and Termon as the highest recession velocities
of -5.116 of -0.163 m/day respectively were recorded during the last between the 1/4/2008
and 7/5/2008 (Table 3.22). In Termon, due to the extended duration of flooding the last
sampling event took place relatively early in its recession. The average flood velocity further
increased in the latter phase of the recession, rising to 0.324 m/day in the month following
the 07/05/2008.

Table 3.22 Flood velocities for aquatic sampling intervals on turlough subset

Flood Velocity (m/day)
Date

Blackrock Caranavoodaun Roo West ‘ Termon
19/12/2007 2.563 0.335 4.68 0.77
08/01/2008 1.284 0.091 1.324 0.455
04/02/2008 0.954 0.667 1.889 0.52
04/03/2008 -1.553 -0.414 -1.04 0.071
01/04/2008 -7.092 -0.215 -0.81 -0.074
07/05/2008 - -0.059 -5.116 -0.163
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Figure 3.102 Contour map of Blackrock turlough including invertebrate sampling transect (a), Elevation profile of
transect (b) and calculations of flood velocity between sampling events (c)
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Figure 3.103 Transect elevation profile and aquatic invertebrate sampling locations for Caranavoodaun turlough, Co.
Galway

Generally the maximum recession velocity coincides with the final phase of the recession, as
turloughs usually have relatively flat bases with steeper sides and so the flattest sections are
the last to drain. This is not always the case, however, as shown by the high flood velocity
relatively early in the recession of Caranavoodaun. This can be explained by looking at the
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transect profile (Fig. 3.103). The highest is associated with the recession between sampling
points 4 and 5, where the surface gradient is at its least.

3.8.2.8 Aggregation Period
The aggregation period coefficients derived during the aggregated rainfall modelling process
in Section 3.7 were used to represent a notional residence time for each turlough (Table 3.23).
The aggregation period is an indicator of the memory of the system, or how long water is
retained within the turlough, and so provides an indirect measure of flood duration. A large
aggregation period implies long flood duration with a lengthy recession, while a smaller value
indicates a hydrological regime with rapid filling and emptying.

Table 3.23 Aggregation period for 19 monitored turloughs

Site Name :;?;Zg(zg;:) Site Name :eg,-%zg(zz;:)
Ardkill 135 Lisduff 90
Blackrock 38 Lough Aleenaun 10
Brierfield 144 Lough Coy 44
Caherglassaun 66 Lough Gealain 81
Caranavoodaun 80 Rathnalulleagh 85
Carrowreagh 108 Roo West 82
Coolcam 163 Skealoghan 73
Croaghill 120 Termon 176
Garryland 67 Turloughmore 15

Knockaunroe 82

3.9 Conclusions

The characteristic hydrological diversity of these habitats was quantified through the
collection of relevant hydrological and topographic parameters. Three years of water-level
data combined with detailed topographic data were used to quantify the temporal variation in
water level, volume and area. The form of this groundwater flooding shows significant
variation. Turloughs exhibit a range of response and recession characteristics; some have
multiple flood events in the course of a year whereas others show a more seasonal response,
comprising a single annual flood event. Detailed analysis of turlough flow behaviour provided
an insight into the mechanisms controlling turlough filling and emptying. This included
investigating the causative relationship of inflow with rainfall, as well as the derivation of
stage-discharge relations during the recession phase. Comparison of turlough water-level
profiles was also carried out using time-series analysis techniques including correlation, time-
lagged correlation and Fourier analysis. This allowed the characterisation of turlough regimes
along a disturbance continuum. The dominant effect of outflow capacity on turlough
hydrological behaviour was identified. In addition, the clear tidal response displayed by two
turloughs was enumerated, using frequency analysis. Thus, through the analysis and
interpretation of hydrological datasets, a conceptual understanding of the hydrodynamics of
these karst systems has been developed.
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Two general models for predicting turlough water level from rainfall and evapotranspiration
records have been developed. The multidisciplinary nature of the project dictated that the
modelling procedure be capable of representing a wide range of turlough hydrological types.
The first model that was developed uses linear regression to predict turlough volume from
aggregated rainfall over a defined interval. This technique produced -characteristic
hydrological parameters and was applied to all monitored turloughs. The second model also
predicts volume using rainfall as input, but uses a more refined version of the reservoir
modelling technique. The basis of this approach was the identification of characteristic
equations governing turlough inflow and outflow, based on rainfall and stage respectively.
This method was used for a subset of turlough sites. The models produce satisfactory results,
with practicable data requirements, and are readily applicable to new sites, using well-defined
field investigation and modelling procedures.

An additional element of this research involved the derivation of critical hydrological factors
that influence biological diversity within and among turloughs. From water level, volume and
area time series, a number of indicators were derived, each tailored to fit the nature and
resolution of the ecological dataset with which it was to be integrated. Hence, for the first
time, the role that turloughs occupy within a karst groundwater system has been defined;
risks posed to these protected ecosystems may now be evaluated and quantified.
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Extensive marl deposition occurs at Lough Gealain, Co. Clare, despite low alkalinity in the floodwater.
Lough Gealain also has exceptionally clear water, and very low phosphorus concentrations in the
floodwater. Photo: S. Waldren
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4.1 Introduction

Previous research on turloughs includes studies on hydrology (Southern Water Global, 1998;
Coxon, 1986), vegetation (Goodwillie, 1992), invertebrates (Porst, 2009; Reynolds, 1985;
Lansbury, 1965) and land management practices (Ni Bhriain et al.,, 2002, 2003). Prior to this
project there were no published comprehensive data on the chemical characteristics of
turlough waters. The chemistry of turlough waters and the extent of development of algal
biomass are key aspects in the ecological assessment of any water body, including turloughs.
Planktonic algal biomass is routinely quantified as chlorophyll a in standing water bodies.

Phosphorus has long been recognised as the most important limiting nutrient for algal growth
in temperate lakes (Reynolds, 2006; Correll, 1998; Hutchinson, 1973). Consequently, many
studies of lakes have found P to be positively correlated with algal biomass (Phillips et al,
2008; Dillon & Rigler, 1974; Sakamoto, 1966a, b). However, there are cases where N is an
important limiting nutrient, such as in tropical and subtropical lakes (Vincent et al., 1984) or
in eutrophic and hypertrophic temperate lakes with high P concentrations (McCauley et al,
1989; Canfield, 1983; Kanninen et al., 1982). Some studies have concluded that both P and N
can be co-limiting within the same water body (Morris & Lewis, 1988). Some authors
emphasise the influence of the ratio of total nitrogen (TN) to total phosphorus (TP) (TN:TP)
on algal biomass (McCauley et al., 1989); N has a more pronounced limiting role only when
TN:TP is low, usually below 17 (Sakamoto, 1966a, b; Smith, 1982; Phillips et al, 2008).
Although TP and TN are the most important nutrient fractions to measure because they
determine the overall fertility of a water body, it can also be informative to measure available
fractions of these and other nutrients. Soluble reactive phosphorus (SRP) and total oxidised
nitrogen (TON) represent fractions that are readily available for uptake by all algae while
silicate is a fraction of silicon that is important for certain algal groups such as diatoms and
chrysophytes. N and P in water bodies are strongly influenced by management practices in
the catchment, particularly by the spreading of animal slurry and artificial fertilisers. In
contrast, alkalinity is produced mainly by dissolution of calcareous minerals in catchment
soils and rocks and is therefore largely a natural feature of water bodies. Colour is a measure
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of the brown colour that is often seen in waters that drain catchments with peat soils.
Coloured waters have a lower potential for plant growth because of light attenuation.

Potential sources of nutrients to turloughs include the zone of groundwater contribution
(ZOC) and the soils within the basins. Intimate surface water-groundwater relationships and
high underground flow rates of karstic hydrological systems render turloughs particularly
vulnerable to anthropogenic pressures (Coxon & Drew, 1998; Johnston & Peach, 1998; Tynan
et al, 2007), particularly to nutrient loading (Kilroy & Coxon, 2005; Kilroy et al, 2001).
Catchment areas of turloughs are largely dominated by agricultural land, and agricultural
activities within ZOCs are expected to be major contributors of nutrients to turlough waters.

Turloughs are located in lowlands dominated by limestone, with soils derived mainly from
calcareous till of variable thickness and with catchment landuse dominated by agriculture of
variable intensity. Thus turloughs are subject the same pressures, principally nutrient loading
from agriculture or other human activities, as are permanent lakes in the same region.
However, there are differences between turloughs and permanent lakes that could reasonably
be supposed to influence their water chemistry and aquatic biota in ways that are different to
those in permanent lakes. The fact that turloughs are mostly dry over much of the growing
season and can used as pasture for grazing animals means that there is potential for direct
influence from such activities on the subsequent aquatic phase. The existence of terrestrial
vegetation on the floor of turloughs, as opposed to the sediment of permanent lakes, may also
be expected to influence substrate-water interactions. In addition, the lack of permanent
water necessarily has a very fundamental influence on turlough aquatic biota. Fish are absent
in many turloughs while invertebrates and algae must either be adapted to survive
desiccation or initiate new populations each year from external inocula. The lack of inocula
combined with short daylength and low temperatures over much of the flooding season could
understandably lead to the assumption that turloughs would have low algal biomass until
spring at least.

The aims of this section of the overall project were

e To determine the nutrient status and general chemical characteristics in the set of 22
turloughs over the 2006-2007 flooding season

e To determine the extent to which algal biomass (as chlorophyll a) developed over the
2006-2007 flooding season

e To ascertain the spatial variation in water chemical parameters and algal biomass
within a sub-set of four turloughs

e To assess the extent of inter-annual variation in water chemical parameters and algal
biomass within a sub-set of four turloughs.

The work presented in this chapter is based on the Ph.D research of Helder Cunha Pereira.
Further details of the work presented here can be found in Cunha Pereira et al. (2010) and
Cunha Pereira (2011).
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4.2 Methods

Monthly water samples were collected from October 2006 to June 2007 by throwing a
weighted and tethered 5 1 plastic bottle from the shore to an area of open water. Locations
near springs and swallow holes were avoided. Samples for the study of spatial variation
within turloughs were taken every month in four turloughs (Blackrock, Caranavoodaun, Roo
West and Termon) from the onset of flooding (beginning of December 2007) until the
turloughs had emptied (April-May 2008). An additional December sampling was carried out
later in December 2007. Points within the water body were accessed by boat. Points were
numbered according to the following criteria: P1 is the edge point in all cases (in the same
location as in the first year field season and varying with flood level on each sampling
occasion); P2 is the “middle point” (this is considered the deepest and usually most central
point of each turlough, close to where the hydrological Divers were located); P3 and P4 are
points chosen to coincide with known swallow holes or estavelles or simply away from other
points (at a practical distance) to permit a wider spatial sampling. For example, P3 in
Caranavoodaun is geographically close to P1, but it is directly above an estavelle and
separated from P1 by surrounding vegetation. P3 in Blackrock is also above a large estavelle.
P3 in Roo West is close to a small swallow hole, possibly an estavelle.

Samples were analysed for total phosphorus TP, total nitrogen TN, Soluble Reactive
phosphorus SRP, total oxidised nitrogen (TON), chlorophyll a (Chl a), alkalinity, and colour
following minor adaptations of “Standard Methods” (Clesceri et al., 1989). TP concentration
was obtained by acidic persulphate digestion of samples at 120°C and subsequent
determination of phosphate by colorimetry (Eisenreich et al, 1975; Shimadzu UV-1601
Spectrophotometer). SRP was measured in filtered samples (Whatman GF/C filter) by the
colorimetry method used for TP but without digestion. TN was measured after alkaline
persulphate digestion of samples at 120°C followed by measuring the resulting nitrate by
automated colorimetry (Grasshoff et al, 1999; Bran+Luebbe AutoAnalyzer 3). TON was
measured on filtered samples using ion chromatography (Dionex Instruments ICS-1500).
Chlorophyll a was determined by methanol extraction of Whatman GF/C filters, followed by
absorbance measurement of the extract at 665 nm (Chl a peak) and 750 nm for turbidity
correction (Standing Committee of Analysts, 1980; Shimadzu UV-1601 Spectrophotometer).
Replicates (at least two from each original 2.5 1 sample) were used in the analyses, except in
the analyses of alkalinity and Chl a for which separate repeatability experiments were carried
out.

4.3 Results
4.3.1 General Chemical Characteristics

Table 4.1 shows average values and ranges of all the ecologically important chemical
parameters that were measured during the 2006-2007 flooding season. Very low volumes of
water in some turloughs at the beginning or end of the flooding season were judged to be non-
representative of the flooding season and, therefore, data from these occasions were excluded
from the calculation of averages. Turloughs thus affected were Lough Aleenaun, Caherglassan,
Lough Coy, Garryland, Lough Gealain, Knockaunroe, Lisduff and Roo West. Data for Lough Coy
on December 2006 were also excluded but in this case it was the extremely high water level
that prevented the taking of an open-water sample.
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Table 4.1 [continues on next page] Mean values, standard deviations and ranges for total phosphorus (TP), soluble reactive phosphorus
(SRP), total nitrogen (TN), total oxidised nitrogen (TON), chlorophyll a (Chl a) and silicates, plus mean values for TN:TP ratio, pH, alkalinity,
dissolved oxygen, colour and turbidity in the studied flooding season. Also shown are the trophic classifications of the turloughs according to
the OECD (1982).

- TP (ug I'’) SRP (ug I') TN (mg ) TON (mg I'*) Chla(ugr’)
Mean£SD  Range Mean£SD  Range Mean£SD ‘ Range = Mean#5D Range Mean£SD ‘ Range
Ardkill 82+33 32.3-117.1 42427 1.6-82.6 1.74+1.04 | 0.6-3.8 | 1.25+1.04 | 0-3.1 12.7+16.1 1.8-52.4
Ballinderreen 1249 4.6-27.8 1+0.4 0.3-1.6 0.73+0.41 | 0.2-1.5 | 0.15#0.21 | 0-0.5 3.0£2.7 1.0-8.8
Blackrock 52+16 27.4-73.5 27+10 15.1-38.0 1.72+0.29 1.3-2.1 | 1.21+0.37 1.0-2.0 | 1.3+0.7 0.7-2.5
Brierfield 2010 12.1-41.2 2+1 0.5-3.3 0.57+0.15 0.4-0.8 | 0.06+0.11 | 0-0.3 5.0+3.1 1.1-9.9
Caherglassan 43112 31.8-66.7 1947 6.7-29.8 1.22+0.23 0.9-1.6 | 0.85+0.52 | 0.3-0.9 | 3.3+4.3 0.8-13.5
Caranavoodaun 11+4 6.3-18.6 2+1 0.8-3.1 2.30£1.42 0.8-5.1 | 1.86+1.42 | 0-4.1 2.8+2.8 0.7-9.2
Carrowreagh 4318 32.8-55.7 818 1.8-21.6 0.91+0.45 0.5-1.6 | 0.36+0.41 | 0-1.0 12.1+£9.5 2.8-31.3
Coolcam 34+21 8.8-80.8 414 0.3-13.9 1.27+0.67 | 0.5-2.6 | 0.92+0.59 | 0-1.7 18.1+11.6 | 3.0-31.7
Croaghill 25+17 10.5-65.0 412 1.9-8.1 1.17+¢0.68 | 0.4-2.3 | 0.71+0.67 | 0-1.7 7.6+10.3 1.4-32.0
Garryland 25+7 11.7-31.4 11+4 3.5-14.3 1.08+0.42 0.6-1.8 | 0.57+0.22 | 0.3-0.8 | 1.1+0.6 0.4-2.0
Lough Aleenaun 31+14 17.0-59.9 9t6 0.7-16.6 1.25+0.27 | 0.8-1.5 | 1.01+0.28 | 0.7-1.4 | 9.2+12.8 1.5-36.6
Lough Coy 43116 24.7-61.9 21+10 4.8-34.4 1.41+0.26 1.1-1.9 | 1.00+0.25 | 0.6-1.3 | 5.245.6 0.7-13.5
Lough Gealain 4+1 1.7-5.5 1+0.4 0.2-1.3 0.59+0.20 | 0.3-0.9 | 0.35#0.12 | 0.1-0.5 | 1.1+0.7 0.3-2.6
Kilglassan 2712 13.9-44.6 514 1.6-12.1 1.45+1.04 | 0.2-3.3 | 1.07#1.00 | 0-2.7 5.0+3.4 1.6-10.6
Knockaunroe 412 1.4-71 1+0.4 0-1.3 0.55+0.15 0.3-0.8 | 0.30+£0.15 | 0-0.4 1.2+0.7 0.5-2.2
Lisduff 712 4.2-9.6 2+1 0.9-2.4 1.90+0.77 | 0.7-3.1 | 1.75+0.84 | 0-2.5 1.440.5 0.8-2.1
Rathnalulleagh 45422 18.9-83.9 312 1.0-6.5 1.25+0.46 | 0.7-1.9 | 0.66+0.49 | 0-1.4 33.5%+36.5 6.3-110.5
Roo West 104 4.5-17.7 1+1 0.2-1.6 0.59+0.29 | 0.2-1.0 | 0.25%0.24 | 0-0.6 2.1+1.1 0.7-3.7
Skealoghan 206 12.7-27.2 616 1.2-17.7 0.92+0.69 | 0.4-2.2 | 0.50+0.65 | 0-1.8 6.9+4.2 1.5-11.8
Termon Lough 1548 4.3-30.2 2+1 1.5-5.1 0.62+0.34 | 0.4-1.2 | 0.2840.32 | 0-0.8 3.1+2.4 0.6-8.1
Tullynafrankagh 33118 14.7-58.9 312 1.6-7.2 2.14+1.24 | 0.9-4.6 | 1.49+1.33 | 0-3.8 18.4+20.0 | 3.0-69.4
Turloughmore 19+11 10.2-35.7 312 1.6-5.4 0.63+0.43 0.2-1.3 | 0.33+0.37 | 0-0.8 4.814.6 0.6-11.3




Table 4.1 [continued from previous page]

TN:TP silicates (mg I Si0,-Si) Alkalmllty Dissolved O, Colouf Turbidity Trophic status (Ol:;CD 1982)
Turlough . (mg I’ 1 (mg I based on
ratio (mgl”) (NTU)
Mean#5D Range CaCo;) PtCo) Mean TP Mean Chl a
Ardkill 26 1.64+1.95 | 0.06-5.86 8.10 220 11.0 28 1.9 Eutrophic Eutrophic
Ballinderreen 73 0.43+0.45 | 0.01-1.26 8.21 184 11.8 17 1.1 Mesotrophic Mesotrophic
Blackrock 35 1.27+0.22 | 1.07-1.66 7.89 167 10.7 72 2.7 Eutrophic Oligotrophic
Brierfield 32 1.73+1.86 | 0.03-4.63 8.13 210 11.1 36 2.0 Mesotrophic Mesotrophic
Caherglassan 30 0.8740.39 | 0.16-1.26 7.95 112 11.2 85 3.0 Eutrophic Mesotrophic
Caranavoodaun 258 1.63+1.68 | 0.07-4.52 8.16 217 11.0 25 2.2 Mesotrophic Mesotrophic
Carrowreagh 21 1.23£1.15 | 0.03-2.97 8.23 219 12.0 48 3.4 Eutrophic Eutrophic
Coolcam 45 0.90+0.65 | 0.00-1.75 8.17 214 114 23 3.4 Mesotrophic Eutrophic
Croaghill 57 1.57+1.47 | 0.06-3.97 8.16 220 11.2 44 2.5 Mesotrophic Mesotrophic
Garryland 46 1.08+0.29 | 0.55-1.37 7.71 122 10.0 80 1.9 Mesotrophic Oligotrophic
Kilglassan 58 1.81+2.59 | 0.03-6.09 8.22 216 11.6 28 3.5 Mesotrophic Mesotrophic
Knockaunroe 147 0.43+0.30 | 0.04-0.87 8.13 139 11.1 10 0.6 Oligotrophic Oligotrophic
Lough Aleenaun 48 0.32+0.09 | 0.18-0.42 8.04 160 11.8 14 5.5 Mesotrophic Eutrophic
Lough Coy 36 1.18+0.39 | 0.53-1.57 7.86 143 10.6 72 2.5 Eutrophic Mesotrophic
Lough Gealain 163 0.39+0.25 | 0.05-0.80 8.17 135 11.2 8 0.7 Oligotrophic Oligotrophic
Lisduff 282 2.52+2.56 | 0.04-7.31 8.12 228 11.0 21 4.1 Oligotrophic Oligotrophic
Rathnalulleagh 34 1.01+0.75 | 0.00-1.76 8.09 236 11.9 28 5.4 Eutrophic Hypertrophic
Roo West 65 0.41+0.48 | 0.01-1.18 8.27 141 11.6 14 1.6 Oligotrophic Oligotrophic
Skealoghan 37 1.92+2.67 | 0.04-6.14 8.07 198 9.8 26 1.7 Mesotrophic Mesotrophic
Termon Lough 49 2.30+2.37 | 0.04-7.06 8.09 226 104 21 1.3 Mesotrophic Mesotrophic
Tullynafrankagh 93 2.9313.02 | 0.14-8.52 7.92 234 11.6 36 2.7 Mesotrophic Eutrophic
Turloughmore 46 0.36+0.20 | 0.03-0.54 8.12 168 12.0 11 0.8 Mesotrophic Mesotrophic

“fixed boundary system used.
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Figure 4.1 (a) average alkalinity (£SD) for the 22 turloughs (vertical line divides the turloughs into two groups, see b);
(b) average alkalinity (+SD) over time in the two groups separated in a (solid line - group in the left, broken line - group
in the right); (c) average alkalinity (solid line) and pH(broken line, £SD error bars) over time in the 22 turloughs.
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pH ranged between 7.7 and 8.3 and alkalinity between 112 and 236 mg I'1 CaCO3. Turloughs in
the Burren region (Lough Gealain, Knockaunroe, Lough Aleenaun, Turloughmore and Roo
West) and the four coloured and deep turloughs (Blackrock, Coy, Caherglassan and
Garryland) that receive drainage from the Sliabh Aughty hills had lower alkalinity than other
turloughs (Table 4.1 and Figure 4.1). There was a general trend across turloughs of a slight
rise of pH over the flooding season, while in general, alkalinity decreased in all turloughs over
the flooding season while pH increased slightly (Figure 4.1). Average colour ranged between
8 and 48 mg 11 PtCo for all turloughs except for the four deep turloughs referred to above
where it averaged 72- 85 mg 11 PtCo (Table 4.1). By contrast, turloughs on the region of the
Burren (Lough Gealain, Knockaunroe, Roo West, Turloughmore, Aleenaun) had low colour
(average <14 mg |1 PtCo).

The turloughs varied considerably with respect to the concentration of nutrients and Chl a
(Table 4.1). Average TP ranged between 4.0 and 82.1 pg 11, with 16 sites having a mean TP
value <35 pg I'1 and three sites having <10 pg 11 (SD of averages across turloughs = 18.7 pg I-
1); average TN ranged from 0.5 to 2.3 mg 11 (SD = 0.5 mg 1'1) and average Chl a ranged from
1.1 to 18.4 pg 11 in all turloughs except in Rathnalulleagh, which had a seasonal average of
33.5 pg It (SD of averages across turloughs = 7.8 pg 11). The high Chl a average in
Rathnalulleagh is due to high values during the season (between 6 and 48 pg1-1) but also to an
extreme value in October (110.5 pg I'1). Average TN:TP were above 21 for all turloughs (Table
4.1). Monthly values below 17 occurred in only seven turloughs, usually in only one or two
months at the beginning or end of the season, when TN was low.

Average SRP was <5 pg 11 in 14 turloughs, and <10 pg 11 in 17 turloughs. Garryland,
Caherglassan, Lough Coy, Blackrock, and Ardkill had SRP seasonal averages >10 pg I'1 (Table
4.1). SRP was 17.9% of TP on average for all turloughs (SD=7.3%, n=17) except in the above
five, where SRP was 46.7% of TP on average (SD=6.6%, n=5). TON was very low (<0.15 mg 11
on average) in two turloughs (Brierfield and Ballinderreen). Average TON was <0.5 mg I'1 in
nine turloughs and <1.0 mg 11 in 16 and the highest average was 1.86 mg I! in
Caranavoodaun. The percentage TON of TN for all turloughs (except Ballinderreen and
Brierfield, both <15%) was 55.6% (SD=15.9 %, n=20), with the highest value in Lisduff (85.4
%).

4.3.2 Trophic Status

Based on TP, four of the turloughs were oligotrophic, 12 were mesotrophic, six were
eutrophic and none were hypertrophic (Table 4.1) according to the OECD (1982)
classification scheme. If Chl a is used to classify the turloughs instead of TP, six were
oligotrophic, 10 were mesotrophic, five were eutrophic and one (Rathnalulleagh) was
hypertrophic (Table 4.1). However, the hypertrophic classification for Rathnalulleagh is
strongly influenced by one very high value (110.5 pg I'1) in October 2006. If this value is
omitted, Rathnalulleagh is classified as eutrophic. Rathnalulleagh remains in the eutrophic
category based on TP whether the October TP result is included or not. The relatively high
values of TP (October 2006 and June 2007) and Chl a (June 2007) in Brierfield have no effect
on the classification, which remains in the mesotrophic category if these data are excluded or
not.
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Figure 4.2 Temporal variation of volume (or depth where no topographical data was available) and of TP, SRP and Chl

a (left graphs) and of TN and TON (right graphs). TP -

large circles, SRP - small circles; Chl a - bars; TN -

large triangles;

TON - small triangles. Turloughs arranged by geographic position (broadly from north to south and from west to east).
Vertical lines indicate the late start of hydrological measurements in some turloughs.
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Figure 4.2 Temporal variation of volume (or depth where no topographical data was available) and of TP, SRP and Chl
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Vertical lines indicate the late start of hydrological measurements in some turloughs.

4.3.3 Seasonal Variation in Nutrients

Figure 4.2 shows the concentration of TP, SRP, TN, TON, Chl a and turlough volume (or
maximum depth in the case of three turloughs for which volumes were not available) for the
2006-2007 flooding season. TN varied systematically over time in most turloughs, increasing
to a maximum in mid-winter (December-January) and gradually decreasing thereafter. The
maximum TN concentration frequently, though not always, coincided with maximum turlough
volume. Sometimes the peak preceded the maximum volume (e.g. Coolcam, Rathnalulleagh,
Carrowreagh, Brierfield, Roo West). The decrease in TN after peak concentration often (e.g. in
Caranavoodaun, Lisduff) though not always coincided with a decrease in volume. For
example, Ardkill, Coolcam, Croaghill, Termon were apparently still filling or remained full
while TN declined. Turloughs in the same area often had very similar TN concentrations and
similar trends over time (e.g. Caranavoodaun and Tullynafrankagh; Rathnalulleagh and
Carrowreagh; Ardkill and Kilglassan). It is also interesting to note that both Turloughmore
and Lough Aleenaun, despite draining and re-filling several times in the flooding season,
nonetheless showed the same temporal variation in TN as most other turloughs.
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TP and Chl a, unlike TN, did not show any seasonal pattern that predominated in the
turloughs (Figure 4.2). TP was often high in the winter months but not, for example, in
Rathnalulleagh, Ardkill and Brierfield. Also, unlike TN, neither TP nor Chl a varied
systematically with turlough volume. Chlorophyll a peak values were usually multiples of
those at other times. Chlorophyll a was highest in the period November to February in 14
turloughs (five in both November and February, four in January). Three turloughs had peak
Chl a in October and in May while only one reached peak Chl a in March and April. Values as
high as 13.5 pg 11 in Lough Coy, 14.5 pg I'1in Carrowreagh, 22.4 pg 11 in Coolcam, 24.0 pg 11 in
Rathnalulleagh, and even 69.4 pg I in Tullynafrankagh were recorded in the middle of winter
(January). Values of Chl a 210 pg 11 on the first sampling date were found in seven out of the
22 turloughs (Ardkill, Carrowreagh, Coolcam, Lough Aleenaun, Rathnalulleagh, Skealoghan
and Tullynafrankagh). A striking example was that of Rathnalulleagh, with a peak of 110.5 pg
11 of Chl a in October 2006.

Mean TP and TN were significantly positively correlated in the turloughs (r=0.50, p=0.02,
N=22, Spearman), especially once Tullynafrankagh, Caranavoodaun and Lisduff are left out of
the analysis (r=0.88, p<0.001, Spearman), as these three turloughs appear to be outliers with
a relatively high TN to low TP concentrations (Figure 4.3).

50 | g Tullynafrankagh

40 * * * /
& .

TSRS A4 Caranavoodaun

TP pg/L

*0 _
*0
0 T T T ]
0.5 1.0 15 2.0 2.5

TN mg/L

Figure 4.3 Average TP-TN relationship in the 22 turloughs in the first
flooding season. The three turloughs with a relatively low TP and high
TN are labelled.

4.3.4 Relationships Between Nutrients and Chlorophyll a

Chlorophyll a (Chl a)was not significantly correlated with TN (log of monthly values and
seasonal averages, n=22, p>0.30). However, the linear regression between TP and Chl a was
significant, using both all monthly values (log Chl a = 0.754 log TP - 0.449, R?=0.317, p<0.001;
n=169) and seasonal averages (log Chl a = 0.663 log TP - 0.345, R2=0.342, p=0.004; n=22). If
the five turloughs with average SRP values >10 pg 11 (Ardkill, Blackrock, Lough Coy,
Caherglassan and Garryland) are omitted from this analysis, the regression shows a
considerably better fit (log Chl a = 1.147 log TP - 0.802; Rz = 0.844, R=0.919, p<0.001, n=17;
Figure 4.4). The plot of average Chl a against average TP and the regression line including all
turloughs except the five mentioned is depicted (Figure 4.4).

Chapter 4. Water Chemistry and Algal Biomass Page 158



Turloughs: Hydrology, Ecology and Conservation

0.849

Ardkill

Log mean chlorophyll a (ug/L)

& L.Coy
0.3+
Caherglass

-
0.0 Blackrock

g Garryland

T I 1 I I 1 I I
06 08 10 1.2 14 16 1.8 20

Log mean TP (ug/L)

Figure 4.4 Relationship between average log total phosphorus (TP) and average
log chlorophyll a (Chl a) in the 22 turloughs studied. Continuous line represents
the linear regression fit (log Chl a = 1.147 log TP - 0.802, R> = 0.844, N=17) and
broken lines represent linear regression lines for lakes in the literature (see
text). Labelled turloughs were omitted from the regression because Chl a
concentration was not considered to be limited by TP in these turloughs.

4.3.5 Spatial Variation Within Turloughs

The four sampling points within turloughs showed very similar absolute values and temporal
variation patterns for most chemical variables, including TN, TON, alkalinity, colour and
silicates (Table 4.2; Figures 6.3 and 6.4 in Cunha-Pereira 2011). However TP, SRP, Chl a and
turbidity were found to be more spatially variable within turloughs than the above variables
(Table 4.2). It is noteworthy that Chl a tended to be higher at the shoreline than at other
sampling points (Cunha Periera, 2011). The biggest differences among sampling points were
in the first and final months of flooding when water levels were low (Table 4.2).

Blackrock stood out in terms of a number of chemical parameters. It had waters with higher
colour, higher TP, higher SRP, lower Chl a and higher average turbidity than the other three
turloughs (Cunha-Pereira, 2011). These same distinguishing characteristics were also evident
in the first year of study, as this turlough was part of the not P-limited coloured-deep turlough
cluster (see above). Termon, Caranavoodaun and Roo West also had very similar chemical
characteristics as in the first year of the study.
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Table 4.2 Coefficients of variation (%) of relevant chemical parameters for all samples collected in the second year.
Shaded values highlight values>25%.

Dec | Dec Il Jan Feb Mar ‘ Apr May
TP
Blackrock - 2 18 11 2 2
Caranavoodaun - 38 19 14 30 36 9
Roo - 18 15 21 7 32 20
Termon - 3 7 12 8 41 49
TN
Blackrock 4 15 4 9 2 4
Caranavoodaun 31 11 2 2 5 9 8
Roo 11 20 6 22 13 12 9
Termon 34 3 10 17 10 5 17
Chla
Blackrock 5 17 50 38 18 4
Caranavoodaun 58 38 7 7 19 77 37
Roo 34 20 8 3 14 46 36
Termon 71 9 5 8 13 17 113
SRP
Blackrock 5 4 21 13 4 14
Caranavoodaun 95 39 5 20 7 48 100
Roo 57 46 80 64 15 31 200
Termon 38 15 5 12 9 49 0
TON
Blackrock 1 4 4 1 1 1
Caranavoodaun 32 13 2 1 2 2 0
Roo 9 5 4 4 7 11 0
Termon 49 3 7 3 7 25 0
Alkalinity
Blackrock 2 1 2 1 1 1
Caranavoodaun 4 3 1 0 1 1 4
Roo 6 2 3 3 1 2 7
Termon 13 2 1 1 1 1 6
Colour
Blackrock 1 4 2 1 2 2
Caranavoodaun 6 16 9 12 13 6 12
Roo 9 42 13 8 43 7 9
Termon 30 11 15 36 16 4 25
Silicates
Blackrock 3 5 4 3 3 67
Caranavoodaun 4 3 1 1 13 8 22
Roo 15 1 10 7 21 39 18
Termon 3 2 0 5 6 20 15
Turbidity
Blackrock 7 21 23 6 2 5
Caranavoodaun 28 47 18 45 11 48 61
Roo 15 33 28 26 28 21 47
Termon 44 45 31 24 41 28 131
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4.3.6 Trophic Status of Sites Within Turloughs

The trophic status of both Blackrock and Roo West turloughs remained the same regardless of
the sampling point used for its determination, while the trophic status of Caranavoodaun and
Termon was either oligotrophic or mesotrophic depending on which site within the turloughs
was used to make the assessment (Table 4.3). However, this ambiguity in classification arises
largely because the mean values for TP and Chl a are quite close to the boundary values of 10
ug I'1 for TP and 2.5 pg I'1 for Chl a) (OECD, 1982).

Table 4.3 Trophic classification (OECD, 1992) of the different sampling points as averages of TP and Chl a during the
flooding season. Also shown are the classifications for the edge point in the first year of study (in italics).

sampling Point Mean 1TP Mean C1hl a Trophic classification according to:
(ug ) (ug ) Mean TP Mean Chl a
Blackrock
P1 (1* year) 52 1.3 Eutrophic Oligotrophic
P1 (2™ year) 50 6.6 Eutrophic Mesotrophic
P2 43 6.4 Eutrophic Mesotrophic
P3 43 6.1 Eutrophic Mesotrophic
P4 44 7.0 Eutrophic Mesotrophic
Caranavoodaun
P1 (1* year) 11 2.8 Mesotrophic | Mesotrophic
P1 (2nd year) 12 3.0 Mesotrophic | Mesotrophic
P2 10 2.2 Oligotrophic | Oligotrophic
P3 8 1.6 Oligotrophic | Oligotrophic
P4 8 1.4 Oligotrophic | Oligotrophic
Roo West
P1 (1* year) 10 2.1 Oligotrophic | Oligotrophic
P1 (2nd year) 9 1.4 Oligotrophic | Oligotrophic
P2 7 1.3 Oligotrophic | Oligotrophic
P3 9 1.3 Oligotrophic | Oligotrophic
P4 9 1.1 Oligotrophic | Oligotrophic
Termon
P1 (1* year) 15 3.1 Mesotrophic | Mesotrophic
P1 (2nd year) 11 2.4 Mesotrophic | Oligotrophic
P2 10 1.5 Oligotrophic | Oligotrophic
P3 9 2.2 Oligotrophic | Oligotrophic
P4 10 1.5 Oligotrophic | Oligotrophic

4.3.7 Inter-annual Variation

Chemical parameters were often strikingly similar between the two years, both in the
absolute values and in their trends over time (Cunha-Pereira, 2011). TN and nitrate showed
similar trends as in the first year for all turloughs: a peak in winter followed by a steady
decline. Trophic status was the same in Caranavoodaun and Roo West in both years. However,
Blackcock changed from oligotrophic to mesotrophic because of a sharp increase in Chl a in
March and April 2008 while Termon went from mesotrophic to oligotrophic owing to lower
mean Chl a in the second flooding season (Table 4.3). However, as stated above, the ambiguity
arises because the measured values are close to the oligotrophic-mesotrophic boundary
though in this case only changed when Chl a was used and remained the same for TP.
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There was one striking difference between years: that of the sharp rise in Chl a in March and
April 2008 in Blackrock. During this period there were no concomitant visible changes in
other parameters (e.g. depth, TP, TN, colour) that could explain this difference between years.
These variables were not very different from the same period in 2006-2007 (Cunha-Pereira,
2011), when no rise in Chl a occurred.

4.4 Discussion
4.4.1 General Chemical Characteristics

The chemistry of the turloughs waters was typical of the diversity of surface water chemistry
that is found in this region of Ireland (see, for example, Flanagan and Toner, 1976; Allott,
1990; Champ, 1998; King & Champ, 2000). Some very clear contrasts in water chemistry
among the turloughs relate to differences in the nature of their zones of contribution. The
northern group of nine turloughs all had high alkalinity (generally higher than 200 mg I
CaCO3) reflecting the importance of calcareous tills and limestone bedrock in the zones of
contribution. Turloughs in or near the Burren (e.g. Lough Aleenaun, Lough Gealain) where
limestone also predominates, but where soils are thin or absent, had notably lower alkalinity
compared to the northern group. It seems clear therefore that calcareous soils can make an
important contribution to alkalinity in turloughs. Blackrock, Coy, Garryland and Caherglassan
had alkalinities in the same range as the Burren turloughs but for a different reason. These
four turloughs receive drainage from the Sliabh Aughty hills which are characterised by acid
bedrock (mainly Old Red Sandstone) with peat soils and produce waters of low alkalinity.
Thus the waters of this group of four turloughs are a mixture of soft water from the Sliabh
Aughtys and hard water from the lowland calcareous parts of their catchments, to yield
waters of relatively low alkalinity.

In general, turloughs with the highest alkalinity had the highest pH and vica versa, as would
be expected in waters where pH is mainly determined by the concentration of the HCO3- ion.
However, it is interesting to note that some turloughs had a relatively low pH for their level of
alkalinity. An extreme case of this was Tullynafrankagh which had the highest average
alkalinity but an average pH of only 7.92. Such cases imply a greater degree of
supersaturation with CO; as a result of soil-water interactions than in turloughs with higher
pH for a given level of alkalinity. However, the fact that alkalinity declined and pH increased
over the flooding season in all the turloughs implies that they were all initially supersaturated
with CO; to some extent and that they gradually became less so as CaCO3 was deposited over
the flooding season.

Carbonate deposition in turloughs (including three of the 22 sites investigated in this project,
Kilglassan, Ardkill and Skealoghan) was studied by Coxon (1994). From this earlier dataset
(from sampling in 1982 to 1984), it was noted that calcium concentrations in the turloughs
were initially comparable to that of the local groundwater (monitored at Cregduff springs) but
decreased during the flooding season while calcium concentration in the groundwater
increased or remained constant. Inflowing water at estavelles in the turloughs had a pH close
to 7 and comparable to that at Cregduff springs, but the turlough water pH rose rapidly to 8 or
more and the waters became supersaturated with calcium carbonate. Thus the trends
observed in this earlier dataset are broadly comparable to those of the present investigation.

Further investigation of carbonate depositional processes was beyond the scope of the
current research project, but it may be noted that the new information on turlough trophic
status is relevant to the discussion of deposition mechanisms. Coxon (1994) concluded that
the observed quantity of carbonate deposition could be explained by physico-chemical
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processes of carbon dioxide loss without invoking biological CO2 uptake, and it was suggested
at that time that the level of algal CO; uptake required to explain the deposition occurring in
March - April was implausibly high at 750-1500 mg C m-2 of water surface per day, as this
would imply a naturally highly eutrophic or artificially enriched system. At the time of this
earlier research, no data were available on turlough algal productivity. From the levels of TP
and chlorophyll a observed in the present study, trophic status of the 22 turloughs was seen
to vary from oligotrophic to hypertrophic (Table 4.1). Therefore it is possible that algal CO>
uptake may play a significant role in carbonate precipitation at some sites. However, given
that carbonate precipitation is seen to occur in significant quantities at the oligotrophic sites
(e.g. Lough Gealain), there is no clear evidence to justify overruling the preliminary findings of
Coxon (1994), and further research would be required to quantify the actual role of chemical
versus biological factors in precipitation at different sites.

Blackrock, Lough Coy, Garryland and Caherglassan were also a distinct group in ways other
than those already mentioned. Hydrologically they are linked (Johnston & Peach, 1998; Drew,
2003; Gill, 2010) and morphometrically they are the deepest of the 22. They had much higher
colour than any of the other turloughs as a result of receiving drainage, in part, from peat soils
in the Sliabh Aughty hills. The presence of humic and fulvic materials in drainage from peats
imparts the characteristic brown colour to such waters. The combination of greater depth and
high colour may be expected to lead to reduced light in the water column compared to other
turloughs among the 22. The fact that they are linked hydrologically means that they are
effectively four sampling points in one large ZOC and are therefore not independent of one
another in the statistical sense. All turloughs apart from the above four had much lower
colour (8-48 mg It PtCo) which reflects the lack of extensive areas of peatland in the
catchments.

The low average TP in Gealain and Knockaunroe (both 4.0 pg 1-1) indicate a low level of
agricultural activity and human habitation in the ZOCs of these turloughs. Similarly low levels
of TP have been found in Muckross Lake in Co. Kerry which also receives drainage from a
relatively unimpacted catchment. It would appear that an average TP of 4.0 pg 11 may be close
to the lower limit of what is found in lowland standing waters in Ireland. The concomitant
concentration of TN in these two turloughs was 0.5-0.6 mg I-1.

4.4.2 Algal Biomass in Turloughs

The fact that turloughs exist as water bodies mainly in the winter could be taken to imply that
these would be unproductive water bodies. However, the results of this study indicate that
phytoplankton biomass as Chl a in turloughs was not significantly lower than that found in
permanent lakes (Cunha Pereira, et al., 2010). Chlorophyll a peaks in winter are not unknown
in Irish lakes (Irvine et al, 2001) and elsewhere (Campos et al., 1988) but are not the norm.
Although there is not a “typical” universal succession of algal biomass over time in lakes
(Hutchinson, 1967; Reynolds, 1984, 2006), it is usual that algal biomass peaks in late spring or
summer and is low during winter (Allott 1990; Wetzel 2001; King & Champ, 2000; Irvine et
al., 2001 for Irish lakes). Accordingly, Irvine et al. (2001) found that only two out of 31 Irish
lakes in a 2-year study had a maximum concentration of Chl a in winter. Allott (1990), in a two
year study of six lakes near the Burren, found that Chl a peaked in late summer and was low
throughout the winter. A factor contributing to high production in winter may be that most
turloughs are shallow with relatively clear water and, therefore, have well-illuminated water
columns.

Peak Chl a occurred at different times across the 22 turloughs but the majority had maxima in
November, January and February which is typically the darkest and coldest time of the year.
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Garcia and Niell (1993) and Garcia et al. (1997) also found that Chl a and phytoplankton
abundance was highest in winter in a temporary saline lake in Spain, with values similar to
those found in turloughs. They found that the decline of phytoplankton biomass in spring was
coupled to an increase in zooplankton grazers. The decline of phytoplankton biomass in
spring in turloughs could also be due to higher grazing pressures (see also Barone & Naselli-
Flores, 2003) and perhaps to a lower availability of nutrients. Alternatively, the phytobenthos
may dominate the autotrophic community at this stage (see for example Garcia & Niell,1993;
Blindow et al., 2002).

Another surprising feature of turloughs is the often high value of Chl a found at the early
stages of flooding. A striking example in this study was in Rathnalulleagh in October 2006
(110.5 pg I'1), measured only about 19 days after the estimated onset of flooding. This high
value raises the question of the origin of algal inocula that initiate phytoplankton populations
in turloughs. A recent study (Cleary, 2011) has shown that dry soil from Lough Aleenaun is a
substantial source of algal inocula and it may reasonably be assumed that this is the case in
other turloughs also. Moreover, some of the algae that are found in turloughs (such as

Tribonema sp. or Chlamydomonas sp.) are known to be able to survive desiccation (Evans,
1958, 1959).

4.4.3 Relationships Between Chlorophyll a and Nutrient Levels

The significant linear regression found between TP and Chl a suggests that P limits
phytoplankton biomass in the majority of the turloughs in this study. TN-to-TP ratios were
above 17 as seasonal averages in all turloughs and in the vast majority of the monthly
samples, thus emphasising the role of P rather than N, as the main limiting nutrient (Phillips
et al., 2008). The TP - Chl a regression model in turloughs was similar to that for permanent
Irish permanent lakes as shown in Champ (1998) but differed slightly from two non-Irish
studies (Dillon & Rigler, 1974; Phillips et al., 2008). The intercept in the Phillips et al. (2008)
model was higher than that in this study, but it can be argued that the slope is the most
relevant parameter in these comparisons, as it measures the rate of increase of algal biomass
per increase in unit TP. In this light, turloughs showed rates of increase in Chl a in response to
increases in TP similar to those of the Irish and the two non-Irish models. Furthermore, there
is considerable variation in the linear relationships between TP and Chl a amongst lake
studies, and the regression line in the turlough model is within the range of those found for
permanent lakes. It can be concluded, therefore, that production of Chl a per unit TP in
turloughs is within the range of values found in permanent lakes in spring and summer.

The development of algal biomass appears not to have been limited by P in Blackrock,
Caherglassan, Lough Coy, Garryland and Ardkill. It is likely that the deeper, more highly
coloured waters of the first three of these turloughs were light-limited through the winter
instead. Colour, by either suppressing light penetration (Havens, 2003; Havens & Nurnberg,
2004) or sequestering important ions (Jackson & Hecky, 1980), is known to inhibit
phytoplankton development and the greater depth of these turloughs would exacerbate the
effect. A somewhat different explanation is suggested for Ardkill though it too is relatively
deep and therefore more prone to light limitation than most of the other turloughs. However,
the most important feature of Ardkill in this regard is probably that it had a much higher
average TP than any of the other turloughs, as well as being relatively deep; therefore it is
likely that in Ardkill also there was insufficient light to enable the algal community to utilise
the available P to the same extent as in the majority of turloughs. While the above comments
apply to the majority of the flooding season, there is evidence that Ardkill and, to a lesser
extent, other turloughs could have been N limited at the end of the flooding season. At this
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time (May-June 2007), NO3-N was undetectable in Ardkill whereas the concentration of MRP
was relatively high (70 pg I'1 in May and 13 pg Il in June); these figures are suggestive of N
limitation in Ardkill but could not be taken as proof.

4.4.4 Seasonal Variation of Nutrients

There are many studies of permanent lakes that have reported the same pattern of seasonal
variation in N as that found in turloughs, both in Ireland (Allott, 1990; King & Champ, 2000;
Pybus et al., 2003) and elsewhere (Burt et al., 1988; Reynolds et al., 1992; Petry et al., 2002).
It is widely accepted that the increasing trend in N during autumn and winter is the result of
losses from the catchment at the end of the growing season (Johnsson et al., 1987; Kaste et al.,
2003; EFMA, 2005). N typically increases in surface waters to a maximum in winter and then
declines as the catchment supply gradually becomes exhausted. Kaste et al. (2003) have
shown that the amplitude of this seasonal trend in N is proportional to the flushing rate of the
water body, as would be expected. Most of the turloughs showed a seasonal trend in N similar
to that described above and it is therefore tempting to conclude that they are in general
rapidly flushed water bodies. However, this conclusion would be contrary to the current view
on turlough hydology that the rate of flushing in most turloughs is low (see Chapter 3:
Hydrology) though it is accepted that the rate of flushing in certain turloughs may be rapid.
There is certainly good circumstantial evidence that the seasonal trend in N in Lough
Aleenaun, Turloughmore and Blackrock is caused by flushing. Lough Aleenaun and
Turloughmore filled and drained several times over the flooding season and yet still displayed
the same systematic decline in N as in most of the other turloughs; such a trend is suggestive
of declining N concentration in inflowing waters rather than any removal process within the
turloughs. In the case of Blackrock, the trend in N in the R. Owenshree (just upstream of
Blackrock into which it flows) is very similar to that in the turlough (Cunha-Pereira, 2011). If
any within-turlough process were responsible for removal of N then one would expect a
different N trend in the turlough to that in the stream. (It has not been possible to deduce the
relative importance of flushing versus within-turlough processes in the case of the remaining
19 turloughs owing to lack of firm evidence. However, this topic is the subject of ongoing
research among the Civil and Environmental Engineering Hydrology Group at Trinity College).

Phosphorus, in contrast to N, fluctuated irregularly across turloughs and over time, suggesting
that the mechanisms governing P concentrations in each of the basins are site-specific. It is
known that P easily sorbs to particulate matter and forms stable and relatively insoluble
compounds with many cations such as iron, magnesium, and calcium (e.g. Otsuki & Wetzel,
1972; McDowell et al., 2004). Accordingly, it has been shown that while dissolved N may move
conservatively in catchments, dissolved P may be retained in most hydrogeological situations
(Weiskel & Howes, 1992). However there is evidence of greater P mobility in karst aquifers
with conduit flow, though clearly not in the same systematic manner as N. Kilroy and Coxon
(2005) studied temporal variations of P in karst springs in two catchments in western Ireland
and found that P generally increased with rainfall but the degree of response varied and the
highest peaks occurred at varying times for different springs, even within the same
catchment. They also found that the forms of P mainly responsible for the increases were
particulate and dissolved organic P, whereas SRP remained dominant and at stable levels in
most cases. However, in a few instances, increases of SRP occurred concomitantly with
increases in TP. These results suggest that rainfall drives flushing of P through karst
catchments (causing an increase in the particulate component), but the timing and the degree
of the response may be influenced by local characteristics within each catchment. Such
findings help explain the different patterns of P variation across turloughs.
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4.4.5 Spatial and Inter-annual Variation Within Turloughs

The study of spatial variation in Caranavoodaun, Roo, Termon and in Blackrock showed that
these turloughs were quite homogenous with respect to most chemical variables most of the
time. An important exception, because of its importance in water quality monitoring, was Chl
a which could be higher near the shoreline at the beginning and end of the flooding season.
The higher shoreline values of Chl a in this study were mostly caused by filamentous algae but
in one case (Caranavoodaun in December 2007) it was caused by the diatom Achnanthidium
lanceolatum (Cunha Pereira, 2011). Minor wind-driven accumulations of algae are a likely
explanation because the two variables are correlated and therefore it is not surprising that
they might have similar spatial distributions, though higher production of Chl a near the shore
is an alternative possibility. Wind-driven movements of algae have been recorded previously,
for example by George and Heaney (1978) and Stevenson (1996).

Despite the spatial differences found, it is unlikely that large errors in assessment of water
quality would be made in these four turloughs if they were to be sampled near the shoreline
over a flooding season. The trophic classification does change in two of the four turloughs
depending on the sampling point that is used but this arises because all values were close to
boundaries in the OECD classification and common sense dictates that differences in trophic
classification such as this are largely artefacts of the classification system. The trophic
boundaries are quite arbitrary (Carlson, 1977; Carlson & Simpson, 1996). It is important to
note that the four turloughs in this part of the study were quite unproductive (all had mean
Chl a <3.2 pg I'1). Spatial variation in TP and Chl a may be considerably higher in turloughs
with higher TP concentrations. It is also important to note that the greatest spatial variability
occurred at the beginning and end of the flooding season. Therefore, it is clear that samples
obtained in the middle of the flooding season are more likely to be representative of the whole
turlough than samples taken at other times.

The study of inter-annual variability in the four turloughs showed that, in general, chemical
variables behaved similarly in the two years (sometimes strikingly so, such as in the case of
TN and silicate for example) but that there were noteworthy exceptions. The most striking
exception was the steep increase in Chl a in Blackrock in March and April of 2008 which did
not occur in the previous season. Water quality in turloughs (as in any water body) is
determined by many factors, some of which are natural (such as weather) and some of which
are human activities in the ZOC. Such factors are liable to change between years and such
changes may affect the quality of surface waters.

4.4.6 Recommendations for Monitoring

Clearly the best way to monitor a range of turloughs is to analyse samples taken thoughout
the flooding season from a number of sampling points, as this approach will effectively
capture seasonal and spatial variation. However, such an approach would require extensive
resources. The results of this study show that a simpler approach could be considered where
a sample is taken in the middle of the flooding season (i.e. when water levels are at or near
peak) because at this time turloughs were found to be more spatially homogeneous in terms
of water chemistry. N is also likely to be near its peak at this time (enabling assessment of its
maximum value in a particular turlough) and variable parameters such as TP are more likely
to be spatially homogenous. Furthermore, filamentous algal biomass is not important during
these periods (see Chapter 5: Algae) and the problem of their possible accumulation near the
edges should not be an issue. From the values of TP that are obtained, inferences could then
be made into the amount of algal biomass that can be produced, though not in the case of deep
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turloughs or turloughs with highly coloured waters. A disadvantage of this scheme is that TP
and Chl a (both of which are important in the determination of water quality) have an erratic
temporal pattern in turloughs and thus more frequent samples would be required to establish
accurate seasonal averages of these two variables.
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5.1 Introduction

The best known aspect of algae in turloughs is the occasional conspicuous appearance of algal
mats when the turloughs empty in early summer (see photo above and Figure 1). Scannell
(1972) and Reynolds (1983) refer to such mats as “algal paper” and recorded their occurrence
in turloughs in Co. Clare and Co. Galway. It has also been observed by Coxon (1986) during a
study of 90 turloughs in nine Counties in western Ireland. She reported that “algal paper” was
found occasionally, covering the floor or suspended from vegetation, fences or other features.
Scannell (1972) recorded extensive algal mats at a turlough in Co. Clare (located at M2705) in
three out of four years in which the turlough was visited, while in the fourth year only
fragments of dried algal mats were found. Reynolds (1983) investigated five turloughs on the
Aran Islands and found algal mats only in one (Lough an Mhuirbhigh, 500 m south of
Kilmurvey). According to local knowledge, algal mats occurred almost annually in L. an
Mhuirbhigh but not in other turloughs in the area. Both Scannell (1972) and Reynolds (1983)
indicate that the phenomenon of “algal paper” does not appear to be common in turloughs.
However when algal mats do occur, they can be extensive. Scannell (1972) refers to mats
covering “several acres” while the mats recorded by Reynolds (1983) covered an area of
approximately 100 x 50 m.

Little is known of the taxa of filamentous algae that form algal mats in turloughs. Scannell
(1972) describes the dominant genus as being Oedogonium with some Spirogyra present also.
However, the identification was made from dried and bleached material which would have
made accurate identification difficult. No identifications of algae are provided by Reynolds
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(1983). Tribonema (Moreland, 1937) and Cladophora (Hoek, 1963) have been recorded as
constituents of dried algal mats on the margins of receding rivers and shallow pools in
continental Europe and in the United States of America. All of the above taxa, and perhaps
others, could therefore potentially form algal mats in turloughs.

While the occurrence and nature of algae in algal mats were known to some extent prior to
this project, there are no corresponding studies on the phytoplankton communities of
turloughs. Indeed, there have been relatively few studies on the phytoplankton of temporary
lakes in general (Williams, 2006) which contrasts starkly with the extensive literature on the
phytoplankton of permanent lakes. Most turloughs usually become flooded in autumn and
drain in early summer though some may fill and empty several times each year. Consequently,
algal communities in turloughs must develop, at least initially, when light levels and
temperature are declining. Additionally, most turloughs are fed by groundwater which is an
unlikely source of algal inocula. In spite of the above constraints on growth of algae, turloughs
have been shown to develop phytoplankton biomass concentrations comparable to those of
permanent lakes in summer (Cunha Pereira et al., 2010 and Chapter 4). Peaks of chlorophyll a
(Chl a) occur throughout the flooding season, with high values frequently in the middle of
winter (up to 69 pg Chl a I'1).

This chapter aims to:

1) describe the occurrence and species composition of algal mats in late spring and
early summer of 2007, 2008 and 2009 in the 22 turloughs,

2) describe the species composition and ecological characteristics of the
phytoplankton in turloughs,

3) determine the principal environmental factors that influence the algae of turloughs.

5.2 Methods
5.2.1 Algal Mats

The 22 turloughs were inspected for algal mats during the emptying phase in 2007, 2008 and
2009. Turloughs were visited in the first two weeks of March to June 2007 as part of the
monthly monitoring of turloughs. Dedicated trips to inspect for algal mats were conducted in
2008 on the 4t of March, the 1st of April, and the 26, 27th and 28t of May, and in 2009 on the
15t and 16t of June and on the 24th and 25t of July. The optimum timing for visiting
turloughs during the dedicated trips was estimated from information provided by local
residents. The timing and rate of emptying was found to vary among turloughs and among
years. At any given visit, different conditions were often found in turloughs, from turloughs
that appeared to have been dry for several days or weeks, to substantially full turloughs, to
turloughs at all intermediate stages in between. However, over the three years of
observations, all turloughs were inspected at least once at the optimum time for observation
of algal mats.

The presence of both living floating mats and dead drying mats was noted, as well as their
extent in the turlough basins. Sampling of algae for identification was carried out only in 2008
and 2009. Filamentous algae were collected near the edge of the water body by simply placing
them onto a vial with turlough water. Algae from 2008 were preserved in Lugol’s solution and
analysed with the live material collected in 2009, which was observed up to 48 h after
collection (this live material was stored at 4°C until observation). Taxa constituting the mats
were identified using an optical compound microscope at 200x and 400x magnification. The
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relative abundance (in percentage) of the different genera found was estimated. Mean total
phosphorus (TP) in the flooding season of 2006/2007 was calculated as the average of
monthly total phosphorus values for each turlough. Details of the analytical methods used can
be found in Chapter 4: Water Chemistry and Algal Biomass.

5.2.2 Phytoplankton Analysis

Sub-samples of samples that were taken for chemical analysis were preserved with Lugol’s
iodine solution for later phytoplankton analysis. Identification and counting was carried out
according to Uterm6hl (1958). Samples were observed at 200x or 400x magnification in an
inverted microscope (Leica Leitz DM-IL) after at least 24h in a sedimentation column (Uwitec,
http://www.uwitec.at). Between 300 and 400 individuals in a number of transects were
counted. Cell biovolume for each taxon was calculated by approximation of cell shape to
known geometrical forms (Hillebrand et al, 1999; Sun & Liu, 2003). Chl a was positively
correlated with algal biovolume (R=0.83, N=170, Spearman’s rank correlation coeffient), with
a slightly better fit than when correlated with cell abundance (R=0.80, N=170, Spearman’s
correlation coeffient). Biovolume was therefore used as the measure of algal biomass.

Taxa were identified to the species level where possible following John et al. (2002), Cox
(1996) and Bourrelly (1970, 1981 and 1990). Some taxa were not discriminated beyond
general groupings, such as small (d<10 pum) centric diatoms (considered to be either
Cyclotella spp. or Stephanodiscus spp.), dinoflagellates, unidentified pennate diatoms (i.e.
diatoms that were too small for identification, or in ambiguous griddle view; they were
generally small with average biovolume of 302 pm3). Synedra sp. was discriminated between
small (<70 um long) and big (>70 um long); Synedra nana was found in one turlough only
(Coolcam). Non-identified dinoflagelates were always small (average length=21.4 um, SD=7.3
um) and morphologically similar to Peridinium, Peridiniopsis, Gymnodinium or Katodinium.
The term non-identifiable alone (or n.i.) was reserved for rare cases where specimens were
not identifiable. Discrimination between n.i. filament, n.i. flagellate, n.i. colony, n.i. green
filament was made when applicable. A common small Cryptophyte with a typical pointy apex
was named Chroomonas/Rhodomonas (Palsson & Graneli, 2004; Leitao & Leglize, 2000), as it
is morphologically similar to Chroomonas acuta but also to Rhodomonas minuta/Plagioselmis
nannoplanctonica (Barone & Naselli-Flores, 2003; Novarino, 2002; Novarino et al., 1994);
correct discrimination was therefore not possible. Taxa richness was the number of taxa
found in each monthly sample; averages per turlough were calculated as the mean across
turlough samples.

Taxa were categorised into “tychoplanktonic” (including metaphytic) or “true planktonic”. As
most raphid diatoms (Kelly, 2000, Round et al, 1990, Cox, 1996), and most filamentous
chlorophytes and Tribonema spp. (Irfanullah & Moss, 2005; Berry & Lembi, 2000; John et al.,
2002), are usually associated with the benthos (streams, rivers, or shallow lakes and ponds),
these were considered tychoplanktonic, while all other algae were considered planktonic.
Non-identified algae were ignored and the biovolume of n.i. pennates was considered half
planktonic and half tychoplanktonic (as an estimate).

The functional group approach (Reynolds et al, 2002; Reynolds, 2006) was applied to help
interpret the data and to put the work in a wider research context. This approach has been
found to provide a higher discriminatory power than classical taxonomic groups in
ecologically interpreting community data (Kruk et al, 2002) and it has thus been extensively
applied in research studies of phytoplankton (Padisak et al, 2009). Functional groups are
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groups of algae (often cross-phyletic) that have similar adaptive features (e.g. surface area to
volume ratios, motility, nutrient use efficiency, sensitivity to grazing). Algae belonging to the
same functional group are therefore often found in the same habitat type or similar
environmental conditions (Reynolds et al,, 2002). Dominant taxa in turloughs were assigned
to functional groups based on the classification of Reynolds et al (2002) and the
recommendations of Padisak et al. (2009).

5.2.3 Hydrological and Environmental Data

The morphometry of the turlough basins and water levels were determined as described in
Chapter 3: Hydrology. Water temperature was measured using a field mercury thermometer.
The sunset-sunrise time period duration of the days sampled (‘day length’) was calculated
according to ‘Time and Date AS’ (http://www.timeanddate.com) for Dublin, Ireland. ‘Number
of days flooded’ (at a given sampling date) is the number of days a turlough had been flooded
until that date; this variable takes into account periods of dryness that could occur in the
middle of the flooding season (the case in two turloughs). ‘Hydroperiod’ was calculated as the
total number of days a turlough was flooded during the flooding season. The first sampling
date was used for all turloughs as a surrogate for onset of flooding (not known for a number
of turloughs) and the last day was when a turlough was found dry at the end of the season or
with an estimated volume of less than 10% of its peak volume in the case of turloughs with
persisting water throughout the year.

5.2.4 Data Analysis

Predominant taxa were determined after ranking the taxa found by frequency of occurrence,
mean biovolume, coefficient of variation of biovolume, and percentage biovolume, across
samples and across turloughs. The coefficient of variation was calculated by dividing the
standard deviation of biovolume across samples or turloughs by the mean biovolume across
samples or turloughs; this was considered to be a measure of evenness of occurrence - the
lower the value the more evenly distributed a taxon is across samples or turloughs.

Algal biovolume community data was 4th root transformed and the Bray-Curtis similarity
coefficient was applied as recommended by Clarke & Warwick (2001). CLUSTER analysis
(Clarke & Gorley, 2006) was used to determine similarity relationships between taxa and
between turlough communities (averages of biovolumes within turlough samples were used
in order to compare turlough communities). SIMPROF analysis was applied to test statistically
significant clustering (at p<0.05 level) of turloughs and taxa (Clarke & Gorley, 2006). MDS
ordination was used to plot similarity relationships between turloughs. A stress factor <0.20
was considered a reasonable threshold for accurately interpreting the ordinated MDS plots
(Clarke & Warwick, 2001). Statistical t-tests (Field, 2005) were used to compare biovolume
contribution (log-transformed to assure normal distribution) of algal taxonomical groups
between the significant turlough clusters identified with the SIMPROF routine. A SIMPER
analysis (Clarke & Gorley, 2006) was additionally undertaken to determine which taxa
contributed the most to the dissimilarity found between the significant turlough clusters.
Biovolumes were also “standardised”: the biovolume of each taxa in each sample was divided
by the total biovolume of that sample and averages per turlough (across months) were taken.
This eliminates differences in total biovolume across samples and enables the comparison of
the relative contribution of each taxon to the total biovolume of each turlough. All
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multivariate statistical analyses were run with both non-standardised and standardised
biovolume data.

The relationships between phytoplankton communities and the environmental variables were
assessed using direct gradient analysis. First a detrended correspondence analysis (DCA) of
the phytoplankton taxa data was run to determine whether linear or unimodal ordination
methods should be applied (Ter Braak & Smilauer, 2002). Because the length of the first axis
resulting from the DCA was less than three, a linear method (Redundancy Analysis or RDA)
was used (Ter Braak & Prentice, 1998). Only relevant environmental variables with low
covariance (r<0.60, p<0.001, Spearman rank correlations) were included in the analysis: TP,
TN, silicate, alkalinity, colour, water temperature, number of days flooded and mean depth;
significant correlations and r values were: TP and TN (0.39), silicate and number of days
flooded (-0.53) and silicate and colour (0.59). Significant explanatory variables were
determined by automatic forward selection (Ter Braak & Smilauer, 2002) after Bonferroni
correction of the P-value (Abdi, 2007). Only samples without missing values in any of the
environmental variables were included (April samples were omitted (no colour
measurements), as were some others owing to lack of hydrological data). In total 100 samples
(from a total of 171) were included in the initial RDA. Forward selection results showed that
colour did not contribute significantly to explain the variance in the phytoplankton data
(p>0.05). Because colour was discarded, April samples could be included and a final RDA was
run with 116 samples (reported herein).

PRIMER 6 and CANOCO for Windows 4.5 were used for multivariate statistical analyses.

5.3 Results
5.3.1 Algal Mats

Algal mats (either dried or floating) were observed in nine of the 22 turloughs in 2007, in 11
of the 22 turloughs in 2008 and in six out of 20 turloughs in 2009 (Table 5.1). Four of the
turloughs had algal mats in all three years (Ardkill, Aleenaun, Tullynafrankagh and Roo West).
Algal mats in the majority of the turloughs were small, usually less than 1 m?2 in each patch,
with very few patches observed in the turlough. More extensive coverage was observed in
four of the turloughs (Aleenaun, Ardkill, Garryland and Skealoghan), which had mats ranging
from approximately 0.5 ha to 1.6 ha, corresponding to approximately 2 to 8% of the total area
of the basins (Figure 5.1). The most extensive coverage was found in Garryland in 2008 with
an estimated 1.6 ha, which represents about 8% of the total area of the turlough (Figure 5.1a).
In Tullynafrankagh, Roo West and Knockaunroe in 2009 a few floating mats were observed
near the shore (see Figure 5.2a); no drying mats were present as the turloughs were still quite
full (Table 5.1).

Algal mats were much more extensive in turloughs with high mean total phosphorus (TP>20
ug 1’1 see Chapter 4: Water Chemistry and Algal Biovolume), which were Aleenaun, Ardkill,
Garryland and Skealoghan (Table 5.1). Benthic algal mats were observed in turloughs with
low TP such as in Roo West (<10 pg 11, Table 5.1) but they were small and fragmented (Figure
5.2a). In clearly eutrophic turloughs (e.g. Ardkill, Figure 5.1d), mats were quite thick in places,
to the extent of resembling “parchment in texture and colour” as described in Scannell (1972).

Table 5.1 Occurrence of visible filamentous algal mats in turloughs in the three years of observation and mean total
phosphorus (TP) in the same turloughs over the flooding season of 2006/2007. Y = visible occurrence; * = “extensive”
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cover (estimated to be 2 to 8% of total area of basin, see text); T = negligible quantity observed; e = turlough was too

full to permit full observation.
MeanTP Occurrence

Turlough

(ugI’) 2007 2008 2009 |
Ardkill 82.1 Y Y Y*
Ballinderreen 12.4 Y’ Y
Blackrock 52.4
Brierfield 19.8 y'
Caherglassan 43.2
Caranavoodaun 11.0 Y'
Carrowreagh 42.8 Y
Coolcam 34.0
Croaghill 25.0 Y
Garryland 24.6 Y* .
Kilglassan 27.2 Y
Knockaunroe 4.2 Y+, .
Lisduff 7.4
Lough Aleenaun 30.7 Y* Y* Y*
Lough Coy 43.3
Lough Gealain 4.0
Rathnalulleagh 44.6 Y
Roo West 9.8 Y ' Y, e
Skealoghan 20.4 Y* Y
Termon Lough 15.0 Y .
Tullynafrankagh 33.0 Y Y Y, e
Turloughmore 19.4
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Figure 5.1 Filamentous algal mats in turloughs: (a) Garryland May 2008, (b) Aleenaun June 2008, (c) Skealoghan April 2007 and (d) drying algal paper hanging from fence
in Ardkill July 2009.
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Figure 5.2 Filamentous algal mats in Roo West: (a) floating mat July 2009 (the mat was about 0.5 m?) and (b) drying
mats May 2007 (this was the largest patch found, around 5 m?).

5.3.2 Assemblages of Algae in Algal Mats

Cladophora, Mougeotia and Spirogyra were the most important genera in algal mats (Table
5.2) with lesser contributions from Oedogonium, Zygnema, Tribonema and others. Some
turloughs had very different assemblages of benthic algae from one year to the next (e.g.
Ardkill, Skealoghan). Some taxa were more widespread in some years than in others: for
example, Mougeotia was quite abundant in most turloughs where algal mats were found in
2008 but not in 2009. A total of nine different genera were found in turloughs, with a
minimum of one (in Lough Aleenaun) and a maximum of seven (in Skealoghan) (Table 5.2).

5.3.3 Phytoplankton

Cryptophytes and pennate diatoms were the most prominent phytoplankton taxa in turloughs
(Table 5.3). Cryptophytes had overall high biovolume ratings (particularly Cryptomonas spp.),
the highest evenness, and the highest average percentage of biovolume per turlough. Pennate
diatoms, such as small Synedra sp. (small), Achnanthidium minutissimum, Nitzschia spp.,
Navicula spp. and other unidentified pennates, were prominent in all turloughs. Less
widespread across turloughs, but with high contributions when occurring, were Gomphonema
spp., Synedra sp. (big) and centric diatoms.
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Table 5.2 Taxa and approximate relative abundance of filamentous algae found in living floating mats in turloughs in

2008 and 2009 (n.i. = non-i

Turlough
and date

dentified).

Turlough
and date

Spirogyra — 5%
Zygnema + Tribonema +
Ulothrix tenerrima +
Oedogonium —7.5%

Ardkill Mougeotia —90% Ardkill Cladophora — 85%
(26/5/2008) Spirogyra + Zygnema — 6% (16/6/2009) Spirogyra — 10%
Cladophora + Oedogonium —2.5%
Oedogonium — 4% n.i. green filament (Gleotila?)
-2.5%
Ballinderreen Spirogyra —50% Aleenaun Spirogyra —100%
(28/5/2008) Mougeotia — 40% (16/6/2009)
Zygnema — 10%
Brierfield Mougeotia —95% Kilglassaun Spirogyra — 85%
(26/5/2008) Zygnema + Spirogyra — 5% (16/6/09) Oedogonium — 10%
n.i. green filament — 2.5%
Cladophora —2.5%
Caranavoodaun Mougeotia — 98% Knockanroue Cladophora —99%
(27/5/2008) Spirogyra + Zygnema + (25/7/2009) Spirogyra — 1%
Oedogonium + Tribonema — 2%
Skealoghan Mougeotia — 80% Skealoghan Cladophora —50%
(26/5/2008) Cladophora —7.5% (16/6/2009) Oedogonium —30%

n.i. green filament — 15%
Zygnema — 5%

Tullynafrankagh

Cladophora —70%

Tullynafrankagh

Cladophora — 49%

(28/5/2008) Oedogonium — 10% (15/6/2009) Spirogyra — 25%
Spirogyra —10% Cladophora —25%
Zygnema — 7.5% Tribonema — 1%
Tribonema — 2.5%
Roo West Mougeotia —98%
(25/7/2009) Cladophora + Spirogyra +

Oedogonium —2%
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Table 5.3 [continues on next page] Summary statistics for phytoplankton taxa in the 22 turloughs: ranking in terms of biovolume (mean or sum of biovolume across samples or
turloughs), coefficient of variation of biovolume across samples and turloughs, mean percentage of each taxon’s biovolume in total biovolume, occurrence in turloughs and
samples (total nr. of samples = 171), each taxon’s biovolume as a % total biovolume (i.e. sum of biovolumes of all samples). Taxa are ordered by descending occurrence in
samples; showing only taxa with 29.9% occurrence. Also shown are the proposed functional group for each taxa and whether a taxa was considered to be tychoplanktonic or true
planktonic.

Possible Planktonic (P) or Occurrence Mean % of . Coefficient of variation .
functional tychoplanktonic in % of in nr. of turlough Ranking by across across LI
o . : biovolume of all samples
group (T) samples  turloughs  biovolume samples turloughs
n.i. pennates MP/Ty or D P/T** 97.1 22 6.6 7 3.86 1.35 53
Cryptomonas Y P 94.7 22 22.4 1 2.00 0.88 15.9
Chroomonas/Rhodomonas X3 P 91.8 21 10.2 5 1.60 0.79 5.4
n.i. any - 87.7 22 0.7 22 2.19 1.14 0.6
Achnanthidium minutissimum MP/Tp T 73.7 21 3.3 14 3.47 1.53 2.6
Nitzchia D P 71.9 21 1.2 16 5.01 1.80 1.5
Synedra (small) D P 68.4 22 6.6 8 4.90 1.89 53
Monoraphidium X;? P 62.6 20 0.5 21 3.08 1.53 0.7
Navicula MP/To T 55.0 21 1.1 20 3.57 1.74 0.7
Mallomonas akrokomos X5 P 45.6 19 0.3 36 2.70 0.97 0.2
n.i. centrics D/B/C P 37.4 17 3.0 4 9.37 3.31 5.7
Dinobryon E P 36.3 17 6.7 2 8.22 3.37 11.3
Gomphonema MP/Tp T 35.1 19 0.3 40 3.04 1.35 0.2
Synedra (big) D P 32.2 18 3.5 9 5.58 1.97 53
Mougeotia Tp T 30.4 18 5.6 6 4.15 1.79 5.4
Chlamydomonas X, P 27.5 13 2.3 12 5.00 2.43 2.7
Scenedesmus J P 27.5 19 0.1 41 4.35 1.61 0.1
n.i. dinoflagellate Y P 24.6 15 0.5 27 3.68 1.37 0.4
n.i. filament ? T 24.6 19 0.7 19 4.26 1.59 0.7
Eunotia bilunaris MP/Tp T 24.0 16 0.6 25 4.35 1.99 0.5
Cymbella/Encyonema MP/Tp T 22.8 15 0.3 26 8.16 2.85 0.4
Tribonema Tp T 22.2 17 1.9 10 7.86 3.30 4.3
Ochromonas X, P 21.6 16 0.4 29 4.96 1.67 0.3
Fragilaria capucina D/P P 21.1 13 0.4 24 5.36 1.91 0.5




Table 5.3 [continuation from previous page] Summary statistics for phytoplankton taxa in the 22 turloughs: ranking in terms of biovolume (mean or sum of biovolume across
samples or turloughs), coefficient of variation of biovolume across samples and turloughs, mean percentage of each taxon’s biovolume in total biovolume, occurrence in turloughs
and samples (total nr. of samples = 171), each taxon’s biovolume as a % total biovolume (i.e. sum of biovolumes of all samples). Taxa are ordered by descending occurrence in
samples; showing only taxa with 29.9% occurrence. Also shown are the proposed functional group for each taxa and whether a taxa was considered to be tychoplanktonic or true
planktonic.

Possible Planktonic (P) or Occurrence Mean % of . Coefficient of variation .
functional tychoplanktonic in % of in nr. of turlough Ranking by across across T
o : . biovolume of all samples
group (1) samples turloughs biovolume samples turloughs
Eunotia faba MP/T, T 19.3 14 0.8 18 5.95 2.72 0.7
Nitzchia acicularis D P 18.7 13 0.1 35 4.04 1.91 0.2
Closteriopsis acicularis P P 17.5 10 0.4 23 5.45 1.94 0.6
Eunotia minor MP/Tp T 17.5 13 0.7 34 4.30 1.28 0.3
Spirogyra Tp T 17.0 15 7.2 3 6.64 2.30 9.6
Oedogonium Tp T 15.2 12 1.9 11 6.07 1.97 3.1
Oscillatoria/Planktothrix T./S1 P 14.0 15 0.0 70 6.28 1.83 0.0
n.i. flagellates any P 12.9 14 0.4 45 4.63 1.70 0.1
Cosmarium N P 11.7 15 0.4 33 4.74 1.33 0.3
n.i. green cells any P 11.7 15 0.0 64 4.47 1.81 0.0
Oocystis solitaria ? P 10.5 9 0.1 52 4.39 1.93 0.1
Aulacoseira P/B/C P 9.9 9 0.1 49 6.58 2.10 0.1
Euglena W, P 9.9 11 0.1 46 4.84 1.88 0.1
n.i. green colonies any P 9.9 12 0.1 42 8.37 3.17 0.1

* - functional groups were assigned as those that better matched both the habitat description and the known sensitivities and tolerances of each taxon (Padisak et al., 2009;
Reynolds et al., 2002)
** can have species of both groups and so 50% was considered true-planktonic and 50% metaphytic/tychoplanktonic.
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Chlamydomonas spp. occurred in roughly half of the turloughs and 28% of all samples, and
made a considerable contribution to overall biovolume. Other chlorophytes, such as
Monoraphidium spp. and Scenedesmus spp., were common but contributed little to overall
biovolume. Some green filamentous algae were common; Mougeotia spp., Spirogyra spp. and
Oedogonium spp. in particular were important contributors to overall biovolume and were
present in 12 to 18 turloughs and 17% to 30% of all samples. Tribonema spp. a non-
Chlorophyte filament, also contributed considerably to total biovolume in samples.

Dinoflagellates were present in 15 turloughs and 25% of samples, with considerable evenness
across turloughs but in low biovolume. Virtually all were n.i. small dinoflagellates, though
Ceratium hirundinella was found in low abundance in one sample (in May). Chrysophytes
were fairly well represented in turloughs. Mallomonas akrokomos was present in 17 turloughs
and almost 50% of samples (although in low biovolume), with high evenness. Dinobryon spp.
was present in slightly fewer samples but in much larger biovolumes. This taxon was the
second largest contributor to overall measured biovolume indicating that, when present, it
was in great numbers. Cyanophytes, desmids and Euglenophytes were poorly represented in
the turloughs and Oscillatoria/Planktothrix, Cosmarium spp. and Euglena spp. were the most
noticeable taxa within these groups (Table 5.3).
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Figure 5.3 CLUSTER/SIMPROF analysis of phytoplankton taxa in the 22 turloughs. Only taxa that contributed to more
than 1% of total algal biovolume are shown. All clustering was significant at p<0.05.

The CLUSTER analysis of the taxa contributing more than 1% of total biovolume presented a
good overview of the taxa most frequently co-occurring within samples (Figure 5.3):
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Cryptomonas spp. and Chroomonas/Rhodomonas were the most similarly distributed taxa
(about 80% similarity) and the ubiquitous pennate diatoms already mentioned were also
largely co-occurring together with these Cryptophyes. Other interesting clustering occurred
between centric diatoms and Synedra sp. (big) (co-occurring particularly in the winter and
first months of flooding), Tribonema spp. and Chlamydomonas spp. (most abundant in the first
two months of flooding), and green filamentous algae (Oedogonium, Spirogyra and Mougeotia
species), particularly abundant during spring. This analysis of co-occurrence provides cues for
possible functional analogies between linked taxa.

The contribution of tychoplanktonic algae in the 22 turloughs ranged between 5.7% (in Coy)
and 81.7% (in Aleenaun) of the total biovolume per turlough, with an average of 31.5% and
SD of 19.4%. Figure 5.4 shows the distribution of the biovolume of tychoplanktonic and
planktonic algae in each of the turloughs studied.
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Figure 5.4 Biovolume of tycoplanktonic algae (in light grey - filamentous algae; in dark grey - raphid diatoms) and true
phytoplankton (in black). Turloughs are arranged by identified clusters and descending average total phosphorus per
cluster (clusters are explained in the text).

5.3.4 Similarity Among Phytoplankton Communities

CLUSTER analysis showed that the phytoplankton communities in the 22 turloughs were
almost half (45.2%) overlapping in composition. At similarity levels between 45.2% and
51.4%, four significant turlough clusters were discriminated through CLUSTER/SIMPROF
analysis (Figure 5.5a). The clusters were named based on relevant and characteristic chemical
and hydrological parameters (Table 5.4): high TP (TP=20 pg I, N=8), low TP (TP<25 pg I,
n=9), coloured/deep (turloughs with distinctly high colour waters and greater mean depths,
n=4), and Turloughmore (turlough with a distinctly short hydroperiod, n=1). The similarity
relationships between turloughs remained the same when using standardised biovolumes
(Figure 5.5b) but the SIMPROF routine did not significantly separate the high TP and the low
TP clusters in this case (loss of multivariate statistical sensitivity — the standardised
biovolume values are more similar amongst themselves than the absolute values). This
suggests that there is a gradient of similarity between these 17 turloughs that broadly
corresponds to a TP gradient rather than a clear separation into two distinct trophic groups.
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Figure 5.5 MDS plot showing ordination of the 22 turloughs based on similarity of
phytoplankton communities using absolute values of averages for turloughs (a) and
after standardisation of values by total per sample (b). Areas of circles around the
abbreviated names are proportional to the average total phosphorus of the turloughs.
The larger enclosed areas represent statistically significant clusters. Clusters are
numbered as follows: 1 = low TP; 2 = high TP; 3 = coloured/deep; 4 = Turloughmore.
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Table 5.4 Hydrological features, chemical characteristics, phytoplankton biomass and taxa richness in the 22
turloughs, arranged by identified clusters (see text) and by descending average total phosphorus within clusters.

Hydro- Maximum  Maximum  Mean Mean Mean  Mean algal Average

period mean Volume TP ‘°’°”§ Chl a Biovolume taxa

(days)  depth (m) (x10°m®)  (ugr*) (Zgor) (ug/L)  (mm’/m>)  richness
High TP
ARD 293 2.8 653 82 28.3 12.7 75 15.7
RAT 175 3.0 878 45 28.3 33.5 193 16.9
CARR 186 1.9 546 43 47.8 12.1 570 16.4
COO0 346 3.7° - 34 22.9 18.1 698 20.4
TUL 246 1.7° - 33 36.4 18.4 80 20.9
ALE 158 2.6 346 31 135 9.2 53 16.6
KIL 223 1.5 709 27 27.7 5.0 26 14.9
BRI 267 1.7 933 20 35.6 5.0 64 16.6
Mean | 237 2.3° 678 39.4 30.1 14.3 77 17.3
Low TP
CRO 348 1.6 636 25 43.8 7.6 48 13.2
SKE 213 1.2 382 20 26.0 6.9 55 13.3
TER 304 2.3 956 15 21.1 3.1 28 134
BAL 211 0.8 529 12 17.4 3.0 31 18.6
CARA 205 1.3 432 11 24.9 2.8 21 14.1
ROO 213 2.6 1077 10 13.6 2.1 13 15.0
LIS 234 1.4 765 7 20.6 1.4 8 135
KNO 213 2.3 1742 4 10.4 1.2 9 134
GEA 212 2.5 870 4 7.9 1.1 7 139
Mean | 240 1.8 821 13.0 20.6 3.2 24 14.3
Coloured/deep
BLA 169 6.8 4008 52 72.2 1.3 3 13.0
coy 187 5.9 1479 43 71.6 5.2 27 16.8
CAH 200 4.8 2985 43 85.1 3.3 21 12.3
GAR 211 9.1° - 25 79.7 1.1 13 10.0
Mean | 192 5.8° 2824 40.8 77.2 2.7 16 13.0
TUR 135 13 403 19 11.0 4.8 18 14.8

®no topographic measurements available so maximum absolute depth value is given instead
I[’only mean depth values were used (absolute maximum depths were ignored)

5.3.5 Differences in Phytoplankton Communities among Turlough Clusters

Figure 5.6 shows total biovolume and percentage biovolume of algal groups for each turlough,
arranged by the identified significant clusters. Turloughs in the coloured/deep cluster had
very low total abundances and very few chlorophytes. Their compositions were almost
exclusively cryptophytes and diatoms (see also Table 5.5), and at times had taxa virtually
absent from other turloughs (e.g. Asterionella formosa or Melosira varians). The percentage
contribution of the different algal groups in Turloughmore was similar to those in the high TP
and low TP turloughs, but the actual taxonomic composition differed sufficiently to form a
separate cluster (Table 5.5).
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Figure 5.6 Percentage biovolume of algal groups (separated by vertical bars), total biovolume (large black symbol) and biovolume of filamentous algae (small white circle) for the 22
turloughs (arranged by identified clusters and ordered by descending TP within each cluster).



Table 5.5 [continues on next page] Percentage biovolume of algae in each month’s samples for each identified cluster (only showing taxa contributing to the upmost 75% of
cumulative total month’s biovolume). Note: Chroo/Rhodomonas = Chroomonas/Rhodomonas

High TP
Tribonema 27.1 | Spirogyra 41.6 | n.i. pennates 23.7 | n.i. centrics 49.0 | Cryptomonas 42.0
Synedra 18.4 | Tribonema 14.4 | Synedra 18.5 | Cryptomonas 17.4 | Synedra 14.0
Cryptomonas 11.8 | n.i. pennates 5.5 Fragilaria/Synedra 14.1 | Synedra 7.2 Synedra nana 7.8
Chlamydomonas 9.0 n.i. centrics 5.2 Spirogyra 6.4 Synedra nana 5.1 n.i. pennates 6.7
A. minutissimum 6.5 Cryptomonas 5.1 Cryptomonas 5.7 Chroo/Rhodomonas 6.1
Chroomonas acuta 3.2 Synedra 4.4 A. minutissimum 5.0
Monoraphidium 4.5

Low TP
Chlamydomonas 34.3 | Chroo/Rhodomonas 23.9 | Fragilaria/Synedra 71.9 | Cryptomonas 40.0 | n.i. pennates 36.0
Cryptomonas 19.0 | Cryptomonas 22.9 | Chroo/Rhodomonas 10.1 | Chroo/Rhodomonas 19.6 | Mougeotia 14.0
Mougeotia 17.8 | n.i. filament 12.0 Fragilaria/Synedra 13.3 | Fragilaria/Synedra 11.6
Dinobryon 7.6 A. minutissimum 7.4 Synedra 6.7 Achnanthidium minutissimum 10.7

n.i. pennates 5.9 Cryptomonas 7.1

Fragilaria/Synedra 5.7
Coloured/deep
Cryptomonas 46.5 | Cryptomonas 53.5 | n.i. pennates 38.9 | Synedra 39.3 | Melosira varians 26.3
Chroo/Rhodomonas 17.1 | Chroo/Rhodomonas 20.7 | Eunotia bilunaris 20.9 | n.i. centrics 25.1 | Synedra 19.8
Synedra 11.0 | n.i. flagellates 5.2 Cryptomonas 14.1 | Cryptomonas 13.9 | Fragilaria/Synedra 16.3
Closterium 3.5 Synedra 13.0 Eunotia faba 154
Turloughmore
Cryptomonas 46.4 | Cryptomonas 49.1 | Navicula 50.4 | Navicula 23.3
Chlamydomonas 9.7 Chlamydomonas 11.7 | n.i. pennates 26.0 | n.i. filament 174
Chroo/Rhodomonas 7.4 n.i. pennates 10.0 Nitzchia 17.3
Nitzchia 7.2 Chroo/Rhodomonas 7.8 Fragilaria/Synedra 15.0
n.i. pennates 5.8 n.i. pennates (colonial) 10.4




Table 5.5 [continuation from previous page] Percentage biovolume of algae in each month’s samples for each identified cluster (only showing taxa contributing to the upmost 75% of
cumulative total month’s biovolume). Note: Chroo/Rhodomonas = Chroomonas/Rhodomonas

March April May June \
High TP
Synedra nana 24.8 | Dinobryon 44.1 | Dinobryon 21.1 | Bulbochaete 18.4
Cryptomonas 21.4 | Spirogyra 23.5 | Mougeotia 15.1 | Dinobryon 14.0
Dinobryon 9.9 Mougeotia 11.2 | Spirogyra 14.9 | Cryptomonas 12.9
Fragilaria/Synedra 9.7 Oedogonium 9.6 | Oedogonium 12.0
Spirogyra 6.0 Chroo/Rhodomonas 7.7 Fragilaria/Synedra 9.0
Closteriopsis acicularis 5.2 Cryptomonas 6.3 Spirogyra 7.0
Mougeotia 4.6
Low TP
Spirogyra 23.1 | Mougeotia 36.6 | Dinobryon 28.4 | Dinobryon 32.4
Mougeotia 17.0 | Chroo/Rhodomonas 18.9 | Cryptomonas 14.3 | Cryptomonas 26.7
Chroo/Rhodomonas 15.4 | Oedogonium 13.2 | Chroomonas/Rhodomonas | 11.7 | Chroo/Rhodomonas 20.5
Cryptomonas 10.0 | Cryptomonas 13.0 | A. minutissimum 11.0
A. minutissimum 8.5 Mougeotia 5.2
n.i. pennates 6.0 n.i. pennates 4.7
Coloured
Cryptomonas 40.1 | Cryptomonas 41.7 | n.i. pennates 29.3 | Chroo/Rhodomonas 21.3
Chroo/Rhodomonas 39.3 | Mallomonas 31.6 | Navicula 23.8 | Cryptomonas 15.3
Chroo/Rhodomonas 8.3 Cryptomonas 15.8 | n.i. flagellates 14.0
Melosira varians 10.3 | n.i. filament 104
Chlamydomonas 9.9
Navicula 6.2
Turloughmore
n.i. centrics 26.8
Navicula 22.5
n.i. pennates 124
Chlamydomonas 8.9
Cryptomonas 6.8
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Table 5.6 SIMPER results of differences between high and low TP turlough clusters (absolute biovolumes and
standardised biovolumes). All biovolume values are 4™ root transformed umg/mL. Only taxa contributing to the top
25% of dissimilarity are shown.

Absolute Biovolumes

Average dissimilarity=48.62%
High TP Low TP Dissimilarity Cumulative
. Average - .
Species Average Average dissimilarity contribution contribution to
Biovolume Biovolume (%) dissimilarity (%)
Spirogyra 16.78 6.46 2.00 4.12 4.12
Chlamydomonas | 11.55 3.35 1.62 3.32 7.45
Centric diatoms 11.98 3.43 1.50 3.09 10.54
Oedogonium 12.84 4.55 1.48 3.03 13.57
Dinobryon 14.25 9.53 1.36 2.80 16.37
Synedra (big) 12.86 5.99 1.35 2.77 19.15
Mougeotia 13.40 9.25 1.33 2.73 21.87
Tribonema 11.70 5.26 1.30 2.67 24.54

Standardised Biovolumes

Average dissimilar,

ity=41.78%

High TP Low TP Dissimilarity Cumulative
. Average - I
Species Average Average dissimilarity contribution contribution to
Biovolume Biovolume (%) dissimilarity (%)
Chlamydomonas | 1.14 0.37 1.38 3.29 3.29
Centric diatoms 1.10 0.59 1.09 2.62 5.91
Spirogyra 1.39 0.89 1.06 2.53 8.44
Chroomonas/
Rhodomonas 141 2.13 1.03 2.46 10.91
Synedra (big) 1.32 0.78 1.03 2.45 13.36
Oedogonium 0.98 0.62 1.01 2.43 15.79
Eunotia minor 0.39 0.96 0.98 2.35 18.14
Dinobryon 1.15 1.21 0.94 2.25 20.38
Mougeotia 1.25 1.16 0.89 2.14 22.52
Tribonema 1.06 0.77 0.86 2.05 24.57

A t-test of the differences in relative abundance of algal groups between the high TP and low
TP turlough clusters revealed that only two groups were significantly different: Chlorophytes
were more abundant in the high TP cluster and cryptophytes were more abundant in the low
TP cluster (log percentage of biovolume of algal groups, p<0.04). The majority of the
biovolume of chlorophytes was of filamentous forms (79%) so it was not surprising to find
that both sums and percentage biovolume of filamentous algae were also significantly higher
in the high TP cluster than in the other clusters (log sum and percentage biovolume t-test,
p<0.01), even though a few turloughs in the high TP group had relatively low filamentous
algae abundance and some turloughs in the low TP cluster had relatively high filamentous
algae biovolume (Figure 5.6). SIMPER analysis revealed that the taxa differing the most in
abundance between the high TP and low TP groups were Chlamydomonas spp., centric
diatoms and Spirogyra spp. (all more abundant in the high TP group) with a number of other
filamentous algae (Oedogonium spp., Mougeotia spp. and Tribonema spp., also more abundant
in the high TP cluster) being important contributors to dissimilarity between these two
groups as well (Table 5.6). This confirms that filamentous algae are more abundant in high TP
turloughs, as stated above. High TP turloughs also tended to have the highest taxa richness
(Table 5.5), with a number of chlorophytes absent from other groups of turloughs, including
green filaments (Binuclearia spp., Bulbochaete spp. and Chaetonema spp.) and Chlorococcales
(Actinastrum sp., Coelastrum spp., Micractinium sp. and Tetrastrum sp.).
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5.3.6 Seasonal Succession of Phytoplankton

Figure 5.7 shows the temporal variation in abundance of the algal groups summarised for all
turloughs and Table 5.5 shows the most abundant taxa in each month within each turlough
cluster. Diatoms and cryptophytes were present in considerable amounts throughout the
season and clearly dominated over the winter months (December to February). The most
abundant taxa during winter were Cryptomonas spp., Chroomonas/Rhodomonas, Synedra sp.
(small and big), and other pennates, including the small pennate diatom Achnanthidium
minutissimum at times. Centric diatoms also made large contributions predominantly in
winter, appearing in blooms in specific turloughs and months. Xanthophytes (which are
almost exclusively represented by the filamentous alga Tribonema spp. (99.95% of this
group’s biovolume) represented a sizable fraction of the phytoplankton only during the first
two months, particularly in the high TP group (Table 5.5). Chlorophytes made higher
contributions during the first two months of flooding and during spring (March to June); in
the high and low TP turloughs the biovolume of chlorophytes was clearly dominated by
filamentous forms (Table 5.5). In October the green flagellate Chlamydomonas spp. was a
substantial contributor to the high TP and low TP clusters and in Turloughmore (Table 5.5);
this taxon was also significant in Turloughmore in November and in March, after the turlough
had been dry for a month. Chrysophytes made a particularly noticeable contribution during
later months, especially between April and June, and Dinobryon spp. was the taxa mainly
responsible for this, although other taxa appeared occasionally in great numbers (Mallomonas
sp- in Coy in April or Uroglena sp. in Caranavoodaun in May). Dinobryon spp. and filamentous
green algae comprised a large proportion of the biovolume during spring in both the high and
low TP turloughs (Table 5.5).
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Figure 5.7 Biovolume of algal groups by month in all 22 turloughs.

All other algal groups constituted a small proportion of the total monthly biovolume and,
together with the Xanthophytes, were not present in all 22 turloughs, unlike the
aforementioned four groups. Cyanophytes constituted a sizeable proportion of the
phytoplankton only in June (although they were present in a few turloughs in October and
November also) and Euglenophytes in October and June only (Figure 5.7). Dinoflagellates
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were found from October to June with varying temporal distribution depending on the
turlough, but always as a small percentage of the total biovolume.
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Figure 5.8 Monthly total phytoplankton biovolume of each of the 22 turloughs showing the taxa that dominated the
biovolume peaks (>60% of total biovolume); turloughs arranged by identified clusters and in order of descending
mean TP within clusters.

As shown elsewhere (Cunha Pereira et al, 2010 and Chapter 4: Water Chemistry and Algal
Biomass) algal abundance (as Chl a) over time varied erratically across turloughs, with peaks
occurring at varying times in different turloughs. Figure 5.8 depicts the taxa dominating the
total biovolume in the most important of the peaks. Not surprisingly, some of the peaks are
dominated by cryptophytes or pennate diatoms, but of particular interest are the several
peaks of filamentous algae and Chrysophytes (particularly Dinobryon spp.) when these taxa
were often absent or present in low abundance in months preceding or proceeding these
peaks. There are also a few examples of sudden blooms of Chlamydomonas spp.,
Oscillatoria/Planktothrix, and centric diatoms.

5.5.7 Influence of Environmental Variables on Phytoplankton Distribution

Figure 5.9 presents the variation over time of relevant environmental factors (mean depth,
water temperature, day length and silicates). RDA analysis showed that season (represented
by number of days flooded and temperature, the latter significantly correlated with day
length), TP and mean depth were the main explanatory variables of phytoplankton
composition (Table 5.7a). When standardised biovolumes were used, TP and season were still
the main explanatory variables (p<0.007). These results confirm the indications above that TP
is an important explanatory variable of phytoplankton composition. The first two axis of the
RDA explained 78% and 71% of the species-environment relationship using absolute and
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standardised biovolumes respectively, and 11% of the species variance in both cases. The
samples of the coloured/deep turloughs seem to drive the explanatory value of the mean
depth variable, as these samples plot towards the highest end of the mean depth gradient
(Figure 5.10). When the analysis was rerun without the samples from these turloughs it is
seen that mean depth ceases to be a significant explanatory variable for the remainder of the
turloughs (Table 5.7b). It should be borne in mind that the four coloured/deep turloughs are
both much deeper but also more coloured than the other 18; thus both mean depth and colour
can be responsible for the separation of this group.
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Figure 5.9 Mean temperature (solid line) and day length (dashed line) (a), mean depth
of coloured/deep (dashed line) and rest (solid line) of turloughs (b), and mean silicate
concentration over time in the 22 turloughs (c). Error bars are * standard deviations.
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Figure 5.10 First two axis of the RDA analysis including all 22 turloughs showing significant explanatory variables
(arrows). Symbols correspond to identified turlough clusters: black circles - high TP, open circles - low TP, grey circles —
Turloughmore; x - coloured/deep turloughs.

Table 5.7 Automatic forward selection results of environmental variables including all turloughs (a) variables that
were significant at p<0.0071 after Bonferroni correction, n=116 samples, and (b) the same analysis excluding
coloured/deep turloughs (only the first three variables were significant; p<0.0071, n=97 samples).

(a)

(b)

Marginal Effects ‘ Conditional Effects ‘
Variable Lambdal Variable Lambda A P F

nr days flooded 0.05 nr days flooded 0.05 0.001 6.0
temperature 0.05 TP 0.03 0.001 4.1

TP 0.03 mean depth 0.04 0.001 4.6
mean depth 0.03 temperature 0.02 0.001 2.7

Marginal Effects Conditional Effects

Variable Lambdal Variable Lambda A | P F

nr days flooded 0.06 nr days flooded 0.06 0.001 5.89
temperature 0.06 TP 0.05 0.001 5.13
TP 0.05 temperature 0.03 0.001 3.38
mean depth 0.03 mean depth 0.01 0.116 1.41

Chapter 5. Turlough Algae

Page 194



Turloughs: Hydrology, Ecology and Conservation

5.4 Discussion
5.4.1 Algal mats

Visible algal mats were a common occurrence in the turloughs towards the end of the flooding
season but in most cases such mats consisted of small patches only. The results confirm
previous reports that extensive algal mats (‘algal paper’) are not a widespread occurrence in
turloughs. The closest to the description to “an apparent snowfield” (as described by Scannell,
1972) observed in this study was in Garryland in 2008 (Figure 5.1a). The taxonomic diversity
of algae in the algal mats that were found in this study was much higher than that reported by
Scannell (1972). The main taxa found are known to grow in shallow ponds or slow-flowing
rivers or streams (e.g. Padisak et al, 2009, John et al. 2002). They also occur typically at the
time of year when they were found in turloughs (i.e. spring and early summer, see Graham et
al, 1995, Hillebrand, 1983). Tribonema, which was common in the autumn phytoplankton
communities of the turloughs (Table 5.5), was at times a component of the algal mats in this
study but it was never abundant.

It is known that benthic algae require specific conditions to develop. In particular, a suitable
substratum, relatively calm (but not stagnant) waters, and reasonably shallow depths
(allowing light penetration) are needed for abundant development of benthic algal
communities (Stevenson, 1996). Relatively warm weather and a period of stable shallow
conditions may be important for the development of benthic algae in turloughs, followed by a
period of relatively slow and gradual recession of the water table to allow for an extensive
deposition of the material. Furthermore, trophic status of the water seems also to be an
important factor (see below). The results of the present study indicate that suitable conditions
for the development of algal mats probably do not exist every year, nor in all turloughs.

Water level at the time of observation is important when recording the occurrence of algal
mats. For example, Garryland had extensive algal mats in 2008 but in 2009 it was too full (at
the time of visit) to assess whether mats would be found. At other sites (e.g. Kilglassaun in
2008) the turlough appeared to have been dry for quite some time and, if any algal mats had
developed, they may have already disappeared. Some observations in fact showed that drying
mats can completely disappear within three weeks.

Topographically turloughs are usually shallow (<3 m deep) and have gentle slopes and fairly
flat floors, conditions which appear to be ideal for filamentous algal growth (see Lowe, 1996;
Wetzel, 1964). Indeed, among the five turloughs observed by Reynolds (1983), the turlough
that developed extensive mats had a wide shallow basin. Most of the turloughs in our study fit
this description but some do not. Ardkill for example has pronounced slopes in some sections,
and despite this, drying algal mats were extensively observed here (Figure 5.1d). Therefore,
other factors seem to play a more important role.

An important factor for filamentous algal development appears to be the trophic status of the
water body. It is clear (Cunha Pereira et al 2011, and this chapter) that biomass of
filamentous green algae in the phytoplankton was generally higher in turloughs with high
total phosphorus concentrations (i.e. 220 pg I'1) and clear shallow waters. Higher yields of
filamentous greens in enriched waters have also been found in other wetlands (e.g.
McCormick & O'Dell, 1996). Therefore it is not surprising that more extensive algal mats were
found mainly in high TP turloughs. However, some turloughs with relatively high TP such as
Blackrock, Coy, Caherglassan, and Coolcam did not develop extensive algal mats. Blackrock,
Coy and Caherglassan are the deepest of the 22 turloughs and had highly coloured waters;
both factors would militate against the growth of benthic algae because of their negative
impact on the underwater light regime. However, it should be noted that Garryland, which did
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develop extensive algal mats, is almost as deep and was as coloured as the above three
turloughs. Coolcam on the other hand is neither deep nor highly coloured but had the longest
hydroperiod of any of the turloughs, a feature which has been shown to be associated with
high abundances of macroinvertebrates in turloughs (Porst & Irvine, 2009). Thus it is possible
that the lack of algal mats in Coolcam could be due to grazing by invertebrates though this
cannot be confirmed because the invertebrates of Coolcam were not studied in detail (Chapter
8). This study has shown that patches of filamentous algae are a common occurrence in
turloughs, irrespective of nutrient status, but extensive algal mats are only found in turloughs
with high average TP. However, turloughs with high TP did not necessarily develop extensive
algal mats, most likely for the reasons given above.

Algal mats decompose quickly and are therefore a potential source of nutrients for turlough
soils and the terrestrial communites of turloughs. In this way the algal mats represent a
transfer of nutrients from the aquatic phase of turloughs to the terrestrial phase albeit only in
localised areas of the more nutrient-rich turloughs. There are insufficient data at the present
time on the biomass and nutrient content of algal mats to permit quantification of nutrient
transfers by this mechanism.

5.4.2 Ecological Characteristics of Turlough Phytoplankton

Cryptophytes, together with small pennates, were the most widespread groups of algae in
turloughs. Cryptomonas has been assigned to the Y functional group, including taxa known to
be able to live in virtually all lentic ecosystems where grazing pressure is low (Padisak et al,
2009; Barone & Naselli-Flores, 2003; Reynolds et al, 2002). Although there are no data on
zooplankton abundance in turloughs, it is plausible to assume, given this group’s temperature
sensitivity and ecology (Gyllstrom & Hansson, 2004), that their abundance during the first
months of flooding and during winter (when cryptophytes are particularly prominent) would
be low. Studies of European lakes and temporary water bodies, for example, have shown that
grazing pressure from zooplankton only becomes important at the onset of spring (Garcia &
Niell, 1993; Sommer et al, 1986). Cryptomonas is also known to be tolerant of low light and
temperature and is assumed to prefer enriched waters (Reynolds et al., 2002). However, some
studies suggest that the occurrence of Cryptomonas spp. is quite independent of trophic status
(Barone & Naselli-Flores, 2003; Ojala, 1993), and we also found that this taxon was abundant
in all turloughs, irrespective of trophic status.

The small Cryptophyte Chroomonas/Rhodomonas is part of the Xz functional group, typical of
shallow meso-eutrophic waters. Although most turloughs are meso-eutrophic, this taxon was
also common (and relatively more abundant) in oligotrophic turloughs. There are numerous
examples of the abundance of this taxon in oligotrophic environments in the literature
(Dokulil & Teubner, 2003; Pybus et al, 2003; Salmaso, 2002). By contrast, studies of meso-
eutrophic systems also found Rhodomonas/Plagioselmis/Chroomonas to be present in relative
abundance (Kruk et al.,, 2002, Aktan et al., 2009). Reynolds et al. (2002) indeed note that there
is uncertainty on the sensitivity of the Xz functional group to nutrient status.

Cryptomonas spp. and Chroomonas/Rhodomonas co-occurred in virtually all turlough samples
(only in one turlough, Rathnalulleagh, was the latter not present) and this co-occurrence is
often found in lakes also (Aktan et al., 2009; Salmaso, 2002). This is evidence, therefore, that
these cryptophytes may be largely functionally related. These taxa are often prevalent in
turbid waters (Tavernini et al, 2009) or after extreme climatic or hydrological events
(Devercelli, 2010), denoting their adaptability to dynamic hydrological environments such as
that found in turloughs. They are also found to dominate winter communities in particular.
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Barone & Naselli-Flores (2003), for example, found Cryptomonas and Plagioselmis
nannoplanctonica to be the most common cryptophytes occurring in Sicilian lakes, with
particular prevalence during winter, when the lowest values of water temperature,
illumination and grazing pressure were recorded. In western Ireland, Allott (1990) found that
Cryptomonas spp. and Rhodomonas minuta were the most frequently occurring taxa in six
lakes geographically close to the turloughs in this study; these taxa were co-occurring in the
majority of samples and were also especially dominant during winter (see also Pybus et al,
2003).

The diatoms predominant in turloughs were usually small-celled and fast growing types, thus
able to take swift advantage of the available nutrient resources in turbulent conditions. Most
are part of functional group D (i.e. Synedra spp., Nitzschia spp.), known to be tolerant to low
light and shallow mixed depths (Reynolds et al, 2002). This functional group has been
described as typical of shallow, well-mixed waters, liable to be turbid (including rivers) which
again matches well with the environment in turloughs. Achnanthidium minutissimum, a
characteristically benthic diatom also abundant in the turloughs, is known to colonise
periphytic communities and be tolerant of low light (Johnson et al., 1997); it is also known to
be able to live in a wide range of habitats, even those characterised by physical disturbance
(Peterson, 19964, b).

Centric diatoms, depending on the species, have different ecological affinities, particularly for
nutrient levels and depth of mixed layer. Centrics in turloughs were found abundantly in
oligotrophic turloughs (Knockaunroe and Gealain) as well as in more eutrophic ones (such as
Tullynafrankagh and Carrowreagh). Therefore, they could belong to functional groups D, B or
C, depending on the environmental characteristics present where they are found. They were
mostly small and occurring in conspicuous blooms, particularly during the winter. This shows
a marked colonising r-selected character (see also Kasten, 2003). Similar co-dominance by
centrics and cryptophytes during the winter period (when recorded temperatures were at a
minimum, turbulence was high, and nutrients were abundant) has been found in permanent
lakes (e.g. Moustaka-Gouni, 1993).

A notable proportion of the algae found in turloughs can be considered tychoplanktonic, such
as the filamentous algae and certain diatoms. These algae are probably associated with the
vegetation on the turlough floor and can be suspended in the water column owing to the
shallow depth of the sampling points and wind-driven mixing (see also Moustaka-Gouni,
1993). It is interesting to note that these algae can be assigned to the MP functional group
(including metaphytic, periphytic and epilithic diatoms drifted in the plankton, such as
Achnanthidium minutissimum) and to Tp (including metaphytic filamentous green algae and
diatoms). The MP group is characteristic of frequently stirred turbid shallow lakes (Padisak et
al, 2009) and Tp was developed specifically to describe algal assemblages found in the
plankton of mesotrophic rivers (Borics et al, 2007). Interestingly, the descriptions of these
habitats fit well with the environmental conditions found in turloughs: turloughs can even be
likened to “slow-flowing rivers”, because of their highly dynamic hydrological nature.
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Table 5.8 Overall phytoplankton succession in turloughs with the respective functional associations (Reynolds et al., 2002; Padisak et al., 2009), adaptive strategies (Reynolds, 2006), and

habitats where each group is typically found (as described by Reynolds et al., 2002 and Padisak et al., 2009).

Taxa

Autumn (October and November)

Functional groups ‘ Strategies Typical habitat

Tribonema/Spirogyra/Mougeotia To (possibly) R Mesotrophic standing waters, or
slow-flowing rivers with emergent macrophytes

Cryptomonas Y C All habitats where grazing pressure is low

Chlamydomonas/Chroomonas/Rhodomonas X5 C Shallow, meso-eutrophic environments

Planktonic diatoms (Synedra (big and small), Nitzchia spp., D CR Shallow turbid waters including rivers (D) and species sensitive to

Nitzchia acicularis, n.i. pennates, and centrics) (centrics: D, B or C) stratification (B/C)

Tychoplanktonic pennates (A. minutissimum, Navicula, n.i. MP/Tp CR Frequently stirred up, inorganically turbid shallow lakes or slow-flowing

pennates) rivers with emergent macrophytes

Winter (December to February)

Planktonic and tychoplanktonic pennates (Synedra (big and D and MP/Tp CR Shallow turbid waters including rivers (D), frequently stirred up,

small), A. minutissimum, n.i. pennates, Nitzchia) and centrics (centrics: D, B or C) inorganically turbid shallow lakes or slow-flowing rivers with emergent
macrophytes (MP/ T) and species sensitive to stratification (B/C)

Cryptomonas / Chroomonas/Rhodomonas Y/X; C All habitats where grazing pressure is low and shallow, meso-eutrophic
environments

Spring (March to June)

Metaphytic green filaments (Spirogyra, Mougeotia and To R Mesotrophic standing waters, or

others) slow-flowing rivers with emergent macrophytes

Dinobryon E S Usually small, shallow, base poor lakes or heterotrophic ponds

Cryptomonas/Chroomonas/Rhodomonas Y/X, C All habitats where grazing pressure is low and shallow, meso-eutrophic
environments

Small pennates (Synedra (small), A. minutissimum) D and MP/Tp C Shallow turbid waters including rivers (D) and frequently stirred up,

inorganically turbid shallow lakes or slow-flowing rivers with emergent
macrophytes (MP/ Tp)
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5.4.3 Environmental Factors Affecting Phytoplankton Community Structure and
Temporal Succession in Turloughs

The coloured/deep turloughs had very low algal biomass throughout the season and lacked a
clear succession, with cryptophytes and diatoms dominating throughout. In contrast to most
of the turloughs, these turloughs were not found to be P-limited, and high colour (Havens &
Nurnberg, 2004; Jackson & Hecky, 1980) and mean depth (Noges & Noges, 1999; Garcia et al.,
1997) are probable factors limiting the growth of algae in these turloughs (Cunha Pereira et
al, 2010). Turloughmore had a distinctly short hydroperiod and probably owing to this fact it
showed a truncated succession among the 22 turloughs. In this turlough we find prevalence of
r-selected, fast growing and small-celled organisms, such as cryptophytes, pennate diatoms
(Navicula, Nitzschia), and, at times, centric diatoms, but it did not develop further.
Interestingly Chlamydomonas, an r-selected, colonising taxa, was particularly notable in this
turlough, and was abundant after periods of prolonged dryness (as in March). Chlamydomonas
was also abundant in many turloughs following the onset of flooding (i.e. October), confirming
its rapid colonising character.

Turloughs in the low and the high TP clusters (n=17) showed a clear and similar temporal
succession of phytoplankton communities (summarised in Table 5.8) which can be considered
the “norm” among the 22 turloughs in this study. Such typical turloughs were, in general,
shallow (mean depth 0.8-3.0 m), continuously flooded during the sampling period, and
nutrient limited (Cunha Pereira et al., 2010).

The most noticeable shifts in community structure occurred at the onset of winter
(December) and at the onset of spring (March). There are obvious differences in day length
and temperature between these periods (Figure 5.9), which contributed to the changes in
community structure (as indicated in the RDA analysis). Besides these factors, changes in
nutrient levels, hydrological regime and grazing pressure over time may have also
contributed to changes in community structure. In permanent lakes these are known to be
important factors in shaping community structure - see Jeppesen et al. (2005) and Leitao &
Leglize (2000) for the influence of nutrient availability, Na & Park (2006), Noges & Noges
(1999) and Reynolds & Lund (1988) for the influence of hydrological factors, and Garcia &
Niell (1993) and Sommer (1986) for the influence of grazing pressure; reviews in Reynolds
(1984, 2006).

Besides the ubiquitous cryptophytes and pennate diatoms, the first two months of flooding
were characterised by the abundance of fast growing C-strategists such as Chlamydomonas,
and of low light tolerant filamentous species such as Mougeotia and Tribonema. Mean depths
are low during this period and fresh nutrients are available for uptake. These conditions suit
rapid resource-utilising, fast-growing r-selected species, which can take advantage of the
resources under mixed conditions. Temperature and light levels are still sufficient for the
growth of green algae (both for the flagellate Chlamydomonas and the filamentous forms),
which are sensitive to these factors. Mougeotia and other green filaments, for example, are
found abundantly in the autumn plankton of deep European lakes (Sommer, 1985, 1986).
Tribonema is known to tolerate lower temperatures and irradiances than green filamentous
algae (De Vries & Hillebrand, 1986), and coincidentally it was found most prominently during
the autumn in turloughs, while in spring the green forms dominated.

In winter, when water temperatures and day lengths are at the minimum (Figure 5.9), the
turlough communities were almost exclusively dominated by small pennates and
cryptophytes. These algae often dominate winter plankton in lakes, even under ice when lakes
freeze in winter (Pasztaleniec & Lenard, 2008). In spring there is a rise in temperature and
light availability and a decline in silicate concentration (Figure 5.9). These conditions, in
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addition to a probable increase in zooplankton abundance, probably account for the decline in
the abundance of diatoms and cryptophytes (both sensitive to grazing) and for the increase in
the abundances of filamentous green algae (Mougeotia spp., Spirogyra spp., Oedogonium spp.
and Bulbochaete spp. in particular, but Ulothrix tenerrima, Binuclearia spp. and Klebsormidium
sp- also in lower abundance), and of Chrysophytes (particularly Dinobryon spp.), which are
taxa known to be tolerant to grazing pressure and typical of this time of the year in many
water bodies. Green filaments are well adapted to spring temperatures and light intensities
(see Graham et al., 1995 and Berry & Lembi, 2000 for Spirogyra; Graham et al, 1996 and
Hillebrand, 1983 for Mougeotia) and Dinobryon is also common in the spring plankton in lakes
(Olrik, 1998; Sandgren et al., 1995). This taxon, as in turloughs, often appears in “sudden”
pulses, thought to be benefiting from declining diatom populations and the availability of
trace metals (Kangro & Olli, 2005; Dokulil & Skolaut, 1991). Blooms of Chrysophytes in
turloughs also coincide with the decline in diatom abundance, and so these explanations could
apply to the case of turloughs as well. Green filamentous algae were more abundant in
nutrient rich turloughs, which is in accordance with other studies. McCormick & O'Dell (1996)
found that periphyton dominated by cyanobacteria and epiphytic diatoms in oligotrophic
waters in the Florida everglades was replaced by green filamentous algae including Spirogyra
and Mougeotia in stations with elevated TP concentrations or after experimental enrichment.
Also, Hainz et al. (2009) studied 133 sites in Central Europe and found that Spirogyra grew
optimally in meso-eutrophic conditions. Total phosphorus, which was found to influence total
algal biomass in turloughs (Cunha Pereira et al, 2010 and Chapter 4: Water chemistry and
Algal Biomass), appear to drive phytoplankton composition towards higher abundances of
green algae in general (e.g. Chlamydomonas), not only filamentous forms. Overall, green algae
have relatively high half P saturation constants (Padisak, 2004), and so it is not surprising that
they were found to be more abundant in turloughs with higher phosphorus concentrations.

5.4.4 Conservation Value of Turlough Algae

The algae that are found in turloughs are ubiquitous in various water bodies of temperate
latitudes (e.g. ponds, lakes and slow flowing rivers) and as such they do not warrant a high
conservation value being placed on them. However, the assemblages and succession of algae
in turloughs are nonetheless unusual and are of ecological interest. It is also worth noting that
small areas of algal mats are probably a natural feature of turloughs in the late Spring but the
occasional extensive algal mats that have been recorded in the past are likely to be the result
of artificial enrichment. The unusual hydrological regime of turloughs is an important
influence on turlough algae. Therefore, the assemblages, biomass and succession of algae in
turloughs will be relatively natural if the hydrological regime of turloughs is not altered (for
example by artificial drainage) and if nutrient losses from the catchment are kept to
reasonably natural levels.

5.5 Conclusions

The first algae to colonise turloughs in autumn were typically fast-growing flagellates, such as
Chlamydomonas, and filamentous forms, such as Tribonema. Such algae, together with the
ubiquitous cryptophytes, pennates and small dinoflagellates, are often typical of small ponds
(Reynolds, 2006; Alam et al., 2001; Evans, 1958). The algal communities in winter, dominated
by cryptophytes and diatoms, were similar to those of many permanent lakes in winter
(Pasztaleniec & Lenard, 2008), and the algae found in spring (dominated by filamentous
greens, particularly in nutrient-rich turloughs), were again characteristic of ponds, but also of
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slow-flowing rivers. In general, and as expected, K selected species (typical of stable water
columns, see de Hoyos & Comin, 1999; Jacobsen & Simonsen, 1993; Allott, 1990) did not occur
in turloughs. Algal mats were not found to be a widespread feature in turloughs. All the
turloughs that developed extensive algal mats had high TP but all turloughs with high TP did
not develop algal mats. It is thought that lack of light may have inhibited the development of
algal mats in coloured and deep turloughs whereas grazing by invertebrates may be
responsible in others. Algal mats are a potential source of nutrients to the terrestrial system
where they occur in turloughs but their importance in this regard cannot be quantified at the
present time.
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