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Thesis Summary

Effective lake management requires an understanding of aquatic ecological pressure-
response relationships. Deciphering the aquatic effects of multiple ecological pressures,
such as climate variability and human activity, requires the analysis of long term monitoring
data. However, monitoring data are rarely available, particularly for the period prior to
human impact. Palaeolimnology can be used to investigate long term aquatic ecological
pressures and responses, and the benefits of palaeolimnology for lake management have
been well-established. Dynamic ecological modelling can also be used to reconstruct
ecological pressures-responses relationships. However, although recognised as a potentially
valuable tool for water quality management, ecological modelling is not widely applied in

lake management.

A multidisciplinary approach, involving two coupled dynamic computer models, a
catchment loading function (the Generalised Watershed Loading Functions, GWLF) and a
coupled in-lake response model (Dynamic Reservoir Simulation Model - Computational
Aquatic Ecosystem Dynamics Model, DYRESM-CAEDYM), palaeolimnology and a range
of historical climate and catchment data, was used to elucidate long term ecological
pressure-response relationships in a complex west of Ireland lake, Lough Mask, Co. Mayo.
Palaeolimnological data, covering the last c. 6000 years, revealed that natural trophic
variability was driven by complex interactions between climate, catchment conditions and
in-lake processes. The complexity of these interactions and their effects, mediated through
the characteristics of Lough Mask and its catchment, poses severe problems for the
conventional analysis of palacolimnological data and their use in dynamic simulations of

future changes in aquatic ecological pressures and their impacts.

Analysis of the multidisciplinary (palaeolimnological, modelling and historical)
datasets revealed major changes in climate and human drivers of trophic variability in Lough
Mask during the 20" century. Prior to ¢. 1970 AD, variations in lake trophic conditions
were associated primarily with variations in climate, in particular winter precipitation levels
and the North Atlantic Oscillation (NAO), and human population. Post-c. 1970 AD,
eutrophication was linked to elevated summer temperatures and enhanced thermal



stratification, and increased catchment P loading as a result of agricultural intensification.
Analysis of the multidisciplinary datasets also indicated that climate variability, i.e. warming
and associated enhanced thermal stratification, may be the main driver of eutrophication
post-c. 1970 AD, followed by agricultural intensification. The combined effects of climate

and agricultural intensification were also evident.

Reconstructed trophic conditions for Lough Mask for the 20™ century using two
independent techniques (palaeolimnology and modelling) also allowed the establishment of
secondary baseline trophic conditions, representing conditions prior to significant human
impact. Although results from both techniques indicated similar patterns of nutrient
enrichment during the 20" century, sediment-based diatom-inferred total phosphorus (DI-
TP) tended to overestimate available monitored Total Phosphorus (TP) data and were higher
than hindcast modelled TP data for the lake. Secondary baseline trophic conditions were
used to define water quality management targets for restoration. Scenario-based modelling
allowed the effectiveness of a range of management options, for achieving water quality
targets, to be assessed. @ Comparisons between the modelled and sediment-based
reconstructions indicated that the reliability of the models could be improved with more
widespread application of the approach and additional and higher resolution monitoring
datasets. The findings of this study demonstrate the practical value of dynamic modelling
for ensuring more successful lake management and, in particular, for providing more cost-
and time-effective lake management plans than those currently in operation. Moreover,
given the extent of projected future climate and environmental changes, dynamic modelling

is likely to be an invaluable tool for the future management of aquatic resources.
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Chapter 1

Introduction



1.1 Controls of variability in lake ecosystems

1.1.1 Natural variability

Ecological variability in lakes over long (geological) timescales is fundamentally
controlled by climate and geomorphological setting (O’Sullivan & Reynolds, 2004;
Smol, 2008). Climate affects the physical, chemical and biological structure and
functioning of lake ecosystems (Wetzel, 2001; Moss, 2010; Shimoda et al., 2011). Until
the 1990s, long-term climate conditions were thought to exert a relatively constant
influence on aquatic ecosystems, with little changes in the latter in temperate parts of the
world since the end of the last ice age (i.e. during the Holocene). Over the last two
decades or so, evidence for considerable natural climate variability during the Holocene
has become more apparent (O’Brien et al, 1995; Helama er al, 2010) and the
importance of climate in influencing variability in aquatic ecosystems during this time
period is now well recognised (Mayewski ef al., 2004; Oldfield er al, 2010). The
human component of climate variability has also increased dramatically over the last c.
200 years (IPCC, 2007). However, the influence of climate on aquatic ecological
conditions, and in particular interactions between climate and environmental variables
impacting lake water quality, such as nutrient availability, is not fully understood

(Battarbee, 2010).

Geographical location and geomorphological setting (including topography,
geology, pedology, hydrology and vegetation cover) are critical factors determining the
nature of inputs from the catchment and influencing in-lake ecological variability (Allan
& Johnson, 1997; Wetzel, 2001; O’Sullivan & Reynolds, 2004; Donohue et al., 2005;
Fritz, 2008). In general, where catchment characteristics are more heterogeneous, in-
lake ecological variability is likely to be greater (Webster et al., 2000). However, studies

relating catchment characteristics to aquatic ecological dynamics remain relatively rare.

1.1.2 Human impacts on lake ecosystems

Lakes have been impacted by human activity over the last c. 200 years to the
extent that the amplitude of natural variability in aquatic conditions may now have been
exceeded (Moss, 2010). Moreover, human activity has tended to accelerate processes

that are likely to have occurred naturally over much longer periods of time (Ahn et al.,
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2006), e.g. accelerated sediment accumulation rates (SARs), eutrophication and
acidification. Human-induced environmental impacts have been so extensive and
profound that some have argued that a new geological epoch - the Anthropocene,
representing the last 200 years - is warranted (Crutzen & Stroermer, 2000; Oldfield,
2005; Zalasiewicz et al., 2008; Steffen et al., 2011).

Eutrophication, the nutrient-driven increase of organic matter in freshwaters
(Nixon, 1995), can occur naturally as part of the development of a lake over relatively
long geological timescales (Rast & Holland, 1988; Smol, 2008; Miller, 2011). The
occurrence of natural eutrophication depends on the morphology of the lake basin, and
associated sediment accumulation patterns (Deevey, 1955) and the geological and
pedological characteristics of the catchment (Murphy et al., 1983; Rasanan et al., 2006).
Human-induced (or cultural) eutrophication, generally linked to increased inputs of
phosphorus, P, and nitrogen, N, from human sources (Smith er al., 1999; Jennings et al.,
2003), occurs over much shorter time periods and is widely regarded as one of the most
common water quality problems in the world (Mason, 2002; Dokulil & Teubner, 2011).
As P and N are the main limiting nutrients for phytoplankton growth in freshwater, the
increased availability of these elements often leads to elevated primary productivity
(Bronmark & Hansson, 2005; Khan & Ansari, 2005) and to major water quality
problems, including oxygen depletion, pH variability, alterations of trophic structure and
increases in toxic algal blooms (Reynolds & Petersen, 2000; Jennings ef al., 2003). As
indicated previously, climate and weather variations (linked to changes in temperature
and effective moisture) also influence aquatic conditions, although the extent to which
these variables interact with - and may directly influence - changes in nutrient
availability has received relatively little attention to date (Jennings et al., 2009; George et

al., 2010)

Recent (i.e. post-c. 1800 AD) acidification of lakes has been linked primarily to
human activity, in particular the increased industrial emissions of acidifying pollutants
(e.g. sulphur dioxide, SO,, and nitrogen oxides, NOy) (Gorham, 1998; Battarbee et al.,
1990). The introduction of national and international policies during the 1980s and
1990s, aimed at reducing levels of atmospheric emissions of these pollutants, has
resulted in reduced acidification pressures at some lake sites (e.g. Stoddard ef al., 1998;
Skjelkvéle et al., 2005). The success to date of international measures aimed at curbing

and even reversing acidification pressures provides a clear example of what concerted



international action targeted at trans-boundary pollutants is able to achieve. Despite
successes in reducing emissions, and in improving chemical water quality in some cases
(Kernan et al., 2010), evidence for large-scale ecological recovery from acidification
remains scarce (Stendera & Johnson, 2008; Ormerod & Durance, 2009; Dunford et al.,
2012). Future recovery is likely to be increasingly influenced by anthropogenic climate
change, although the role of climate variability in influencing lake acidification and
recovery is complex and poorly understood (Whitehead et al., 2009; Johnson & Angeler,
2010).

Anthropogenic climate change, linked to elevated greenhouse gas emissions from
fossil fuel consumption (IPCC, 2007), presents one of the most severe threats to
ecosystems globally (Rosenzweig et al., 2007; Adrian et al., 2009; Wassmann et al.,
2011). The role of recent climate change in driving trophic changes in lakes is not fully
understood, and findings are to some extent contradictory (George, 2000; Monteith et al.,
2000; Weyhenmeyer, 2001; Straile, 2002; Battarbee, 2010; Noges et al., 2010).
Moreover, deciphering the relative contributions from multiple stressors, acting
individually and in combination on ecological conditions in lakes, is particularly difficult
(Battarbee, 2010; George er al., 2010; Smol, 2010; Desellas et al., 2011). Linking
aquatic ecological effects to particular causes or complexes of causes is essential if lake
management aimed at improvements in water quality and the restoration of ecological

functioning is to prove effective.

1.2 Deciphering aquatic trophic pressure-response relationships

Lakes are often impacted by combinations of pressures (Smol, 2008; Battarbee et al., in
press). Deciphering the roles of several drivers of aquatic ecological variability can be
difficult because different pressures can have similar effects, and because of the potential
for synergistic relationships between combinations of these (Vasseur & McCann, 2007).
For example, the effects of climate change can differ depending on local-scale factors,
such as catchment geomorphological conditions (Vasseur & McCann, 2007; Fritz, 2008;
Battarbee, 2010), and have been found to exacerbate human-induced eutrophication
(Douglas et al., 2007, Steinberg et al., 2011). Often these inter-relationships are not fully
understood (Adrian et al., 2009; Jeppesen et al., 2010) and what supporting evidence

there is often appears contradictory (George et al., 2010; Battarbee ef al., in press).
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Deciphering the effects of multiple stressors is further complicated by non-
linearities in pressure-response relationships (Nickus e al., 2010), whereby a small
change in a particular pressure can lead to an abrupt in-lake response (Scheffer et al.,
1993). A well-documented example of a non-linear response is the occurrence of
Alternative Stable States in shallow lakes, where a small change in nutrient loading can
cause a rapid shift from oligotrophic and clear water conditions to eutrophic and turbid
water conditions (Scheffer, 2004). Whether non-linearities occur appears to depend on
the characteristics of the catchment, hydromorphological characteristics of the lake basin
and stability of the water column (Scheffer & Van Nes, 2007). The phenomenon
Alternative Stable States, commonly observed in shallow lakes, is generally not found in
lakes that undergo thermal stratification (usually deep lakes), as these are generally
regarded as more stable and have little interaction between the epilimnion and the
sediments (Scheffer, 2004). Although non-linear ecological pressure-response patterns
are easily observed, our understanding of these relationships and in particular the
underlying mechanisms is incomplete and requires further research (Ibelings et al., 2007;

Scheffer & Van Nes, 2007; Hobbs er al., 2012).

Changes in climate conditions can also induce non-linear responses, including
prolonged shifts in ecological conditions in lakes (Scheffer er al., 2001a). Climate
warming has been shown to promote the stabilisation of eutrophic and turbid conditions
in shallow lakes, and result in delayed or lagged responses to reductions in human
pressures, e.g. nutrient loading (Jeppesen et al., 2003). In contrast, other studies have
indicated what could be regarded as the positive effects of warming, including the
promotion of clear and oligotrophic conditions in shallow lakes (Scheffer et al., 1992;
Rooney & Kalff, 2000). A more complete understanding of the mechanisms underlying
delayed or lagged responses to changes in aquatic pressures than is currently the case is
vital for effective lake management and for predicting the impacts of future aquatic
ecological changes. Computer-based, dynamic modelling and palaeolimnology are
among the relatively few techniques available to investigate long-term and complex

aquatic ecological pressure-response patterns (Irvine et al., 2005).

Combining dynamic modelling and palacolimnology provides a novel
multidisciplinary approach that can help identify gaps in understanding and untangle the
relative roles of multiple stressors on aquatic ecosystems (Scheffer & Carpenter, 2003).

Furthermore, where the timescale of interest is greater than the length of time for which
5



instrumental data are available, palacolimnology is often the only means for comparison
of dynamic model output (Anderson et al, 2006), and thus can potentially be a
fundamental part of assessing the applicability of water quality models for use in water
quality management (Pollard ef al., 2001; Anderson et al., 2006; Dearing et al., 2006).
The applicability of dynamic modelling is, however, dependent on an in-depth
understanding of the relative importance of key ecological processes and the availability
of data available for model parameterisation and validation (Anderson et al., 2006).
Moreover palaeolimnological data are often based on models or inferences and,
therefore, both palaeolimnological and dynamic modelling approaches need to be tested

independently using high quality monitoring data.

1.3 Aquatic ecosystem management

The extent of deterioration of aquatic ecosystems as a result of human activities is now
widely recognised as a major global environmental issue (Smol, 2008; Gal et al., 2009;
Naiman & Dudgeon, 2011). Human modification of ecosystems has led to the need for
environmental management (Moss, 1999), and the development and implementation of
legislation at national and international levels aimed at restoring and maintaining
environmental quality (Bertahas er al., 2006). One example of an international
legislative response to the deterioration of aquatic resources is the EU Water Framework
Directive (2000/60/EC) (WFD) (European Parliament and Council, 2000), which
requires all freshwater bodies in EU member states to equate to at least to good water

quality status, representing little or no human impact, by 2015 (Kirilova et al., 2009).

Management of aquatic ecosystems is particularly difficult because of their
inherent and complex interconnections with the terrestrial environment and the
atmosphere (Irvine et al., 2004; Linstead ef al., 2010). As indicated above, deciphering
the relative effects of human and climate stressors on aquatic conditions is one of the
most challenging issues currently facing water quality management. Sustainable
management of any ecosystem requires the establishment of the relationships between
ecological pressures and responses (Borja er al., 2006). In order to understand these
relationships, the analysis of long-term data is required. However, sufficiently long-term
ecological monitoring data are only rarely available (Battarbee, 1999; Jennings et al.,
2008; Battarbee ef al., in press). Moreover, the range of variables monitored is often

limited (Gal et al., 2009). Mance et al. (2002) suggests that an integrated approach
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utilising a range of information sources is required to elucidate the relationships between
aquatic ecological pressures and responses. Dynamic ecological modelling potentially
provides an important component of such an approach, providing an opportunity to
reconstruct long-term aquatic ecological pressures and associated responses (Irvine et al.,

2005).

Models are effectively simplifications of reality (Irvine ef al., 2005) and for
optimal use first require validation. Without validation, model output is conditional on
the assumptions made in the model calculations (Beven, 2009). Validation ideally
requires data that were not used in model construction (including model calibration).
Such independent datasets are rarely available because of the paucity of long-term
monitoring data, with whatever data are available having been used in model
construction (Oreskes et al., 1994). Palaeolimnology involves the reconstruction and
interpretation of past environments from the physical, chemical and biological
characteristics of lake sediments, based on models or inferences (Cohen, 2003).
Palaeolimnology can be used to reconstruct long-term aquatic ecological pressure-
response relationships (Battarbee, 2000; Smol, 2008). Such lake sediment-derived
information provide additional long-term records: in some cases, monitoring data can be
used to calibrate sediment-based environmental proxies (Dalton ef al., 2009). Although,
palaeolimnology cannot be used for directly validating dynamic modelling output, a
combined approach utilising both palaeolimnology and dynamic modelling can
potentially provide a valuable comparison for improving the reliability of model

simulations (Anderson et al., 2006; Peng et al., 2011).

1.4 Implementing water quality policy

Water quality management requires the establishment of reference conditions (i.e.
natural ecological variability in the absence of significant human impact), determination
of the extent of deviation of ecological conditions from reference conditions,
identification of important drivers of aquatic ecological change and establishment of
appropriate measures for restoring reference water conditions (Rekolainen et al., 2003;
Gal et al., 2009). In Ireland, the Local Government (Water Pollution) Act, 1977 (Water
Quality Standards for Phosphorus) Regulations, 1998, S.I. 258 (1998), more commonly
known as the P Regulations, were introduced with the aim of reducing P inputs to water

(Department of Environment, 1997). In Europe, national legislation relating to water



quality in EU member states, for example, the P Regulations in Ireland, has been
subsumed within the WFD. The WFD requires water quality management to take place
on a catchment-scale, via management units known as River Basin Districts (RBDs). A
River Basin Management Plan (RBMP) must be developed for the water bodies within
each RBD every six years (Irvine er al., 2005). There are several knowledge gaps
associated with the implementation of the WFD (Raadgever ef al., 2011), all of which
require the analysis of long-term data. Both dynamic modelling and palaeolimnological
techniques have been recommended as valuable tools for implementing the WFD and, in
particular, for addressing associated knowledge gaps (Irvine et al., 2005). The EU
Directive (91/676/EEC), commonly known as the Nitrates Directive (Howarth, 2006)
also plays a key role in the management of nutrient pollution in catchments and in the

delivery of water quality improvements required by the WFD.

Palaeolimnology is a well-established tool in lake management (Battarbee, 1999;
Luoto & Raunio, 2011). Dynamic modelling has a long history of application in
environmental management for simulating environmental pressures and responses in the
absence of long-term empirical data (Committee on Models in the Regulatory Decision
Process, National Research Council, 2007). The use of dynamic models in the aquatic
sciences has recently increased due to technological developments and the requirements
of new legislation and policies, such as the WFD. Although improvements have been
made, ecological modelling is still used in water quality management only relatively
rarely, and models have not contributed significantly to the advancement of ecological

understanding (Jennings et al., 2003; Anderson et al., 2006; Aumann, 2007).

1.5 Research rationale and thesis structure

1.5.1 Research rationale

Effective lake management requires understanding of aquatic ecological pressure-
response relationships (Irvine et al., 2005). However, up until the 1970s relatively little
monitoring of lake trophic variability had taken place in Ireland (Jennings et al., 2000).
Although population levels in Ireland are currently relatively low compared with other
parts of the developed world, population levels in rural areas were much higher prior to
the famine of the mid 19™ century (Leira et al., 2006; Donohue et al., 2010). Lakes in

the west of Ireland in particular are also sensitive to climate variability and weather
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anomalies associated with the Atlantic Ocean (Jennings et al., 2000), and to atmospheric
pollution loads from sources in North America (O’Dwyer & Taylor, 2010) in addition to
locally. Lakes located in the west of Ireland have also been identified as highly sensitive
to a range of human-induced water quality problems, including surface water
acidification (Aherne & Farrell, 2002) and eutrophication (Dalton et al., 2010; Donohue
etal.,2010).

Currently, in Ireland, water quality management is based primarily on recently
established extensive monitoring programmes (Anon, 2006; Canney, 2009) carried out in
RBDs. The Environmental Protection Agency (EPA) has produced a series of country-
wide water quality reports based on these programmes, the most recent of which is for
the period 2007-2009 (McGarrigle et al., 2010), some of which now benefit from major

investments in lake and whole catchment monitoring infrastructure.

Focusing on Lough Mask, a large complex lake in County Mayo, western Ireland
and part of the Western River Basin District (WRBD), the main aim of the current study
was to determine the extent to which a multidisciplinary approach, combining
palaeolimnology, historical catchment and climate data and dynamic modelling, could
contribute to improvements in both understanding of trophic pressure-response
relationships and, ultimately, aquatic management. The aim of this study was addressed
through four main research questions (described below) and a journal submission (Table

1.1), each of which forms the basis of a chapter in later parts of the thesis:

1. How have trophic conditions varied over the long term in a complex lake? (Chapter

4)

2. What are the relative roles of climate variability and human pressures in driving

trophic changes in a west of Ireland lake during the 20™ century? (Chapter 5)

3. Can a multidisciplinary approach, combining palaeolimnological and dynamic

modelling methods, be used to elucidate long-term trophic dynamics? (Chapter 6)
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1. Can dynamic modelling be used to design and test the effectiveness of water quality

management plans? (Chapter 7)

1.5.2 Thesis structure

Chapter 2 provides a detailed description of the study site, including the available historical
and contemporary data, for the research. Chapter 3 outlines the methodological framework
of the project and details the techniques used in the research to provide a context for the
results and interpretations presented in Chapters 4, 5, 6 and 7. Note that descriptions of the
relevant techniques are not repeated in these results-based chapters, each of which focuses on
a specific research question and forms the basis for work that has been published, accepted
for publication or is in the process of being prepared for publication. Chapter 4, entitled
‘Middle to late Holocene environmental changes in western Ireland inferred from fluctuations
in preservation of biological variables in sediment’ examines natural trophic variability and
the possible controls of natural variability in a lake with spatially-heterogeneous catchment
characteristics located in the west of Ireland, addressing Research Question 1. Chapter 5
addresses Research Question 2 by investigating the roles of climate and human drivers of
trophic variability in the lake over the last c. 140 years. Chapter 6 uses two independent
methods, dynamic modelling and palaeolimnology, to reconstruct long-term trophic
variability in a west of Ireland lake during the 20" century, and compares reconstructions
from both techniques, addressing Research Question 3. Chapter 7 investigates whether or not
a scenario-based ecological pressure-response modelling approach can be used to test the
effectiveness of measures for achieving WFD objectives in agriculturally-impacted
catchments, addressing Research Question 4. Chapter 8 comprises a synthesis of the findings
of the current research and discusses the key findings arising from Chapters 4, 5, 6 and 7,
placing them in the wider context of the overall aim of the research. The findings presented
in the research question-based Chapters 4, 5, 6 and 7 have also formed the basis for 4 papers
that have been submitted to academic journals as part of the PhD research, one of which is
now published (Murnaghan et al., 2012). Details of these papers, the journals to which they

were submitted and their publication status is provided in Table 1.1.
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Chapter 2

Study Site
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This chapter presents a detailed description of the study catchment and lake used in the
current research, including the criteria for selecting the study site and a summary of
available relevant catchment and water quality monitoring data. The latter includes
information collected during the research specifically to address data gaps. A summary
of the potential drivers of change in these lakes is also presented, based on available

meteorological and census data.

2.1 Selection of study site

Lakes are one of the best indicators of environmental change (Battarbee, 2000; Adrian et
al., 2009), as they are sensitive to climate variability (Smol, 2008) and changes in
catchment conditions and human activity (Battarbee ef al., 2002). However, not all sites
are equally sensitive to climate change or human activity. Lakes located in western
Europe are likely to be sensitive to variations in climate, particularly precipitation,
because of their proximity to the Atlantic Ocean (Jennings et al., 2000). Furthermore,
the west of Ireland is a region characterised by spatially-heterogeneous geology, soils
and land use (Cross, 1998), and this heterogeneity in catchment conditions is likely to be
a factor complicating lake ecological pressure-response relationships (Webster et al.,
2000). In addition, the west of Ireland has also undergone major changes in human
pressures since the onset of the Anthropocene (Huang & O’Connell, 2000; Jennings et
al., 2008; Donohue et al., 2010) and is an area where previous human impacts may have

been greater than at present (Jennings et al., 2008).

The choice of study site for the current research was based on the following

criteria:

-the lake site should be located in an area known to be highly sensitive to

variations in climate conditions
-the lake should have a history of human impacts
-there should be sufficient long-term and high-resolution secondary data

(historical catchment and climate data) available for the lake catchment, for

the purposes of driving a catchment model
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-there should be a sufficient inflow and lake water quality monitoring dataset,
including chemical and biological data, available for the site in order to run an

in-lake aquatic ecological response model

Lough Mask, Co. Mayo, Ireland was selected as a suitable site for the current research as
it met the criteria outlined above. The existence of particularly long and high-resolution
historical secondary datasets, including human population, agricultural census and
climate, available from c. 1900-2006 AD for the Lough Mask catchment, which are
described in Section 2.2, was a pivotal factor in the choice of the lake as the focus of the

current study.

2.2 Lough Mask

2.2.1 Location and bathymetry

Lough Mask (53° 36’ N, 9° 22° W) is a large (c. 82 km?) partially calcareous lake
located c. 30 km from the Atlantic coast of western Ireland (Figure 2.1). Locational and
physical characteristics of the lake are summarised in Table 2.1. Lough Mask has a
complex bathymetry (Figure 2.2) with the lake occupying several subbasins. The eastern
part of the lake is a relatively shallow (c. 13 m depth) limestone shelf receiving inflows
from the eastern and north-eastern parts of the catchment. The deepest point in the lake
(c. 64 m depth) is located in an elongate, channel-like subbasin in the western part. The
southwest part of the lake (c. 20 m depth) comprises isolated bays that drain the western

part of the catchment.
2.2.2 Catchment conditions

The catchment for Lough Mask (c. 859 km?) is characterised by sharp geographical
contrasts in geology, topography, hydrology, soil cover and land use between the eastern
(Robe and Carra) and western (Finny, Srahnalong, Owenbrin, Glensaul, Srah, Cloon and
Cartron Bower) subcatchments (Table 2.2; Figure 2.1 and 2.3). The River Robe in the
east is the largest inflow to Lough Mask followed by the Keel canal, the only outflow
from Lough Carra, a smaller marl lake in the north of the catchment (Figure 2.1). Several
smaller inflows drain the siliceous uplands of the Partry mountains in the west, namely,

Cloon, Finny, Glensaul, Owenbrin, Srah and Srahnalong (McGarrigle & Champ, 1999).
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Lough Mask discharges primarily via underground seepage through karst limestone into
Lough Corrib, Co. Galway (Delany, 1988). The east and west parts of the catchment
differ in their hydrological characteristics (Table 2.2; Donohue & Irvine, 2003). In the
east, the Robe and Carra subcatchments drain a land area of ¢. 399 km?, characterised by
low slopes, low elevations and drainage densities in the range c. 0.8-0.9 km km”. In the
west, several streams drain the Partry mountains (c. 684 m maximum elevation), a
similar area of land (c. 343 km?) to the Robe and Carra subcatchments combined. Land
slopes are in the order of c. 9.8 © in the west and drainage densities are relatively high (c.

1.9 km km?).

Upper Carboniferous limestone forms the low-lying eastern subcatchments
(Figure 2.1; Table 2.2). The Partry mountains characterising the western upland
subcatchments comprises relatively resistant siliceous Ordovician sandstones and mixed
volcanics (Donohue ef al., 2005; Holland, 2009) (Figure 2.1; Table 2.2). Base-poor peat
soils predominate in the western subcatchments, with podzols and gleys less extensive;
soil cover in the eastern subcatchments is predominately brown earths and grey-brown
podzolics, with some smaller areas of gleys and basin peats (Figure 2.3) (Styles et al.,

2006).
2.2.3 Climate and weather

Climate conditions at Lough Mask are cool-temperate with a strong oceanic (Atlantic)
influence. Daily meteorological data from 1950 AD to present for Claremorris synoptic
meteorological station located in the Robe subcatchment, c¢. 17.5 km from the lake, was
available from Met Eireann (Figure 2.1). Mean annual air temperature and precipitation
for the period 1950-2005 AD were 9.1 °C and 1146 mm, respectively (Figure 2.4 a, b;
Appendix A). There was no overall trend in mean annual air temperatures from 1950
AD, but there was a significant upward trend from 1970-2005 AD (r* = 0.22; p < 0.005;
v = 34). Daily climate data were also available from 1900-1952 AD for the Blacksod
weather station, located c. 40 km northwest of the catchment (Figure 2.1), from Met
Eireann. These data were only available in their original form of paper records and were

compiled in an EXCEL database (Appendix A).
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Figure 2.4 Annual mean air temperature (° C) (a) and annual precipitation (mm) (b) at

Claremorris synoptic meteorological station (see Figure 2.1) in the Lough Mask

catchment from 1950-2006 AD
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2.2.4 Human pressures

Census data were available from the Central Statistics Office (CSO) on the basis of
District Electoral Divisions (DEDs) (Appendix B) or Rural Districts (Appendix B and C)
for all census years between 1880-2006 AD. Census data from 1880-1980 AD were
available in paper records and were transcribed as part of the research; data from 1980-
2006 AD were available in digitised form. DEDs were described using Arc GIS
shapefiles of the Lough Mask catchment and DED boundaries from the BUFFER (EU
Fifth Framework Programme) project (I. Donohue, TCD, pers. comm.) (Figure 2.1;
Appendix D). A map of Rural Districts for the catchment was obtained from Simon
Fernandez (Glucksman Map Library, Trinity College Dublin). The Lough Mask
catchment comprises 48 DEDs (Appendix D): ten are situated in the catchment in their
entirety. In the 38 DEDs that are only partially located in the catchment, the population
levels within the part of the DED or Rural District contained in the catchment were
determined on a proportional area basis that also accounted for the locations of any

urban centres of population.
2.2.4.1 Human population

Human population data were available for all census years from 1880-2006 AD from the
CSO. Human population levels were at their highest at 35,509 in 1880 AD and
decreased consistently to 18,220 in 1970 AD (Figure 2.5 a, d; Appendix E). From c.
1970 AD, population levels in the catchment continued to fall, reaching a low of 15,203
in the 1996 AD census. Population levels increased slightly between 1996-2006 AD.
The Robe subcatchment in the east comprised, on average, 66% of the total catchment
population, while the western and Carra subcatchments comprised c. 25 % and c. 14 %,
respectively, between 1880-2006 AD. The Robe subcatchment also contains two urban
centres (Ballinrobe and Claremorris). Both are located in the Robe subcatchment, and
each had populations of about 2,500 in 2006 AD. Development of rural housing,
particularly during the late 20" century, has been highlighted as a potentially important
contributor to nutrient loading in the catchment (Hobbs et al., 2005) as found elsewhere

in rural Ireland (Jordan et al., 2012).
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2.2.4.2 Land use

The availability of historical land use data for the Lough Mask catchment was
inconsistent; land use records were available from the CSO for census years between
1841-1911 AD and between 1981-2006 AD, on the basis of Rural Districts (Appendix
F). The land use classification system used during the earlier period for which the
historical data are available differed from that used in the more recent dataset. The

process through which the data were harmonised is outlined in Appendix G.

Land use in the Robe subcatchment is dominated by pasture (c. 64 % of the
subcatchment area) (Table 2.3), used mainly for cattle grazing. The remaining land area
comprises crops (c. 20 %), peat bogs (c. 14 %) and forestry (c. 2 %). Land use in the
Carra subcatchment is similar to that of the Robe, with c. 63 % of its area taken up by
agricultural pasture, and the remaining land area used for crops (c. 20 %) and peat bogs
(c. 15 %). In contrast, land use in the western subcatchments is primarily upland blanket
peat bogs (c. 70 % of the area), which are grazed mainly by sheep, followed by pasture
(c. 30 %) and forestry (c. 5 %). Historical data indicate that there were no major
changes in land use in the Lough Mask catchment over the 1880-2006 AD period
(Figure 2.6 a-c; Appendix F). However, the area of land classified as crops decreased
between c. 1901-1926 AD, in the Robe and Carra subcatchments, and was coincident
with an increase in that classified as pasture. Furthermore, the area of land classified as
crops increased in the latter part of the 20" century, while that of pasture decreased

slightly (Figure 2.6 b).

Table 2.3 Corine (2006) land cover data for Lough Mask subcatchments, expressed as a
% of the subcatchment area. *West includes the Cloon, Srah, Glensaul, Cartron Bower,

Owenbrin, Srahnalong and Finny subcatchments

Subcatchment Pasture Peat bogs Forestry Urban Cereals Other
Robe 64.0 14.3 1.6 0.3 19.6 0.2
Carra 62.5 14.9 3.1 0.0 19.5 0.0
West* 26.9 66.9 4.7 0.0 1.5 0.0
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Figure 2.6 Historical data for the predominant land uses in the main Lough Mask
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2.2.4.3 Agricultural activity

Cattle numbers in all of the Lough Mask subcatchments increased during the 1880-1980
AD period, from c. 27,400 (c. 38 head km™) in 1880 AD to c. 68,000 (c. 100 head km™)
in 1980 AD, with the exception of a decrease between c. 1911-1926 AD (Figure 2.5 b, e;
Appendix E). Cattle numbers decreased between 1980-1991 AD, but increased slightly
between 1991-2006 AD. The sheep population in the catchment was relatively high in
the early part of the 20 century; census data indicate that there were c. 75,707 sheep (c.
110 head km™) in 1880 AD (Figure 2.5 c, f: Appendix E). Stocking levels increased to
110,162 (c. 157 head km™) in 1891 AD and declined thereafter until 1926 AD, and then
increased again until 1965 AD to peak at 144,775 (c. 213 head km™). The sheep
population in the catchment was highly variable between 1965-2006 AD. An increase in
numbers of cattle and sheep during the 20" century was not associated with a
commensurate increase in area of land classified as pasture (Figure 2.6 a). Instead, the

increased numbers raised stocking densities on the existing area of grazed land.

Previous studies have concluded that diffuse P loadings arising from agricultural
sources in the Robe, where they contribute up to c. 85 % of the total P load to Lough
Mask (McGarrigle & Champ, 1999), and Carra subcatchments have increased during the
late 20" century, particularly during the winter months (McGarrigle & Champ, 1999;
Irvine et al., 2003). Agriculture in the catchment is therefore regarded as the most likely
source of increased eutrophication pressures. In the west, the Owenbrin subcatchment

has been negatively impacted by overgrazing by sheep (McGarrigle & Champ, 1999).
2.2.4.4 Hydromorphological modifications

The Lough Mask catchment underwent substantial hydromorphological modification as a
result of Arterial Drainage Schemes (ADS) during the 19" century. ADS took place in
all of the Lough Mask subcatchments between c. 1845-1860 AD, for the purpose of
economic development: increasing mill-power and extending the area of land available
for agriculture (Harding, 1846). Intensive ADS significantly altered the hydrodynamics
of the catchment. In particular, ADS resulted in dekarstification of much of the eastern
part of the catchment by draining flooded land (>7 % of the total catchment area),
creating entirely new river systems, modifying existing rivers and linking lakes and

turloughs (Harding, 1846; Coxon & Drew, 1986). The hydrological effects of ADS in
27



the catchment include more rapid surface water flow (Coxon & Drew, 2000) and
increased sediment and nutrient load capacities of inflows (Bhattarai & O’Connor,
2004). Prior to ADS, drainage of the eastern part of the catchment would have been
primarily via groundwater. Smaller-scale ADS also took place in the Robe subcatchment
between c. 1920-1940 AD, for the purpose of extending and improving land for grazing
livestock (Walsh, 1974; Coxon & Drew, 1986). There is no evidence for ADS in the
western part of the catchment during this period. Further phases of ADS continued in
the Robe subcatchments during the late-1940s and between 1979-1980 AD.

2.2.4.5 Point sources of pollution

There are two main sewage treatment plants (STPs) located in the Robe subcatchment (at
Ballinrobe and Claremorris) (Figure 2.1), which contribute relatively minor amounts of
nutrients to the River Robe, <5% of total annual loading of P and N (Donohue et al.,
2005), and have mean effluent discharges of <1 mg I (Irvine er al., 2003). Primary
treatment of waste commenced at both STPs in the late 1940s, while secondary treatment
(with P removal) was installed in Ballinrobe STP in 1996 AD (McGarrigle & Champ,
1999). and in 2000 AD in Claremorris (K. Shally, Mayo County Council, pers. comm.).

2.2.5 Lake monitoring data
2.2.5.1 Lake physico-chemical conditions

Because of the insular and oceanic location, water temperatures in Lough Mask normally
fluctuate between 4-21 °C and ice cover is rare (McGarrigle & Champ, 1999). Although
the lake basin is spatially-heterogeneous and complex in terms of its physical nature
(described in Section 2.2.1), studies of water circulation patterns in Lough Mask have
shown that the open water part of the lake is well-mixed and that circulation is wind-
driven (McCarthy et al., 2001). Monthly temperature data for the period March 1996
AD to July 1996 AD indicated some transient summer stratification in summer
(McCarthy et al., 2001). No long-term, high resolution temperature records existed for
Lough Mask prior to the current research project. A thermistor chain was installed in the
deepest point in March 2007 as part of this research project (Figure 2.1; Appendix H),
with loggers (ONSET TidbiT) placed at 15 depths between the surface and 50 m, and

provided data to the end of the project. These data also indicated that several short-lived
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periods of stratification occurred in the lake in the summer months of 2007 AD and 2008

AD, and that the lake was well-mixed during the rest of the year (Figure 2.7).

Contrary to the evidence of a well-mixed lake water from water circulation
studies (McCarthy er al., 2001), Lough Mask has also been described as complex in
terms of its water chemistry. McGarrigle & Champ (1999) described the water
chemistry of the embayments in the southwest part of the lake as having low ionic
contents, while the open water of the lake is moderately hard with relatively low colour
and good transparency (Flanagan & Toner, 1975). The most detailed water quality
monitoring datasets for the lake were gathered as part of the BUFFER (EU Fifth
Framework Programme) project for four different sampling sites (A, B, C and D) in
Lough Mask (Figure 2.1), and were available for the current study from I. Donohue
(Trinity College Dublin, pers. comm.). The BUFFER monitoring datasets, which
comprise fortnightly to monthly monitoring for the period 2001-2003 AD, included pH,
water temperature, alkalinity and secchi depth and showed little variation within the open
water of Lough Mask, supporting previous descriptions of the well-mixed nature of the

lake (Table 2.4; Appendix I).

At monitoring sites A (Keel), B (Robe) and C (south) lake water pH was in the
alkaline range, had high carbonate buffering capacity and good transparency (Table 2.4),
similar to the findings of McGarrigle & Champ (1999) based on monitoring of the lake
between 1975-1995 AD. Although all four monitoring sites had similar mean values for
physico-chemical parameters, the range of values at site D (the deepest point), the closest
monitoring site to the western inflows, was larger with neutral to alkaline pH, low to

high alkalinity and low to moderate conductivity (Table 2.4).

2.2.5.2 Lake nutrient conditions and trophic status

Measured trophic status, based on the modified OECD classification as described in S.I.
No. 258 of 1998, indicates that Lough Mask is currently classified as mesotrophic (Toner
et al., 2005). Long-term TP and total chlorophyll a data from the Central Fisheries
Board (CFB) (now Inland Fisheries Ireland, IFI) indicated that the lake has undergone
deterioration since the mid-late 1980s in the form of a shift in trophic status from
oligotrophic to mesotrophic (McGarrigle & Champ, 1999; Toner et al., 2005) (Figure
2.8). Lough Mask was classified as being on the oligotrophic/mesotrophic boundary
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Table 2.4 Summary of lake water quality monitoring data for 4 monitoring sites (see
Figure 2.2) for Lough Mask (2001-2003 AD), showing ranges and means (in
parentheses), available from the BUFFER project (EVK1-1999-00094), supplied by Dr.

[an Donohue and Dr. Ken Irvine, Department of Zoology, Trinity College Dublin. Full

details are provided in Appendix I

Variable Units A (Keel) B (Robe) C (south) D (deepest
point)
pH pH units 8.2-8.5(8.3) | 8.2-85(8.3) | 8.3-84(84) | 7.4-85(8.2)
Temperature | °C 7-17 (12) 7-18 (11) 7-18 (14) 5-17 (12)
Alkalinity mg CaCOs I 103-110 105-113 103-104 16-108 (101)
l (106) (107) (103)
Conductivity | pScm’ 236-269 197-255 230-289 70-290 (234)
(252) (239) (251)
Turbidity NTU 3-14 (8) 6-9 (7) 8-8 (8) 3-11(7)
Colour PtCo 0-22 (13) 19-29 (22) 15-15 (15) 10-94 (29)
Suspended mg I 1-2 (1) 1-2 (1) 1-2 (1) 1-7 @)
solids
DOC mg I 4-6 (5) 4-6 (5) 3-7(5) 2-8(4)
SRP ngl’ 0-7 (2) 1-7 (2) 1-7 (3) 1-7 (2)
PP pgl” 2-32(9) 1-17 (8) 4-12 (6) 1-16 (6)
TP ng !’ 6-32 (14) 7-27 (14) 6-15 (10) 7-22 (12)
Nitrate mg " 0.3-0.5(0.3) | 0.3-0.5(0.3) | 0.3-0.4(0.3) | 0.1-0.5(0.3)
TN mg I 0.5-0.8 (0.6) | 0.5-0.8(0.6) | 0.6-1.1(0.8) | 0.5-1.6(0.7)
Secchi depth | m 3-6 (4) 3-7(4) 3-5(5) 2-6 (4)
Chlorophyll a | mg 1" 1-10 (3) 1-9 (3) 2-11 (5) 2-10 (4)
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Figure 2.8 Annual mean total phosphorus (TP) and annual mean total chlorophyll a
concentrations based monitoring from McGarrigle & Champ (1999) and the Central

Fisheries Board (CFB)

during the period 1976-1995 A (McGarrigle & Champ, 1999) and oligotrophic between
March 1996 AD to July 1997 AD (McCarthy et al., 2001) based on chlorophyll a and TP
levels. TP and total chlorophyll a data from the BUFFER dataset indicated that oligo-
mesotrophic conditions persisted in the lake between 2001-2003 AD (Table 2.4).
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Monitoring data from the EPA indicated mesotrophic conditions during the 2001-2003
AD period (Toner et al., 2005).

Nutrient concentrations measured between 2001-2003 AD, including dissolved
organic carbon (DOC), particulate P (PP), soluble reactive P (SRP), total dissolved P
(TDP), total organic nitrogen (TON), total nitrogen (TN) and total P (TP) showed little
or no variation between different lake monitoring sites, however, the highest values were
consistently recorded at sites A and B (Table 2.4; Appendix I). Secchi depths indicated
good transparency at all monitoring sites during the monitoring period, and were
inversely correlated with chlorophyll @ at all sites (r* = 0.5-0.9; p < 0.05; v = 22). P
concentrations generally peaked in winter months, and reached up to 35 pg I"' (Appendix
[). The observed seasonal chlorophyll a concentration data in Lough Mask were variable
and displayed an unusual annual pattern with two peaks during the year, the highest in
spring or summer (up to ¢. 12 ug 1) and a smaller one in winter (up to ¢. 7 pg 1"") during
the 2001-2003 AD period (Appendix I), and this pattern was evident in both CFB and
BUFFER monitoring datasets.

2.2.5.3 Lake ecology
2.2.5.3.1 Phytoplankton

Phytoplankton monitoring data in the form of unpublished algal counts were available
from the CFB (T. Champ & J. King, pers. comm.). These data comprise monthly single-
point samples from the deepest point collected during 1975, 1983, 1984, 1985 and 1986
AD. A full list of phytoplankton taxa, density and biomass data is provided in Appendix
K. The observed seasonal trend in the phytoplankton community in Lough Mask was
unusual (Figure 2.9 a-e). Diatoms were abundant for most of the year (c. 40-100 % of
total phytoplankton assemblage). However, in 1975 AD and 1983 AD cyanophytes, and
Oscillatoria agardhii in particular, were the most abundant taxa followed by diatoms
(Figure 2.9 a-b). Cyanophytes exhibited peaks in summer and early autumn in 1975 AD
and 1983 AD. Two peaks were also apparent in the diatom data, the highest in spring
and a smaller peak in autumn. A shift in the phytoplankton assemblage was evident in
the 1984-1986 AD dataset with diatoms outnumbering chlorophytes and cyanophytes in

most months. Cyanophyte numbers were low for most of the year, but displayed a

33



distinct peak in late autumn, characterised by abundant O. agardhii. Chlorophytes were
the next most abundant group and peaked in late summer, after the diatom peak, and
again in late autumn, before the second diatom peak (Figure 2.9 a-e). Asterionella,
Melosira and Tabellaria were the most abundant diatom taxa in the spring blooms, while
Fragilaria crotonensis was prevalent in the warmer summer months. An increase in the
planktonic Stephanodiscus/Cyclotella species, which peaked in spring and late summer,
was evident in the dataset from 1985 AD onwards. The seasonal succession of
Melosira/Synedra to Asterionella to Fragilaria to Stephanodiscus in some years is
typical of seasonal silica (Si) depletion in the lake water column (Tilham et al., 1982;
Hecky & Kilham, 1988). The seasonal succession of phytoplankton evident in Lough
Mask is similar to that of other lakes in Ireland, e.g. Lough Neagh (Jewson et al., 1981).

Monthly phytoplankton monitoring was also carried out during between March
1996 AD and July 1997 AD as part of an EPA-funded project: Eutrophication Processes
in the Littoral Zones of Western Irish Lakes (McCarthy ef al., 2001). However, these
data were not made available for the current research project following consultation with
both the project personnel and the EPA throughout the current research. McCarthy et al.
(2001) summarises the data in the project final report. The findings presented in
McCarthy et al. (2001) indicate that seasonal variation in phytoplankton populations was
similar to that observed in the earlier monitoring datasets from the CFB, and were typical
of mesotrophic conditions. There were two algal peaks evident during 1996-1997 AD,
one (the highest) in spring and a second smaller and more prolonged peak in late
summer/autumn. Diatoms were particularly abundant in the spring but subsequently
declined owing to a depletion of SiO,. McCarthy ez al. (2001) also noted the persistence
of the cyanophyte species, O. agardhii throughout the year, which exhibited an autumn

peak.

During the 2001-2003 AD period instances of excessive algal growth were
recorded in the littoral parts of the lake, while the open waters showed low or moderate
levels of planktonic algae, thus highlighting the potential for localised nutrient
enrichment (Toner ef al., 2005).
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Figure 2.9 Monthly algal density (number of cells per ml) in (a) 1975, (b) 1983 and (c)
1984, and algal biomass (mg/m3 ) in (d) 1985 and (e) 1986
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Figure 2.9 (continued)

2.2.5.3.2 Macrophytes

Geographically distinct macrophyte communities in the eastern and western parts of the
lake have been described by McGarrigle & Champ (1999) and McCarthy et al. (2001).
The macrophyte flora in Lough Mask are dominated by stoneworts (charophytes), which
are widely distributed in Lough Mask with the densest communities occurring in the
eastern embayments where they can extend to depths of 6 m (McGarrigle & Champ,
1999). The southwestern embayments of the lake are characterised by isoetid flora and
some Potamogeten stands. The macrophyte community assemblage in Lough Mask has
been deemed relatively unchanged in most parts of the lake since the early 1980s
(McCarthy et al., 2001).
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2.2.5.3.3 Fish stocks

Lough Mask is one of the most important natural wild brown trout (Sa/mo trutta L.)
fisheries in Europe (CFB, 2002), partly due to the retention of the locally rare species
arctic charr (Salvelinus alpinus L.) (Maitland & Campbell, 1992; Maitland et al., 2007).
However, declines in brown trout stocks during the latter part of the 20" century are
evident from fish surveys, and have been linked to pike predation and nutrient pollution
via the River Robe (McGarrigle & Champ, 1999). Declines in fish stocks in more recent
years are also evident and have been linked to localised nutrient enrichment, excessive
algal growth (Toner ef al., 2005) and spawning habitat destruction in the inflows to the
lake (IF1, 2010).

2.2.5.3.4 Lake management

Lough Mask is located in the WRBD, one of the water management units concerned with
implementing the EU WFD in the west of Ireland. According to the EPA typology (Free
et al., 2007), Lough Mask is a type 12 lake (deep and large with high alkalinity). Lough
Mask was classified as being at significant risk of failing to meet WFD good water
quality requirements by 2015 (Anon, 2005). Although satisfactory conditions were
measured in the open waters of the lake in recent years, the elevated trophic status
highlights the need for the implementation of measures to reduce P inputs before major

ecological deterioration occurs (Toner ef al., 2005).

The Carra Mask Corrib Water Protection Group was set up in 2000 AD by
anglers, in response to the observed declines in water quality and decreased angling
returns in Lough Mask, Lough Corrib and Lough Carra. The group are active in
addressing water quality issues impacting the catchments, implementing policy relating
to water quality, including the WFD, ensuring compliance with policy that has the
potential to impact water quality, and increasing public awareness about water quality
issues (O’Mealoin, 2005). Currently, the IFI and local angling clubs have plans to
introduce specific conservation measures to protect trout spawning habitats in the

inflows to Lough Mask (IFI, 2010).
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2.2.5.4 Inflow water quality

Flow rate data from the BUFFER (EU Fifth Framework Programme) project show that
the River Robe is the largest inflow to Lough Mask followed by the Keel canal and the
western inflows (Figure 2.10 a). Long-term daily flow records were also available for
the main inflows from the Office of Public Works (OPW) and EPA (detailed further in
Section 3.2.2.3.1 and Appendix L). A preliminary analysis of these data indicates that

flow rates from all inflows closely track seasonal variations in precipitation.

Geological and edaphic disparities between the western and eastern
subcatchments of Lough Mask are also evident in the inflow monitoring data from the
BUFFER project (Table 2.5; Figure 2.10 b-f). Inflows in the west of the catchment are
generally more acidic (pH in the range c. 6.5-8.6), with low to moderate buffering
capacities (alkalinities in the range c. 3.9-73.2 mg I"' CaCO3) and low ionic contents
(conductivity in the range 42.0-87.2 uS cm™) (Table 2.5). The inflows in the east of the
catchment have circumneutral to alkaline pH (in the range c. 7.7-8.2 in the Robe and c.
8-8.6 in the Keel), high ionic contents (conductivities in the range c¢. 190-336 mg 1"
CaCO;in the Robe and ¢. 91-211 mg I' CaCO; in the Keel) and high buffering capacities
(alkalinities in the range c. 395-660 pS cm™ in the Robe and c. 245-441 uS cm™ in the
Keel) (Table 2.5; Figure 2.10 b-d).

The River Robe generally had the highest DOC, suspended solids, turbidity and
colour values (Table 2.5; Figure 2.10 b-f) followed by the western streams, although the
western inflows drain a peat-dominated catchment which would be expected to have
elevated inputs of organic material and therefore higher values for these parameters.
Peak values for colour and suspended solids concentrations in the western inflows,
however, were similar or higher to those of the Robe (Figure 2.10 f and 2.11 h). The
lowest measurements for colour and suspended solids were recorded in the Keel canal.
The western and eastern inflows to Lough Mask are also distinctive based on their
nutrient levels. The River Robe had the highest nutrient concentrations (including SRP,
PP, TP, nitrate, TON and TN) (Table 2.5; Figure 2.11), consistent with the findings of
McGarrigle & Champ (1999) and Toner ef al. (2005). Nutrient concentrations in the
Keel canal were in a similar range to those evident in the western inflows (Table 2.5;

Figure 2.11).
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Table 2.5 Summary of inflow water monitoring data available for the main inflows to
Lough Mask (see Figure 2.1) (2001-2003 AD), showing ranges and means (in
parentheses), available from the BUFFER project (EVK1-1999-00094), supplied by Dr.

Ian Donohue and Dr. Ken Irvine, Department of Zoology, Trinity College Dublin. Full

details are provided in Appendix J. *West includes the Cloon, Srah, Glensaul, Cartron

Bower, Owenbrin, Srahnalong and Finny subcatchments

Variable Units Robe Carra (Keel) | West (mean)*
(Curragh)

Flow rate m s’ 1-24 (7) 1-10 (4) 0-18 (2)
pH pH units 7.7-8.2 (7.9) 8.0-8.6 (8.4) 6.5-8.6 (7.4)
Alkalinity mg CaCO; 1" | 190-336 (286) | 91-211(149) 4-73 (20)
Conductivity puS cm™ 395-660 (560) | 245-441 (343) | 42-209 (87)
Turbidity NTU 7-99 (22) 2-11 (6) 0-41 (10)
Colour PtCo 29-181 (69) 0-254 (34) 8-230 (44)
Suspended solids | mg 1" 2-15 (5) 1-2 (1) 0-131 (4)
DOC mg I 3-86 (18) 4-8 (6) 0-16 (4)
SRP ng 1™ 3-27 (11) 0-11 (3) 0-17 (3)
PP ng ™ 10-56 (26) 2-10 (5) 0-44 (5)
1R ngl™ 22-96 (44) 6-25(11) 0-44 (10)
Nitrate mg 1! 0.4-1.8 (1.0) 0-0.8 (0.2) 0-0.9 (0.2)
TN mg 1" 1.0-2.6 (1.6) 0.5-1.6 (0.9) 0.1-1.4 (0.6)
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Figure 2.10 Monthly inflow water physico-chemical data for Lough Mask, 2001-2003

AD: flow rate (a), pH (b), conductivity (c), alkalinity (d), turbidity (e) and colour (f) for
Lough Mask available from the BUFFER project (EVK1-1999-00094) supplied by Dr.

Ian Donohue and Dr. Ken Irvine, Department of Zoology, Trinity College Dublin
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Figure 2.11 Monthly mean inflow water chemistry data: soluble reactive phosphorus
(SRP) (a), particulate phosphorus (PP) (b), total phosphorus (TP) (c), nitrate (d), total
organic nitrogen (TON) (e), total nitrogen (TN) (f), dissolved organic carbon (DOC) (g)
and suspended solids (SS) (h) for Lough Mask available from the BUFFER project
(EVK1-1999-00094), supplied by Dr. Ian Donohue and Dr. Ken Irvine, Department of
Zoology, Trinity College Dublin. See Appendix J for raw data
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Chapter 3

Methodological framework and techniques
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3.1 Methodological framework

This project uses a multidisciplinary approach that combines expertise and knowledge
from palaeolimnological and dynamic modelling techniques with a range of secondary
historical and contemporary data. An outline of the methodological framework
underpinning this research, including how the techniques were used to address each
research question, and the stage of lake management that the techniques apply to, is
presented in Figure 3.1 and described below. Detailed descriptions of the techniques and

numerical methods used in this study are provided in Section 3.2.

e Research Question 1: How have trophic conditions varied over the long term

in a lake with spatially-heterogeneous catchment characteristics?

Palaeclimnological data from multiple cores collected from two coring locations (see
Section 3.2.1.1 for details) in Lough Mask were used to address the first research
question.  Variations in % Loss-on-ignition (LOI), sediment lithostratigraphy and
sediment sodium (Na), potassium (K), calcium (Ca) and aluminium (Al) concentrations
are indicative of major changes in sediment composition and possible changes in climate
and catchment conditions that may have driven changes in lake trophic conditions.
Sediment concentrations of TP were used to detect phases of nutrient enrichment in the
lake, while concentrations of iron (Fe) and manganese (Mn) were used to detect redox-

mediated changes in the ability of sediments to bind nutrients.

Diatoms, and reconstructions of diatom-inferred TP (DI-TP) and diatom-inferred
pH (DI-pH), were used to assess long-term variations in trophic conditions and the
possibility of climate-driven trophic variability. Variations in the remains of aquatic and
terrestrial plants in the sediment cores were used to identify changes in trophic levels and

productivity in the lake and changes in catchment conditions.

e Research Question 2: What are the relative roles of climate variability and
human pressures in driving trophic changes in a west of Ireland lake during the

20™ century?

A multidisciplinary approach combining sediment-based, modelling and historical

records was used to address Research Question 2. Variations in trophic conditions
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during the pli century at Lough Mask were examined using sediment-based DI-TP and
hindcast modelled in-lake TP concentrations. Variations in the levels of plant
macrofossil remains and sediment concentrations of TP also indicated changes in
nutrient and primary productivity levels in the lake. Sediment concentrations minor
elements - Fe, Mn, Na, K, Al and Ca — were used to infer major changes in sediment
composition and possible changes in climate and catchment conditions. Sediment
concentrations of Fe and Mn were used to detect redox-mediated changes in the ability
of sediments to bind nutrients. Potential changes in climate and human drivers of trophic
changes in Lough Mask were examined using historical air temperature and precipitation
data, human population data and agricultural census data (for further details see Section
2.2 and 3.2.2.2). Hindcast catchment nutrient and sediment loads were modelled using a
dynamic catchment model (the Generalised Watershed Loading Functions model,
GWLF) (Schneiderman et al., 2002; Jennings et al., unpublished). Ordination
techniques were used to analyse the multidisciplinary (palacolimnological, dynamic
modelling, historical and climate) data for the last ¢. 100 years, and to decipher the
relative roles of climate and human drivers of trophic variability in the lake during the

20" century.

e Research Question 3: Can a multidisciplinary approach, combining
palaeolimnological and dynamic modelling methods, be used to elucidate long-

term trophic dynamics?

Dynamic hindcast modelling and palaeolimnology were used to provide two independent
reconstructions of lake water TP concentrations and total chlorophyll a concentrations,
for the last c. 100 years. Statistical analyses, in particular time-series analysis, were used
to assess baseline trophic conditions and deviation from baseline conditions in the lake
during the 20™ century. Comparisons between reconstructed datasets using the two
independent methods also allowed limitations of both modelling and palaeolimnological

methods to be identified.

e Research Question 4: Can dynamic modelling be used to design and test the

effectiveness of water quality management plans?

Runs of GWLF allowed the contributions of different sources of catchment pressures to

be distinguished (Schneiderman et al., 2002; Jennings ef al., unpublished). Water quality
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targets were established using 20™ century baseline trophic conditions (see Research
Question 3 above). A scenario-based dynamic modelling approach was used to identify
the most effective and cost- and time-efficient management options for restoring baseline
trophic conditions in Lough Mask. Scenarios incorporating the impacts of projected
changes in catchment pressures and a range of potential management options for
restoration, including basic measures already in place for addressing nutrient pressures,

were tested and compared.

3.2 Methodological techniques

The following content describes the methods that were used in carrying out the research
and the descriptions are not repeated in Chapters 4, 5, 6 and 7, which instead focus on

particular research questions and associated results and discussions of these.
3.2.1 Palaeolimnological techniques

3.2.1.1 Sediment coring

Ideally palaeolimnological techniques are applied to accumulations of undisturbed,
vertically continuous sediments that include an intact sediment-water interface (Glew et
al., 2001; Smol, 2008). Sediment records from the deepest parts of lake basins are often
the most complete, as a result of sediment focusing and relatively quiescent underwater
conditions, and subject to little spatial variability (Charles ef al., 1991). Sediments
accumulating in the deepest parts of lakes are often assumed to provide the most
representative record of conditions within the lake and its catchment, and are often the

only part of a lake basin to be cored (Anderson, 1998).

A variety of types of sediment corers are available for palaecolimnological studies.
The use of a particular type of corer depends on local environmental conditions (such as,
ease of access to the site and depth of water, timescale of interest and the focus of the
research undertaken (Dalton ef al., 2009). Gravity corers, such as the Hongve (Wright,
1990) or the Renberg (Hon-Kajak) (Renberg & Hansson, 2008), are usually the most
suitable and most widely-used coring device for studying environmental changes over
the last few decades or centuries (Glew ef al., 2001). The gravity corer consists of an

open barrel (e.g. a polycarbonate tube) suspended from above the water column via a
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wire or rope that is driven vertically into the sediment by gravity, often with the
assistance of weights. After removal from the sediment, the barrel is sealed by a vacuum
created by a closing mechanism at the top of the tube, preserving the sediment-water
interface. The sediment cores can then be extruded onshore using a vertical push rod-
type extruder. A prototype gravity corer (Renberg corer, HTH Teknik Varvagan 37,
SE951 49 Lulea) (Renberg & Hansson, 2008) was used to extract sediment cores for the
current study, in part because of the difficulties in using rod-based piston corers
presented by local conditions (lake depth and frequency of large waves associated with
strongs winds and a long lake fetch). Cores were subsampled at 1-cm intervals from 5
cm to the base and at 0.5-cm intervals for the upper 5 ¢cm, and stored in a cool box for

immediate transfer to TCD.
3.2.1.2 Coring site selection

Optimal sediment coring locations in Lough Mask were initially chosen using
bathymetric data from a 19" century admiralty chart (from 1846 AD), the only
bathymetric map available for the lake basin at the time of preliminary fieldwork (R.
Little, EPA, pers. comm.). The very sparse bathymetric data originally available were
added to over the course of fieldwork (between 2006-2008 AD). A detailed bathymetric
survey carried out in 2008 AD by the WRFB was made available for the current project
(Figure 2.2). Water quality monitoring data for Lough Mask, from 2001-2003 AD. from
the BUFFER (EU Fifth Framework Programme) Project were also used to choose
appropriate coring locations. Test sediment cores obtained in November 2006 AD as
part of the current project revealed considerable spatial variability in sediment type
within the lake basin, with substantial differences evident between organic matter and
lithostratigraphy profiles and between the eastern and western parts of the lake

(Appendix M).

Inflow water quality monitoring data available from the BUFFER (EU Fifth
Framework Programme) project (described in Section 2.2.5.2) revealed that inflow water
chemistry differed substantially between the eastern and western parts of the catchment.
However, lake water quality monitoring data from BUFFER showed generally well-
mixed conditions and suggest very little spatial variability in physico-chemical and
ecological characteristics. The embayments located in the southwest part of the lake

were not monitored as part of the BUFFER project. Previous literature (McGarrigle &
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Champ, 1999), however, suggested considerable differences in the water chemistry and
ecology between the southwestern embayments and the open water of the lake. The
BUFFER dataset also indicated greater variability in physico-chemical conditions at the
deepest point, the monitoring site closest to the southwestern embayments of the lake
(see Section 2.2.5.1; Table 2.4; Appendix I). Using the test sediment cores, together
with the bathymetric and water quality data, three coring sites were chosen for the
current research: the deepest point of the lake (09°22' W, 53°36' N; water depth = 62 m),
a site in the eastern part of the lake (close to the mouth of the Robe) (09°18' W, 53°38' N;
water depth = 13 m) and a site in the southwest part of the lake (09°26' W, 53°35' N:
water depth = 20 m) (Figure 2.2). Eight sediment cores were collected from the three
coring sites in March 2007 (cores MK-4 and MK-5 from the Robe site, cores MK-8,
MK-9 and MK-10 from the deepest point, and cores MK-11, MK-12 and MK-13 from
the southwest site). Details of the core locations, and analyses performed on each core,
are provided in Table 3.1. A number of attempts were made to obtain additional

sediment cores, from the southeast part of the lake and from shallower locations in the

deepest channel on the western side, but were unsuccessful.
3.2.1.3 Chronological control

Establishing the time period represented by (or chronological control of) sediment cores
is a crucial step in palaeolimnological research (Smol, 2008). Radiometric dating is one
of the most frequently used methods for establishing chronological control for sediment
profiles (Cohen, 2003). Chronological control in the current study was largely based on
accumulation rates derived from the measurements of activity of radioactive isotopes
'"pb, ’Cs and "C). Estimated ages based on measured activities of radioactive
isotopes were verified through counts of spheroidal carbonaceous particles (SCPs). One
core from each of the three coring sites was used for radiometric dating (see Table 3.1

for details).

3.2.1.3.1 *Pband "’Cs dating

21%h and "¥'Cs are commonly used to date material that accumulated in the last ¢. 100-
200 years (Robbins, 1978; Appleby, 2001; Bjorck & Wohlfarth, 2001). Radiometric
dating is based on the time dependant decay of certain naturally occurring isotopes.

Knowledge of the rate of decay of the isotopes allows the age of the host material to be
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determined (Lowe & Walker, 1997). Due to its relatively short half life, the length of
time that is required for a given quantity of the parent nuclide to be reduced by half, of
22 years, >'°Pb dating is one of the most widely used dating methods for recently
deposited sediments (Cohen, 2003). 21%pb occurs naturally in lake sediments as a
radioisotope of the **U decay series (Battarbee, 1991). A part of the 28U decay series
involves the decay of 2Ra to **’Rn, which diffuses through soil into the atmosphere
where it eventually decays to *'Pb. *'°Pb is removed from the atmosphere by
precipitation and dry fallout to the land surface, where it is retained in surface soils or
transported to surface water (Appleby & Oldfield, 1983). *'’Pb that reaches lake waters

is scavenged by sediments and deposited on the lake bed.

The *'°Pb activity of lake sediments has two components, a supported component
derived from “*’Rn decay within the sediment column, and an unsupported (or excess)
component derived from the atmospheric fallout of 21%pp. In the absence of atmospheric
fallout of *'°Pb, *'°Pb and **°Ra would be in radioactive equilibrium. The unsupported
21%pp concentration in sediment decreases exponentially over time in accordance with the
radioactive decay law. This law can be used to calculate the sediment age provided that
the initial unsupported *'°Pb concentration, when the sediment was deposited, was

estimated in the same way (Appleby & Oldfield, 1983, 1992; Appleby, 2001).

SARs were used to calculate age using the constant rate of supply (CRS) and
linear regression models (Appleby, 2001). Unsupported *'°Pb was calculated based on

1 2!°Pb in the sediment core, by subtracting the background 210pp

the distribution of tota
values obtained in lower samples of the cores. The CRS model assumes that the absolute
flux of *'°Pb remains constant regardless of the SAR and that the sediment core is long
enough to include all of the measurable atmospheric sources of *'’Pb (Appleby, 2001).
Thus changes in SAR through time will result in changes in the initial concentration of
excess unsupported *'°Pb. In such cases, dates for older sediments are based on the
distribution of *'°Pb throughout the sediment core rather than on their present
concentration (Appleby, 2001). The linear regression model estimates an approximate

average SAR over the sediment core and is applied if the assumption of constant input of

21%ph and SAR is met, based on the 210pp, activity profile.

Atmospheric fallout of the artificial radionuclide 137Cs (half life = 30.2 years) is

associated with the history of development of nuclear-based weapons and nuclear power
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generating technologies from the mid-1940s until c. 1980 AD and can be used to validate
sediment *'°Pb activity profiles (Appleby, 2001; Leslie & Hancock, 2008). In the
northern hemisphere there have been two pronounced peaks in atmospheric
concentrations of '*’Cs that are also represented in lake sediments, at c. 1963 AD linked
to the atmospheric detonation of nuclear weapons and just before the implementation of
the Test Ban Treaty, and at c¢. 1986 AD linked to the Chernobyl nuclear power station
accident in the Ukraine (Battarbee, 1991). Departures from the traditional 137Cs
sediment profile can be caused by sediment hiatuses or mixing resulting from

bioturbation and sediment resuspension (Battarbee, 1991).

Radiometric *'°Pb and "*’Cs analysis was conducted at the laboratories of Flett
Research, Winnepeg, Canada. Relative concentrations of *'°Pb were determined
indirectly through the measurement of *'’Po, a granddaughter isotope of *'°Pb, by
distillation from the sediment at a high temperature, acid digestion and plating onto
silver discs for analysis by alpha spectrometry using Ortec ‘Ortet’ alpha spectrometry
(Eakins & Morrison, 1978).  Supported *'’Pb activities were estimated using
measurements of “**Ra, a proxy for supported 219Pb in the sediment (Appleby, 2008), and
were carried out using a bare photomultiplier tube and multi-channel analyser following
the method of Mathieu er al. (1988). Analysis of e activity was also carried out

using gamma ray spectrometry using an HPGe coaxial detector.

Up-core irregularities in excess *'°Pb and dry bulk density were evident from the
analysis of the MK-8 (from the deepest point) and MK-5 (from the Robe site) and,
therefore, the CRS model was applied. MK-11 (from the southwest site) was not long
enough to cover the entire measurable atmospherically-sourced *'°Pb and, therefore, the
linear regression model was applied with background levels estimated from the analysis
of *°Ra. "*"Cs activity profiles were also examined for the three dated sediment cores
(Table 3.1) to validate the *'°Pb profile data. The *’Cs activity profile for MK-8
exhibited only one peak (c. 1963 AD), in the surface sediments, and was compatible with
the ages predicted by the CRS model of the *'°Pb data. The *’Cs activity profile for
MK-5 exhibited a typical pattern expected in cores where the majority of the *’Cs is
derived from the catchment and also exhibited only one peak. Further validation of the
219pp chronologies for MK-5 and MK-8 was provided using SCPs. *’Cs activity in MK-
11 revealed a profile exhibiting 2 peaks and was comparable with the ages predicted by

the linear regression model of the *'°Pb data.
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3.2.1.3.2 3CPs

SCPs are anthropogenic in origin and released to the atmosphere as a result of the
incomplete combustion of fossil fuels in power stations (Rose, 2001). The SCP record in
lake sediments is reasonably reliable and robust as SCPs are resistant to changes in water
and sediment chemistry once they are deposited in the sediment (Rose ef al., 1995; Rose,
2001; Rose et al., 2004). Leira et al. (2006) outline how SCP profiles can be used to
date lake sediment cores from Ireland, based on their very distinctive profiles of
deposition in lake sediments in northwest Europe, linked to the commencement,
expansion and increased regulation of power station emissions (Rose er al., 1995).
Throughout Ireland the SCP record generally begins between c. 1880-1890 AD (Rose et
al., 1995) and displays increases from the late 1940s (Leira et al., 2006; O'Dwyer &
Taylor, 2010). The peak in SCP concentration occured between c. 1970-1980 AD, after
which concentrations were reduced from the 1970s due to changes in the levels of
atmospheric deposition across Europe, as a result of changes to more environmentally-

friendly technologies and fuel types (Rose ef al., 1995; O'Dwyer & Taylor, 2010).

Concentrations of SCPs were measured using the method of Rose (1994)
(detection limit of 100 SCPs g DM"), whereby sediment is treated with nitric acid (to
remove organic material), HF,q (to remove siliceous material) and HCl,q (to remove
carbonates), leaving carbonaceous material and a few persistent minerals. The final
suspension is evaporated onto a coverslip and mounted onto a microscope slide using
Naphrax mounting medium. The number of SCPs on the coverslip was enumerated
following criteria outlined in Rose (2008). A Leica DMI1000 research quality
microscope at x 400 magnification was used for the identification of SCPs and the
sediment concentration of particles was calculated as the number of particles g DM
(Rose, 1994; Rose et al., 1999). The results of the analyses were used in support of a

radiometrically-based chronology (Rose e al., 1995; Rose, 2001).
3.2.1.3.3 AMS "C dating

The organic carbon component of lake sediments deposited over the last c. 40,000 years
can be dated using '*C-based techniques (Bjorck & Wohlfarth, 2001). Samples of
macrofossils extracted from the basal and mid-core sediment samples from MK-8 and

the basal sample from MK-5 were dated by Beta Analytic, USA, using the AMS "*C
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technique to ascertain a maximum age for the sediment cores from the deepest point and
Robe sites. Approximately 5-10 g of terrestrial plant macrofossils were extracted with
fine forceps and separated from the associated sediment matrix and wrapped in
aluminium foil. AMS '"C dating was carried out by Beta Analytic Inc., Miami, Florida.
Calibrated ages were derived from the Calib 5.01 and the Intcal04.14c dataset (Stuiver &
Reimer, 1993; Reimer et al., 2004). A combination of 20pp/7Cs and AMS MC dates
were used to establish age-depth relationships for MK-5 and MK-8.

3.2.1.3.4 Age-depth modelling

Age-depth models range from simple models (e.g. linear interpolation) to more complex
mixed-effects and Bayesian models (Blaauw & Heegaard, 2012). The greater the
complexity of the model the greater the data requirements are. Bayesian models in
particular require datasets with numerous dates and prior or additional information about
the sediment sequence (e.g. layers of known ages) and, therefore, were not applicable in
the current research. Where there is minimal information available the more basic

models are preferred (Telford e al., 2004).

The majority of age-depth modelling in palacoecology uses simple linear
interpolation between single data points (Blaauw & Heegaard, 2012). Though crude, the
linear interpolation approach has provided reasonable estimates of age and gradients
compared with more complex statistical modelling procedures (Bennett & Fuller, 2002;
Blaauw & Heegaard, 2012). Many types of sediment accumulation can be regarded as
essentially linear as a result of the effects of compaction on producing exponentially-
decreasing SARs with age (e.g. Townsend er al., 2002). However, simple linear
interpolation is undeniably problematic for non-uniform sediment profiles. Changes in
the gradients (representing SARs) at every measured age are unlikely to reasonably
reflect SARs. Linear interpolation only incorporates the errors on the individual age
estimates and assumes that the errors are completely independent of each other and that
there are no systematic errors. Even small errors in estimated ages can greatly influence
the slopes of the lines joining data points (Mahers, 1972), and thus polynomials and
power functions may be more appropriate. However, the reliability of more complex and
statistically exact models must also be questioned in light of the crudeness of dating data
(single estimates of radiocarbon dates for a sample) (Press et al., 1992; Blaauw &

Heegaard, 2012). Many palaeostatisticians maintain that the most parsimonious model is
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the most preferable (Blaauw & Heegaard, 2012). Blaauw & Heegaard (2012)
recommend the application of more than one model and comparing the approximated

ages and other sediment-based data.

Low sediment dating resolution meant that only simple models could be applied
to estimate age-depth relationships in the Lough Mask sediment cores. Linear
interpolation and a polynomial model were used to model the age-depth relationships for
the Robe and deepest point sediment records. Linear interpolation involves plotting
estimated age data against depth and connecting the points with straight lines;
accumulation rates can be calculated from the gradients of the lines and intermediate
interpolated ages can be read off (Blaauw & Heegaard, 2012). Polynomial models are of
the form y = a + bx (where x = depth; y = age; and a, b = regression coefficients to be
estimated). A 2-term polynomial (y = a + bx) was also applied to the sediment record

from the deepest point of Lough Mask.

3.2.1.4 Sediment core cross-correlation

For each sediment coring site a single, well-dated core acted as the master chronology;
up-core variations in organic matter content, based on LOI (see Section 3.2.1.5), can be
used as a basis for extending a chronology between adjacent cores from the same coring
location in a lake (Carol er al., 1998; Brancelj ef al., 2002). Sediment lithostratigraphy
(see Section 3.2.1.5) also provides a basis for extending a chronology between adjacent
lake sediment cores from the same coring site (Smol, 2008). Based on these data, SARs
and ages for the master core were extrapolated to the other sediment cores from the same

site.

3.2.1.5 Physical properties

The physical properties of sediment can be used to indicate sediment source and
transport mechanisms, changes in catchment and limnological conditions, and
palaeoclimatic and palaeohydrological changes in a catchment (Last, 2001).
Lithostratigraphic analysis was carried out at 2-cm intervals on a sediment core from
each coring site (MK-5, MK-8 and MK-11) using the Troels-Smith (1955) method. The
Troels-Smith method is a widely used system in sediment-based studies that uses the

physical properties of sediment to infer sedimentary conditions at the time of sediment
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deposition, with a focus on changes in sediment composition, texture and macrofossil
content. Laser particle size analysis was carried out on the organic matter-, metal oxide-,
and carbonate-free sediment fractions using a Mastersizer2000 (Malvern Instruments,
UK) following the procedure of Murray (2002), grouping grains into clay (< 2.0 pm), silt
(2.0 - 62.5 pm) and sand (62.5 - 2000 um) components. Up-core variations in organic
and inorganic carbon content, which is mainly carbonate (Dean, 1981), and were
determined using the standard LOI technique at 550°C and 1000°C, respectively (Dean,

1974; Heiri et al., 2001) and used to indicate major changes in sediment composition.

3.2.1.6 Geochemistry

The chemical composition of sediments can provide a guide to past changes in lake and
catchment conditions (Smol, 2008). P can occur in lake sediments in both authigenic
and allogenic forms and as part of inorganic or organic compounds (Engstrom & Wright,
1984). Inorganic forms of P usually occur as components of Fe oxides, which provide
the main source of exchangeable P with the water column. Sedimentary P profiles
should reflect historical changes in lake productivity if a constant proportion of dissolved
P accumulates in the sediment over time (Engstrom & Wright, 1984). However,
sediment TP concentrations are often highly variable because of P mobility associated
with changes in sediment conditions (Anderson ef al., 1993). In particular, sediment TP
content is strongly influenced by redox conditions and the Fe content of sediment. If P
and Fe or Mn are closely correlated then, rather than reflecting past P levels in the lake,
the P profile mirrors changes in redox conditions at the sediment-water interface and P
retention, or coprecipitation with Fe or Mn. If the overlying water becomes anoxic, for
example, as a result of prolonged stratification, P can be released from the sediments
(Engstrom & Wright, 1984). Sedimentary P can be influenced by other factors such as
rates of mixing by currents and waves, the activity of benthic organisms and water
temperature. Several palaeolimnological studies have found good agreement between
sediment TP profiles and changes in lake productivity, and in some cases even where the
surface sediment has been influenced by post-depositional migration (e.g. Bradbury,
1978; Ulen, 1978). However, more often than not, variations in sediment TP profiles are
complex and only vaguely reflect changes in catchment TP loading and changes in redox
conditions cannot be ruled out (Carignan & Flett, 1981; Engstrom & Wright, 1984;
Anderson et al., 1993). Sedimentary P profiles should therefore be interpreted with

caution.
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Fe and Mn in lake sediments are sourced from catchment soil and rock (Engstrom
& Wright, 1984) and their input to lakes is controlled by changes in the composition of
and redox conditions in catchment soils (Mackereth, 1966; Pennington et al., 1972).
Groundwater is another potential source of Fe and Mn, due to the low solubility of their
oxidised forms. Fe and Mn can also be derived from clastic sediment derived from
catchment erosion, shifts in catchment vegetation type or organic soil. In many lakes,
however, because of the relatively high mobility of the elements under reducing
conditions, variations in sediment Fe and Mn profiles reflect changes in redox conditions
in the sediment over time (Engstrom & Wright, 1984). Fe and Mn that precipitate and
accumulate in lake sediment can redissolve depending on the factors that control their
solubility, such as the ionic content of the water, redox conditions, pH, temperature, light
penetration and microbial activity. Other factors can influence the preservation of Fe and
Mn in the sediment record, including pH and bioturbation (Engstrom & Wright, 1984).
Diagenisis and migration within the sediment column can also result in changes in the Fe
and Mn profiles. In the majority of lakes only the upper few cm of the bottom sediments
are oxidised; below this conditions are reducing because of oxygen consumption by
microbial activity and diagenisis of inorganic compounds. With burial, the change in
oxygen conditions means that oxidised Fe and Mn forms undergo reduction and, as they
are no longer stable, become more mobile and enter into solution. Upward migration
and precipitation in surface sediment can occur as a result. This can result in Fe and Mn
peaks at the top of a sediment profile that are caused solely by post-depositional
migration (Carignan & Flett, 1981). This is a common feature of the sediment Fe and

Mn profiles from numerous different types of lakes (Engstrom & Wright, 1984).

Studies attempting to assess recent human-induced changes must use lake
sediment Fe and Mn profiles with caution, and preferably with additional independent
evidence to support interpretations because of the numerous potential causes of their
variations. Mackereth (1966) proposed a method for distinguishing between changes in
the supply of Fe and Mn from the catchment and changes in the redox conditions of
bottom waters in the sediment record. If the Fe:Mn ratio is negatively correlated with Fe
levels, then changes in redox conditions in the hypolimnion are most likely responsible
for the variations in the sediment profile, because concentrations of Fe will be lowest
during strongly reducing conditions at the sediment surface and Mn would be even lower
than Fe. If Fe levels and the Fe:Mn ratio in the sediment profile are positively correlated

then changes in the supply (and redox conditions in catchment soils) are the most likely
59



cause of their variations. Furthermore, the redox-sensitive elements (Fe and Mn) can be
used to detect redox-mediated changes in the ability of sediments to bind elements, such
as P. Fe is important in the retention of P in the aerobic layer of sediments and therefore
changes in the Fe:P ratio can provide a basis for assessing the ability of sediments to
retain P (Mackereth, 1966; Engstrom & Wright, 1984). Relatively low Fe:P ratios
indicate a reduced capacity of the sediment to bind P and therefore may indicate
potential for internal loading of P from the sediment to the water column (Jensen et al.,

1992).

The concentrations of the alkali and alkali-earth elements, Na and K, in lake
sediments can indicate the relative intensity of weathering and soil erosion in the
catchment as they are usually associated with detrital clastic minerals (Mackereth, 1966).
Levels of Al in lake sediments can indicate the extent of soil leaching and the intensity of
erosion in the catchment (Engstrom & Wright, 1984). Analyses of Al, Na and K were
used to assist in the reconstruction of phases of catchment inwash. Levels of Ca in lake
sediment are often associated with organic matter input (Mackereth, 1966), and can
reflect catchment inputs arising from soil disturbance (Engstrom & Wright, 1984),
anthropogenic activity (e.g. land use change or agricultural activity) or eutrophication
due to increased biological consumption of carbon dioxide (CO,) and precipitation of

CaCOj3 (Meyers, 2006).

Sediment concentrations of TP and minor elements - Fe, Mn, Na, K, Al and Ca -
were determined at 2-cm intervals for a sediment core from each coring site (Table 3.1)
using microwave nitric acid digestion (Boyle, 2001). Element concentrations were
determined using Inductively Coupled Plasma - Atomic Emission Spectroscopy (ICP-
AES) (Stefansson et al., 2007) at the Centre for the Environment, School of Natural
Sciences, TCD. A pseudototal digestion method to determine P, rather than a sequential
extraction method for determining several P fractions, was appropriate for the current
study because this is the most commonly investigated P-related parameter in previous
work on lakes in Ireland (e.g. Taylor et al., 2006; Leira et al., 2006; Jordan et al., 2002),
and therefore the most useful for comparison between sites and with other sediment-
based proxies for nutrient loading. The method of pseudototal microwave-assisted
digestion has been found to produce comparable results, i.e. with no significant
differences detected, compared with the values obtained using the more complex

sequential extraction method protocol (Gonzales-Medeiros ef al., 2005). Quality control
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was assured through the use of validated and certified standard reference material of
sediments (NCS DC 73307: stream sediment, China National Analysis Center for Iron
and Steel), and sediment replicates and laboratory blanks in each digest batch. Results
were corrected for blanks by subtracting the mean of the blanks (Boyle, 2001), ensuring

that there were no anomalous values due to contamination or handling error.

Results of stable isotope (8"C and 5"°N) and total C and N analyses were used to
determine sources of organic matter in the lake sediment. 8"°C values for organic C
derived from Cj; plants generally range from -35 %o to -20 %o (Cerling, 1999). 81C
values for C from C4 plants is less well defined but is generally in the range -16 %o to -
9%o (Cerling, 1999; de Freitas ef al., 2001). 8"*C values for aquatic algae have values
ranging from -23 %o to -12 %o (Smith & Epstein, 1971). Variations in 8"°N in lake
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