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Abstract 

Paleolimnological analyses were carried out on a sediment core obtained from Lough 

Muckno, Northeast Ireland, a historically nutrient polluted (eutrophic) lake within the Irish 

inter-drumlin belt. This study focuses on the analysis, interpretation and integration of fossil 

pollen and chironomid (non-biting midge) sub-fossil records, as well as other paleoecological 

indicators, through time. The study implements a human-centric approach, focusing on Mid-

Late Holocene environments in order to assess anthropogenic influences throughout 

consecutive “cultural” periods. This project represents the first paleoecological reconstruction 

enabling an account of vegetational change and land-use dynamics in the study region. 

Human activity and agriculture is first recorded during the Neolithic from c. 3870 – 3500 

Before Common Era (BCE). After a period of undiscernible human activity of c. 950 years, 

farming resumes during the Early Bronze Age (c. 2600 BCE). During the prehistorical period 

agriculture has a strong focus on pastoral grazing with a limited, but relatively stable arable 

component. Levels of activity gradually increase until the early 20th century when a shift in 

Irish agriculture towards livestock production becomes evident in the pollen record. 

Interpretations of chironomid community structure suggest human activity, through landscape 

modifications and farming, was an important factor influencing in-lake habitats throughout 

the Mid-Late Holocene. In particular, redundancy analysis (RDA) indicates that grassland-

based agriculture, inferred from Poaceae, a dominant component of local palynological 

pastoral indicators (NAPp), was the main variable controlling chironomid community 

composition. Lower resolution chironomid analysis throughout the sediment sequence 

indicate important shifts in chironomid community composition, likely resulting from local 

farming activity, can be traced back to the onset of pervasive human activity within the 

catchment during the Bronze Age (c. 2000 BCE). High-resolution chironomid and pollen 

analyses in the top 2 m of the core enabled a detailed reconstruction of catchment conditions 

and human impacts on the lake environment during the last c. 200 years. The results provide 

insights into lake ecological conditions from an initial meso-eutrophic state in a 19th century 

agricultural setting to a highly eutrophic system in a landscape under modern pastoral 

management. The results have clear implications for midge-based characterizations of 

“background” or “reference” conditions in the context of lake management within the Irish 

Ecoregion. The paleolimnological approach of this investigation was expanded through the 

implementation of a chironomid sub-fossil “intra-lake” dataset, which provided important 

information on taxa autecological traits including depth habitat preferences which can be 
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used enhance paleolimnological interpretations. Canonical analysis (CA) comparisons of 

modern (intra-lake) and “downcore” assemblages highlight c. 1890 CE as a “threshold” point 

for similarity in sample species composition, which is attributed to the radical shift in local 

agricultural practices and ensuing lake eutrophication from the onset of the 20th century.   
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Chapter 1 – 

Introduction and Theoretical Background 

1.1 Background and Rationale  

This project is based on a paleolimnological investigation at Lough Muckno, a large lake system 

located in County Monaghan, Republic of Ireland. The investigation is centered on a sediment 

core retrieved from the lake and systematic analyses and interpretations of a range of physical 

and biological indicators in sediment sub-samples. The main indicators analyzed include fossil 

pollen and chironomidae (Insecta: Diptera) sub-fossils. Irish paleolimnology has greatly 

benefited from the glacial history of the island resulting in plentiful and readily accessible lake 

study sites, but also from the interest drawn by both local and foreign research clusters. 

Traditionally, Irish paleoecological investigations have mainly relied on pollen analysis 

(Mitchell et al, 2013), but paleolimnological applications involving of a range of physical, 

geochemical and biological indicators have become increasingly common (e.g., Anderson, 1997; 

Taylor et al, 2006; Dalton et al, 2014; McKeown and Potito, 2016). In the context of this 

investigation, apart from a brief and explorative geochemical study in L. Muckno (Douglas et al, 

1978), the results presented represent the first robust paleolimnological investigation in the study 

site, and the second in Co. Monaghan (see Carson et al, 2014). This highlights the local and 

regional relevance of this project.  

Intrinsic to paleolimnological investigations is the multi-temporal character of the data produced 

and ensuing interpretations (Birks and Birks, 2006). In this context it is common to find a 

division between paleolimnological studies focusing on prehistoric (e.g., Stolze et al, 2013; 

Taylor et al, 2017) or historic (including recent/modern) (e.g., Anderson, 1997; Taylor et al, 

2006) cultural periods. In some cases, researchers also aim to provide long-term perspectives at 

millennial scales (e.g., Heiri and Lotter, 2003; Molloy and O’Connell, 2004). This investigation 

implements a long-term perspective incorporating paleolimnological data in a comprehensive 

timeframe attempting to achieve different objectives and goals. First, focusing on a prehistorical 

– historical timeframe, emphasis is given to a current gap in the extent of the “Irish” 

palynological record. The pollen data presented within aims to provide the first Mid-Late 

Holocene account of vegetational history and land-use dynamics in Co. Monaghan, and one of 

the few in the wider region (including Armagh, Cavan, Louth and parts of Meath and 
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Fermanagh). Secondly, focusing on the recent past (last c. 200 years), the investigation becomes 

more oriented towards anthropogenic impacts on lake ecological status. Today, L. Muckno is a 

nutrient-polluted system with eutrophication symptoms first identified in the 1970s at the onset 

of routine water quality monitoring in Ireland. Paleolimnological tools are highly applicable in L. 

Muckno given the lack of water quality monitoring data preceding the 1970s. These tools can be 

used to gain insights into past lake ecological status and ecosystem “health” (sensu. Smol, 2008). 

Ideally, this will allow to identify a “reference” or “background” state (Anon, 2000), i.e., 

conditions with no or minimal pollution. In a European context including the Irish Ecoregion, the 

latter has become a prevalent concept in European aquatic system management and legislation 

through the implementation of the Water Framework Directive (WFD) (Dalton et al, 2009; 

Davidson and Jeppesen, 2013). Determination of a temporal “point of change”, or in other 

words, a point in time when the system started to deviate from its natural state, can be crucial in 

establishing realistic contemporary water quality restoration goals (Smol, 2008). In this case, a 

combination of pollen and chironomid sub-fossil analysis (along with other lines of evidence) is 

implemented to investigate the role of anthropogenic influence as a lake stressor through time. 

To date, the implementation of chironomid sub-fossils as a means to gain insights into reference 

conditions remains unprecedented in the Irish Ecoregion. Beyond providing a paleoecological 

reconstruction and exploring its intricacies, this study also aims to establish a link between 

limnology and paleolimnology. This is attempted through modern analysis of lake midge sub-

fossil distribution and its contextualization in respect to observed “downcore” sub-fossil 

assemblages. The study site is located within the Irish inter-drumlin belt, an extensive area in the 

northern part of the island with characteristic post-glacial geomorphological and edaphological 

features (Aalen et al, 1997; Burke et al, 1974). Accordingly, the results of this project also aim to 

shed light into ecological processes, both at a catchment and lake scale, in this distinctive 

physical setting. To date, only a handful of paleolimnological investigations are available from 

the inter-drumlin belt (cf. Anderson, 1997; Jordan et al, 2002; Jordan and Rippey, 2003; 

O’Dwyer et al, 2013).  

1.2 Aim, Components and Objectives  

As outlined above, this investigation has a multi-temporal character with components aimed at 

addressing a number of questions in different timeframes. However, this project also attempts to 



3 
 

integrate the results obtained into a final product. In these terms, the overarching aim of this 

investigation is to provide a long-term paleoecological account of landscape and lake 

ecological status change in L. Muckno. Emphasis is given to the importance of detailed 

qualitative interpretations of paleolimnological indicators analyzed. Fundamental to this 

investigation is also an assessment of the indicator potential of paleoecological proxies 

implemented both individually and as a collective. Accordingly, the complexities of the proxies 

used, including their advantages, limitations and potential, are explored. Critical assessments of 

multi-proxy paleoecological investigations are necessary to underline impeding issues and open 

new avenues of research (Birks and Birks, 2006). The relevance of the unique physical 

conditions of the study site, inclusive of both in-lake and catchment properties, is also examined 

throughout the investigation.  

The main components of this project and their corresponding projected objectives are 

summarized as follows:  

A) Retrieval of a sediment core in the western basin of Lough Muckno allowing for the 

establishment of multi-proxy paleolimnological reconstructions.  

 

B) Sedimentary macrofossil analysis (744-1 cm) in order to (i) gain insights into the nature 

of aquatic/terrestrial plant and zoological remains, charcoal, minerogenic content and 

their potential in supplementing paleolimnological interpretations, and (ii) obtain suitable 

material for AMS radiocarbon (14C) dating. 

 

C) Establishment of an age-depth model along the section of the sediment core under 

analysis (744-1 cm). Based on two geochronological methods: (i) 14C and (ii) 210Pb 

dating, this project aims to implement age-depth models separately on targeted 

timeframes (744-284 cm and 220-1 cm). However, it also attempts to integrate them into 

a single age-depth model suitable for the entire section of the sediment sequence.    

 

D) High-resolution (intervals of 4 cm) palynological analysis (inclusive of selected non-

pollen palynomorphs) throughout the sediment core (744-1 cm) in order to infer 

vegetational change and land-use dynamics at a millennial scale incorporating 
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consecutive prehistorical – historical periods. This is anticipated to expand the spatial 

extent of the Irish palynological record and place the local pollen record into a regional 

context with detailed considerations of neighboring pollen diagrams. This is also intended 

to explore the potential of the pollen record of a large lake system in reconstructing past 

cultural activity.  

 

E) High-resolution (intervals of 4 cm) chironomid analysis in the top section of the sediment 

core (220-1 cm), which in combination with pollen-analytical data and documentary 

evidence, aims to determine human-mediated influence in lake ecological status during 

the recent past (last c. 200 years). Also, it provides an opportunity to assess the potential 

influence of climatic variables and other potential stressors on chironomid assemblages. 

An additional objective is to provide insights into the use of chironomid assemblages in 

the context of WFD reference conditions.  

 

 

F) Chironomid analysis (intervals of 16 cm) in the remainder (lower) section of the core 

(744-224 cm), aimed at identifying long-term changes in chironomid community 

structure alongside (pollen-based) evidence of landscape modifications and agricultural 

activity. This is also intended to explore human-mediated impacts on ecological lake 

status and gain insights into WFD reference conditions, but at a longer millennial 

timescale.  

 

G) Analysis of the modern “intra-lake” chironomid sub-fossil distribution based on a set of 

surface samples collected in the western basin of L. Muckno. Overall, the aim is to 

establish a link between chironomid-based paleoecological reconstructions (main core) 

and modern midge assemblages. This is expected to provide insights into modern 

controls on the spatial distribution of chironomid assemblages and how representative are 

“downcore” chironomid assemblages of overall lake conditions. The results can be used 

to assess coring location (main core) suitability. This is also expected to provide useful 

information on individual taxa autecological traits (e.g., habitat depth preferences) and 

explore the potential of the local “intra-lake” dataset to enhance paleolimnological 

reconstructions.  
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The components and aims of this investigation will be further outlined at the end of Chapter 

1, following discourse of a basic theoretical background, with a number of central research 

goals intended to provide a contextualization of these different components and better 

encapsulate the results and final products of the thesis.    

1.3 Thesis Structure and Organization  

The thesis is divided into 7 different chapters. This structure aims to compartmentalize the 

findings (chapters 3-5) into sections equivalent to manuscript (article) format, facilitating the 

dissemination of the output produced in relevant journals. Accordingly, results chapters 3-5 

follow a typical manuscript structure inclusive of an introduction, methodology, results, 

discussion, conclusion and reference sections. At the time of submission of this thesis the 

findings of Chapter 3 and 4 have already been published (Chique et al, 2017ab). In this thesis, 

chapters 3-4 are longer and more detailed than their published versions. The results presented in 

Chapter 5 will be refined and condensed into a manuscript format fit for submission after 

completion of this thesis.  

Chapter 1 includes a brief project introduction, outlines the main research components/aims and 

provides a corresponding theoretical framework. An elemental introduction to the 

paleolimnological approach and of each environmental indicator used in this investigation are 

provided. This information is substantially elaborated as required in each corresponding results 

chapter (3-5) and elsewhere.  

Following discourse of a basic theoretical background, four main research goals relating to the 

established aims and components of this investigation are presented. These goals serve to place 

the different components of this thesis within an Irish research framework and are aimed to 

contextualize the results presented in chapters 3-5. 

Chapter 2 provides a physical, archaeological and historical background of the study site and its 

local and regional setting. An overview of the methods and materials implemented in this 

investigation and how they apply to chapters 3-5 is also outlined. Where relevant, the general 

methodology is then substantially refined in each relevant chapter. 

In Chapter 3 pollen-analytical data from the bottom section of the core (744-284 cm; c. 4400 

BCE – 1200 CE) is presented and interpreted. This entails comparisons to trends reported in the 
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Irish palynological record in addition to considerations of local/regional archaeological and 

historical evidence. This section is mainly concerned with landscape/vegetation change and land-

use dynamics on a number of consecutive prehistorical and historical cultural periods.  

Chapter 4 focuses on combined chironomid and pollen-analytical data in the top section of the 

core (220-1 cm; c. 1800 – 2013 CE). In this chapter, historical accounts, agricultural statistics, 

water quality monitoring data and climatic records are considered in the interpretation of 

paleolimnological data. Emphasis is given to ecological status in the lake environment and the 

role of human activity as an agent of “change”.  

Chapter 5 integrates the various different components of this investigation. The chapter 

introduces a chironomid sub-fossil “intra-lake” dataset to explore the contemporary controls on 

chironomid taxa distribution in L. Muckno. The characterizing features of the modern sub-fossil 

assemblage are described as well as its potential to enhance and support the results presented in 

chapters 3-4 including long-term perspectives of the sedimentary record of the lake. 

In Chapter 6, the central research goals outlined in Chapter 1 are revisited based on the results 

of chapters 3-5. Here, the key findings of this investigations are summarized.  

Chapter 7 summarizes the main reflections derived from the investigation and highlights 

possible future research directions. 

Each thesis chapter is largely self-contained with its own reference section. Figures/tables are 

numbered according to their corresponding chapter (e.g., Figure 2-1 = Chapter 2, Figure 1). 

Large groups of figures are preceded by their corresponding chapter number in parenthesis (e.g., 

Figures (2-) 1-11). All supplementary figures are presented separately in the Appendix. Dating 

notation generally follows a BCE/CE format where necessary. The common abbreviation for 

Irish counties (i.e., Co.) is used throughout the text.   

1.4 Theoretical Background  

1.4.1 Paleolimnology: analysis of the sedimentary record  

Considering the aims and objectives of this investigation, it is apt that a brief background to 

paleolimnology and the nature of the sedimentary record as a repository of past environmental 

change is first given. Paleolimnology can be regarded as a branch of paleoecology, itself at a 
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basic level defined as the “study of the ecology of the past” (Birks and Birks, 1980), concerned 

with the analysis and interpretation of indicators (or proxies) “stored” in the sediment record of 

lake systems. While in this investigation the terms “proxy” and “indicator” are used 

interchangeably for the sake of balanced writing, preference is given to the use of indicator(s) as 

by definition “proxy” would entail a surrogate of environmental conditions when in reality they 

are indicators which ideally reflect such conditions (Cohen, 2003).    

Lakes naturally accumulate particulate matter (sediment), both of autochthonous and 

allochthonous provenance, collecting and integrating physical, chemical and biological 

indicators which have the potential to reflect local and regional environments (Davidson and 

Jeppesen, 2013). Lake sedimentation is particularly efficient in deep lake basins (hypolimnion), a 

lake zone expected to be least affected (or decoupled) by wind-driven turbulence and additional 

epilimnetic processes. The hypolimnion essentially behaves as a natural sediment “trap” enabling 

the accumulation of coarse to fine-grained sediment and resuspended material from other lake 

habitats (Kalff, 2002). As a discipline, paleolimnology is directly concerned with the acquisition 

of a representative sample of this lake “archive” which takes the form of sediment core retrieval 

(see Glew et al, 2001). Paleolimnology relies on a fundamental assumption, that is, in an 

undisturbed sedimentary sequence the deepest deposits are oldest and systematic accumulation 

has progressed with time (see Law of Superposition; Smol, 2008). The same concept also applies 

to the indicator(s) analyzed. This depth-time profile assumption is generally corroborated and 

refined using geochronological tools (see Appleby, 2001; 2013; Björck and Wohlfarth, 2001) 

with contemporary modelling techniques producing posterior age-depth chronologies adjustable 

to the (indicator) sampling resolution implemented (e.g., Blaauw and Christen, 2011). 

In essence, the basis of any (modern) paleolimnological investigation requires (i) a gradual lake 

sedimentation regime and the eventual formation of a sedimentological archive which can be 

ascribed to, and investigated within a “temporal” framework, and (ii) analysis of indicators 

contained in the sediment sequence and ensuing interpretations of their environmental 

significance. The nature of the indicator(s) used will depend on the aims/objectives of a 

particular investigation. A wide range of physical, geochemical and biological indicators, either 

autogenic or allogenic, are employed in paleolimnology today (cf. Smol et al, 2001ab).  
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This project emphasizes the application of paleolimnological tools to determine human influence 

on both landscape (often represented at a catchment-scale unit) and in-lake processes/conditions 

in a Mid-Late Holocene timeframe. Accordingly, of particular relevance is the role that 

paleolimnology plays in gaining insights into past catchment conditions, lake “state” and the 

potential integration between these two. Lake state as defined here is considered to be analogous 

to the concept of aquatic “ecosystem health” (see Smol, 2008). Certainly, this is a broad term 

which can incorporate a range of biotic and abiotic parameters (cf. Xu et al, 2001) including (for 

example) water turbidity, oxygen concentrations, temperature, and status of phytoplankton and 

macrophyte communities. Considering the multitude of parameters which may constitute a 

definition of lake state, and the expected variability in their importance or relevance on a lake 

system basis, a universal description of “good” lake status or a “healthy” ecosystem would be 

one that precedes significant human impacts (sensu. Smol, 1992). The concept of ecosystem 

health or lake state is also subject to the inherent properties of a system in terms of its 

adaptability (or resilience) to change driven by external stimuli or “forcing” (e.g., nutrient 

buffering capacity) (Scheffer and Carpenter, 2002; Randsalu-Wendrup et al, 2016). 

In this context, the application of the paleolimnological toolkit follows a straightforward 

approach. Once a dating chronology is available for a sediment sequence (e.g., 14C, 210Pb), 

indicators analyzed can be used to infer the degree of anthropogenic influence on catchment 

vegetation (e.g., pollen, macrofossils) and/or soils (e.g., erosion). This information can then be 

coupled with autogenic proxies (e.g., algal remains, invertebrate sub-fossils) which (ideally) 

provide insights into lake status and lead to inferences on the nature of landscape – water 

“linkages” (see Edwards and Whittington, 2001; Birks and Birks, 2006).  

1.4.2 Paleolimnology, human impacts and nutrient levels  

Cultural eutrophication, attributed to enhanced in-lake supply of phosphorous (P) and nitrogen 

(N), primarily deriving from municipal and agricultural sources, is perhaps one of the most 

pervasive forms of aquatic pollution with cascading ecosystem effects which can ultimately 

impair the state of lake systems (Søndergaard et al, 2007). This is directly applicable to the Irish 

Ecoregion where eutrophication is considered to be the main stressor of lake systems (Bradley et 

al, 2015). A range of paleolimnological methods, both quantitative and qualitative, have been 

implemented in the investigation of eutrophication in lake systems and tracking its evolution 
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(Smol, 2008). These usually fall into distinct categories including direct and indirect attempts to 

(i) reconstruct P and N concentrations, (ii) infer changes in primary producers (e.g., diatoms) and 

(iii) gain insights into changes in ecological structure and functioning (see Davidson and 

Jeppesen, 2013). Regardless of the method or approach taken, it is common for modern 

paleolimnological investigations to resort to the multi-proxy approach (Birks and Birks, 2006), 

which ideally provides independent feedback and differential responses to lake stressors 

including nutrient pollution.  

In a European context, the mechanisms driving cultural eutrophication and the underlying 

impacts on aquatic systems have become increasingly relevant along with the modernization of 

the agricultural industry during the 20th and 21st centuries. Here, the adoption of new agricultural 

practices has often led to multifaceted modifications in vegetation structure, soil properties, 

hydrological pathways and nutrient mobilization which have drastically altered the ecological 

state of lake systems (Stoate et al, 2001; 2009). The concept of lake state is again brought into 

consideration as it highlights the role of paleolimnology in hindcasting ecosystem health. The 

implementation of the European Union (EU) WFD legislation (Anon, 2000) created a new basis 

for water management involving EU member states in the identification of ecological 

“reference” or “baseline” conditions for type-specific water bodies including lakes. Similar to the 

definition of “good” lake state given above, reference conditions within a WFD context refers to 

a lake state with no or minimal anthropogenic impact. The identification of these conditions and 

a point in time when the system started to deviate from its original state (i.e., “point of change”) 

is considered essential for effective aquatic ecosystem management by allowing the 

establishment of realistic restoration targets (Battarbee et al, 2005). These can be pursued 

through different methods including paleolimnological tools (Dalton et al, 2009; Bennion and 

Battarbee, 2007).  

Although the principle behind it is simple, long-term water quality monitoring data is often 

absent in most lake systems, making a strong case for the application of paleolimnological tools 

in reconstructing baseline conditions and identifying past stressors (cf. Smol, 2010; Bennion et 

al, 2011). Here, the establishment of links between catchment – lake processes emphasized 

above becomes crucial. In terms of a suitable temporal end-point representing reference 

conditions, workers have suggested a date of c. 1850 in the UK (Bennion et al, 2004) and Europe 
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(Battarbee et al, 2011). In the Irish Ecoregion, relatively recent dates of c. 1950 (Anderson, 

1997) or c. 1850 (Dalton et al, 2010) have been proposed. However, others have reported that a 

general end-point is not applicable to different systems (Leira et al, 2006; Taylor et al, 2006). 

While the prevalent notion is that anthropogenic impact on lake systems mainly relates to the 

20th century, this is not necessarily the case (see Søndergaard and Jeppesen, 2007). For example, 

lake eutrophication tends to be recognized as a post-19th century phenomenon in a European 

context (Battarbee et al, 2011). Even so, paleolimnological reconstructions have shown that 

significant anthropogenic impacts on lake water quality can pre-date the 19th century (e.g., Heiri 

and Lotter 2003; Bradshaw et al, 2005; 2006; Rasmussen and Olsen, 2009). Site-specific 

conditions and the indicator(s) under consideration are crucial aspects in the determination of a 

background state.  

1.4.3 Physical setting  

As indicated above, consideration of local catchment conditions is fundamental for 

paleolimnological investigations. It can provide insights into landscape vulnerability to human 

intervention and the nature of land – water linkages. Inclusion of these factors is essential as they 

can determine the efficiency of hindcasting conditions through paleolimnological methods. This 

mainly relates to systems naturally prone to high nutrient concentrations in which establishing a 

background state can be complicated. Anderson (1995) highlights a number of issues with 

nutrient “sensitive” systems including whether some are indeed naturally eutrophic or under 

long-term anthropogenic influence. Examples of nutrient-rich lakes in pristine and isolated 

catchments do exist such as those located in areas with a phosphorous-rich geology (Räsänen et 

al, 2006). 

The concept of landscape stability and sensitivity (sensu. Brunsden and Thornes 1979) is key to 

adequately understanding the effects of human “forcing” on lake systems. The concept refers to 

the likelihood that a given change in the controls of a system, or the forces applied to the system, 

will produce a conspicuous and sustained response (Brunsden, 2001). Accordingly, landscape 

stability will be dictated by (i) extrinsic factors, representing the inputs (or stimuli) forcing the 

system (e.g., humans, climate) and (ii) intrinsic factors, or the internal properties of a particular 

system (e.g., geology, soils, hydrology) (Harvey 2006). The response of a system to external 

forcing will be subject to the magnitude and characteristics of the forcing event and the response 
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time and resistance of the system to external pressure (Schumm, 1979). In these terms, areas with 

particular geomorphological features tend to be more susceptible to change and are often 

characterized by intrinsic “instability”. Catchments with significant topographical relief and 

efficient hydrological coupling mechanisms tend to fall into this classification (Harvey, 2002). 

Hydrological coupling mechanisms refer to the connectivity of fluvial systems (e.g., hillslope to 

channel coupling) (Brunsden and Thornes, 1979). Overall, responses to external forcing in well-

coupled systems are expected to be efficiently transmitted. In intrinsically unstable landscapes 

this is usually manifested in high rates of sediment throughput and hydrological “flashiness” 

(Harvey, 2006). 

These landscape settings will tend to feature high influx of allogenic particulate matter, and if 

agricultural activity is prevalent, consistent nutrient losses into water bodies through different 

pathways (Doody et al, 2010). Increased inputs of organic particulate matter will have a direct 

effect on the saprobity of a lake system. Similarly, an increased supply of minerogenic clay and 

silt fractions can have significant impacts on both physical and biological aspects of aquatic 

systems. High inputs of fine sediment can lead to increased turbidity in the water column, 

reducing light availability for photosynthesis and ultimately reducing food sources for benthic 

organisms (Randhir and Hawes, 2009). Through sorption and attachment, the trophic state of 

water bodies can also be affected by sediment-bound transport of nutrients (particularly P) 

(Walling, 2005). 

1.4.4 A multi-proxy approach  

The adoption of a multi-proxy approach in paleoecology stems from the complex interactions in 

ecological processes and the likelihood to gain a better understanding on a particular query from 

multiple lines of evidence rather than from a single source (Smol, 2008). A fundamental aspect 

of multi-proxy studies is the collation and simultaneous interpretation of a number of indicators 

with the aim of addressing a single objective (Birks and Birks, 2006). In the present study this 

involves a set of indicators aimed at gaining insights into landscape and water processes. In these 

terms, a basic review of these indicators along with their strengths, limitations and potential to 

supplement each other is given below.  

1.4.5 Pollen and macrofossil analysis  
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Fossil pollen is one of the most ubiquitous and fundamental indicators within paleolimnology 

(Bennet and Willis, 2001). Pollen analysis is well-established in the Irish Ecoregion with a 

substantial amount of pollen datasets from lakes and peat-bogs available (Mitchell et al, 2013). 

Palynology incorporates the study of pollen grains produced by anthers of angiosperms and 

gymnosperms with spores generated by pteridophytes and bryophytes as part of their 

reproductive and dispersal mechanisms (Moore et al, 1991). Based on morphological and 

microstructural traits including apertures, shape, size and texture (sculpturing), microscopic 

identification of pollen grains and spores along with classification into distinct and (often) 

taxonomically refined plant taxa can be achieved (cf. Beug, 2004). The physical properties 

allowing taxonomic identification of pollen grains and spores derives from the sporopollenin 

coating composing the outer wall of pollen grains (exine) and similar materials in spores 

(exosporium). Sporopollenin is a biopolymer highly resistant to biological, chemical and 

physical degradation which is responsible for the protection of pollen grains (and embedded 

gametophytes) as they are released and dispersed by plants (Brooks and Shaw, 1978). Beneficial 

taphonomical conditions for pollen grains and spores include an anaerobic environment with low 

microbial activity, which is often characteristic of the physical, chemical and biological 

conditions dominating the hypolimnion of temperate lakes (Kalff, 2002). An adequate 

environment for preservation coupled with high resistance to chemical weathering proves ideal 

for palynological analysis. This facilitates their extraction from lake sediments through 

laboratory processing while simultaneously removing the remaining (and undesirable) inorganic 

and organic fractions. Lake sediments (particularly deep water cores) prove an ideal medium for 

palynological analyses (Bennet and Willis, 2001; Birks and Birks, 2006). Once a 

sedimentological archive is ascribed to a “temporal” framework using geochronological tools, 

the analysis of fossil pollen from lake sediments has the potential to allow for long-term 

reconstructions of vegetation history.  

Palynological analysis of lake sediments can be traced back to the early 20th century (von Post, 

1946), originally aimed at identifying past climatic variability through long-term changes in the 

composition of vegetation assemblages. The latter part of the 20th century saw Quaternary 

palynology expand with the reconstruction of human impacts on vegetation assemblages at 

different temporal scales, which has been gradually refined to become one of the most prominent 

applications of palynology (Moore et al, 1991). Traditional percentual (along with pollen 
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concentration) comparisons of vegetational functional groups, at a coarse level consisting of 

arboreal and shrub pollen (AP) vs. non-arboreal pollen (NAP) (also inclusive of spores), provide 

the basis for interpretations on the structure and proportion of “openness” of the vegetation 

mosaic (Berglund et al, 1996). Coupled with the identification of key pollen anthropogenic 

indicators (cf. Behre, 1981), this approach allows for conjectures to be made on the scale and 

intensity of woodland modification, agricultural activity and land-use dynamics (Edwards and 

Whittington, 2001). Accordingly, pollen-analytical data can be used to trace the development of 

the “cultural landscape” (viz. Fᴂgri and Iversen, 1989) by reflecting a mosaic of plant 

assemblages under human influence. At least in a European context, key pollen indicators 

include herbaceous taxa grouped or classified as pastoral indicators (NAPp) and cereal-type 

pollen which can be linked to arable farming (Behre, 1981). During the Mid-Late Holocene, a 

typical (and simplified) signal indicating human modification of vegetational structure (i.e., 

openness) includes decreases in AP percentages concomitant with increases in herbaceous taxa, 

often primarily composed of Poaceae along with considerable representation of NAPp. Among 

the latter, identification of taxa from the Plantago genus (particularly Plantago lanceolata), 

considered to be an exceptional anthropogenic indicator (Behre, 1981; Richard and Gery, 1993), 

often provides decisive evidence of human intervention on local vegetational structure (e.g., 

O’Connell and Molloy, 2001; Molloy and O’Connell, 2004; Overland and O’Connell, 2008; 

Ghilardi and O’Connell, 2013).  

It must be noted that the application of palynology is not necessarily limited to reconstructions of 

landscape vegetational changes, as additional pollen indicators (see associated palynological 

indicators in Section 1.4.6) can help gain insights into past in-lake habitats, catchment processes 

(e.g., degree of erosion) and even conditions in the water column (see Vuorela, 1980; Behre, 

1981; van Geel, 2001; Birks and Birks, 2006).  

Intricacies of pollen data – Key considerations for interpretation  

Palynology is subject to a site-specific dimension where local vegetation, lake characteristics 

(e.g., morphometry, river inputs) and processes (e.g., sediment focusing), atmospheric conditions 

and physical catchment features will influence the nature of the pollen record (Jacobson and 

Bradshaw, 1981). In an Irish context, cultural factors also play a crucial role with distinct 

vegetational changes, corresponding pollen signatures and anthropogenic indicators in different 
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cultural periods. For example, a largely pastoral component dominated by P. lanceolata during 

the Neolithic (Molloy and O’Connell, 2001), or a tendency towards high cereal-type pollen and 

ruderal pollen types representative of increased arable farming in Medieval landscapes (Hall, 

2000). Variability in pollen productivity and dispersal capacity among taxa which has obvious 

implications for inferences made on pollen provenance (e.g., AP vs. NAP; Hellman et al, 2009) 

and behavior/interpretation of percentage and concentration pollen curves (e.g., “glade effect”; 

Feeser and Dörfler, 2014; see also Broström et al, 2005; Sjögren et al, 2015). Pollen dispersal is 

dictated by the terminal settling velocity of individual grains which is influenced by their size, 

bulk density and prevailing atmospheric conditions at the time of dispersal (Bolinder et al, 2015). 

In contrast to “heavier” pollen grains, smaller (more aerodynamic) pollen grains tend to have a 

slower terminal settling velocity which generally results in increased time spent in the air column 

and enhanced dispersal distance (Niklas, 1985; Hall and Walter, 2011). Pollen productivity will 

also vary among plant species. Direct measurements of pollen productivity are both difficult and 

rare, and are instead based on estimates from surface sample studies using pollen depositional 

data from lake sediments and pollen traps (see Theuerkauf et al, 2012). As an example, Fᴁgri 

and Iversen (1989) simplified pollen productivity estimates of common northern European plants 

into three categories (i) high pollen producers often consisting of wind-pollinated trees (e.g., 

Pinus, Betula, Corylus, Alnus), (ii) moderate pollen producers (e.g., Quercus, Fraxinus, Hedera) 

and low pollen producers which include entomophilous and autogamous plants (e.g., Ilex, 

cereals). In contrast to wind-pollinated pollen, entomophilous pollen have a range of 

characteristics suited for vector transportation and dispersal generally resulting in rapid terminal 

settling velocity and low dispersal (Bolinder et al, 2015). The height of pollen dispersal (e.g., 

trees vs. herbs) can also be an important factor influencing dispersal capacity (Sjögren et al, 

2015). For example, Calluna has a high pollen productivity, but has a much lower dispersal 

capacity in contrast to trees given the plant’s proximity to the ground (Fᴁgri and Iversen, 1989). 

In general terms, smaller AP will tend to be characterized by enhanced dispersal in contrast to 

pollen from low-growing plants (NAP) which tends to be more localized (Hellman et al, 2009). 

Accordingly, AP is often dominant in pollen records.  

In contrast to other indicators which are commonly produced and deposited in situ (e.g., diatoms, 

chironomids), most pollen derives ex situ and is deposited into lakes through different pathways 

(e.g., atmospheric deposition, fluvial deposition, overland flow) (Jacobson and Bradshaw, 1981). 
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Of key importance for palynologists is to have a working understanding of the relevant pollen 

source area (RPSA) (sensu. Sugita, 1994) of the system under scrutiny, which allows for insights 

into the (potential) spatial coverage of the pollen data (i.e., pollen rain) being analyzed (regional 

vs. more local) (Sugita, 2007ab). The underlying basis of the RPSA concept follows system 

dimensions, as those with larger surface areas have more extensive pollen source areas (Sugita, 

1994). The organization of the local/regional vegetation mosaic, relating to its degree of 

“patchiness” or “heterogeneity” in time, is also of crucial importance for the interpretation of 

pollen data as it has the potential to influence the RPSA and pollen influx into depositional 

environments (Hellman et al, 2009). For example, as local woodlands are subject to increasing 

anthropogenic pressure towards the mid-late Holocene, it would be expected that the pollen 

record of a system will incorporate more regional pollen (Feeser and O’Connell, 2010). 

Furthermore, natural redeposition of secondary pollen can result from either reworking of 

marginal lake material and sediment focusing (Blais and Kalff, 1993), or from catchment soils 

through surface run-off and sediment in-wash. This often results in the characteristic smoothed 

pollen percentage curves in diagrams derived from lakes in contrast to those from peat-bogs (cf. 

Overland and O’Connell, 2008). The process of secondary pollen reworking can be exacerbated 

by anthropogenic disturbance of catchment soils (Edwards and Whittington, 2001).  

The applicability of pollen data is also inherently multi-temporal in character (Moore et al, 

1991). Within a prehistoric setting, pollen data has the potential to provide information of human 

activity in the absence of archaeological remains, or concomitant information of land utilization 

which can be matched with period-specific archaeological features (e.g., Molloy and O’Connell, 

2004). Analysis within modern temporal scales (e.g., last c. 200 years) can provide valuable 

information into the recent evolution of agricultural land-use (e.g., Hall, 1990; Huang and 

O’Connell, 2000). Additionally, while subject to the availability of modern land-use data and 

despite potential caveats (e.g., lack of modern analogues for certain taxa; Moore et al, 1991), 

inferences from the resulting (contemporary) pollen rain may also be extrapolated to aid in the 

interpretation of Holocene pollen data and past land-use (cf. Hall, 1994; Gaillard et al, 1994; 

Waller et al, 2012).  

Overall, pollen analysis provides a versatile tool which allows long-term insights into landscape 

vegetation structure and the nature of the agrarian economy. It is not surprising that pollen-
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analytical data often provides the underlying basis of multi-proxy paleolimnological 

reconstructions (e.g., Heiri and Lotter, 2003; Dalton et al, 2014; O’Connell et al, 2014; Taylor et 

al, 2017), supplementing the interpretation of additional indicators and potentially allowing for 

the exploration of links between catchment conditions and lake state (e.g., nutrient status, 

sedimentary changes).   

Macrofossil analysis  

Beyond providing suitable material for AMS 14C dating, it is common for pollen-analytical 

investigations to be supplemented by macrofossil analysis (Birks and Birks, 2006). Although 

often consisting of vegetative remains, macrofossils analysis also often include faunal remains 

(e.g., bryozoans, insect, gastropods), micro-charcoal and mineral fractions. Plant macrofossils 

are usually categorized by being visible to the naked eye (identification is however facilitated by 

optical aid) with a size range of 0.5 – 2 mm (Birks, 2007). In contrast to pollen data, there are 

two main benefits of implementing plant macrofossil analysis: (i) due to their size/weight they 

are not transported far from parent plants thus allowing their implementation as in situ (or at least 

more localized) indicators, and (ii) identification is usually achievable to lower taxonomic levels 

(Mauquoy et al, 2011). Accordingly, a combined pollen-macrofossil approach in a limnic context 

has the potential to provide paleoecological information at different spatial scales. Here, pollen 

data is reflective of vegetation at the wider landscape (local to regional) level and macrofossils 

indicative of plant assemblages near to or within a lake system (Birks, 2014). Analysis of aquatic 

macrofossils prove particularly useful in reconstructions on the state of macrophyte communities 

(cf. Davidson et al, 2005). Site selection is, however, crucial for aquatic macrofossil analysis 

given that they tend to be closely related to parent vegetation (Birks and Birks, 2006; Heggen et 

al, 2012). Differing from fossil pollen in which a central and deep sediment core proves ideal for 

analysis, cores from shallow water are recommended for appropriate analysis of macrophyte 

remains (Birks, 2001).   

1.4.6 Non-pollen palynomorphs (NPPs) and micro-charcoal  

Although often falling under the “umbrella” of palynology, this diverse group of “extra fossils” 

deriving from peat-bog and lake sequences are presented as a separate category from pollen and 

spore analysis, due to their provenance and potential indicative value in paleoecological 

investigations. First established within palynology and classified into heterogeneous groups by 
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van Geel (1972) in peat sediment, NPPs analysis has expanded into paleoecological 

investigations of lake environments (cf. van Geel et al, 1994; Jankovská and Komárek, 2000; 

Feesser and O’Connell, 2009; Weckström et al, 2010; Bakels, 2012). NPPs comprise the remains 

of algae, cyanobacteria, fungi, invertebrates and vascular plants which partially or completely 

endure chemical processing in pollen preparations. As such, they can be easily incorporated into 

pollen-analytical investigations to provide additional paleoenvironmental information. Despite 

their potential application, NPPs are still largely overlooked by palynologists focusing solely on 

fossil pollen (van Geel, 2001). Recently, major contributions to the available literature have 

highlighted their value in enhancing paleoecological investigations (see special issues in Review 

of Palaeobotany and Palynology and Vegetation History and Archaeobotany; van Geel, 2006; 

Hass, 2010). Given their aquatic life-cycle and links between nutrient availability (particularly P) 

and phytoplankton biomass (Moss, 1976; Kalff, 2002), algal remains are of particular relevance 

to paleolimnological analysis focusing on reconstructions of lake ecological state. Thus in 

contrast to pollen analysis, excluding key aquatic taxa (e.g., Vuorela, 1980; Birks, 2005), NPPs 

can provide crucial information on lake ecological status as autogenic (in situ) indicators (e.g., 

Gathorne-Hardy et al, 2007; Weckström et al, 2010).  

This includes sporopollenin cell-wall remains of coccal green algae Pediastrum and 

Botryococcus, which often have exceptional preservation (high silica content) occurring in 

abundant quantities in limnic sediment (for information on additional NPPs as limnic indicators 

see van Geel et al, 1994; van Geel and Grenfell, 1996; van Geel et al, 1996; van Geel, 2001). 

Pediastrum is perhaps the most versatile NPP in paleolimnological reconstructions, potentially 

aiding in the interpretation of trophic state, water column turbidity and water temperature 

(Jankovská and Komárek, 2000; Komárek and Jankovská, 2001; Weckström et al, 2010). 

Botryococcus is tolerant of wide-ranging limnic conditions with its abundance possibly linked to 

nutrient concentrations, water column turbidity and the state of the subaerial macrophyte 

community (Batten and Grenfell, 1996; Jankovská and Komárek, 2000; Bakels, 2012).  

Although not strictly an NPP, micro-charcoal is also easily incorporated into palynological 

analysis due to their presence in pollen slides. Accordingly, charcoal abundance can be used as a 

fire proxy for climatic or anthropogenic disturbance. However, caution must be exercised while 

attempting to link lake micro-charcoal accumulation records to fire events (Higuera et al, 2007). 
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A number of aspects must be considered in its interpretation (viz. Whitlock and Larsen, 2001): (i) 

gaps in sample depth on Holocene-era core studies can represent decadal to centennial scales and 

pinning charcoal peaks to specific events can prove difficult, (ii) larger charcoal particles break 

through pollen laboratory processing artificially increasing count numbers and (iii) charcoal 

provenance is ambiguous as particles can be transported over long distances being either local, 

but most likely regional. As with other ex situ proxies, charcoal contained in the sediment record 

can be either primary, i.e., deposited soon after deposition, or secondary, deriving after a fire 

event has taken place through run-off (Higuera et al, 2007).  

1.4.7 Chironomidae (Insecta: Diptera)  

In addition to fossil pollen, analysis of sedimentary midge remains is a major component of this 

investigation. Chironomids (non-biting midge) are a holometabolous (life cycle = embryo, larva, 

pupa and imago stages) family of insects found in every continent. Chironomids comprise a large 

insect group with over 10,000 extant species worldwide and approximately 1000 known from 

Europe (Armitage et al, 1995; Lindegaard, 1997). They are present on a range of biotopes, but 

the larval stage of their life cycle is generally strictly aquatic, being an often ubiquitous 

component of the macrozoobenthic community of lake systems. During the larval stage 

chironomid specimens are characterized by elongated segmented bodies (2-30 mm in length) 

with a developed head-capsule (small, sand-sized) composed of chitinous material which 

preserves well in limnic sediment (Brooks et al, 2007). After death, most of the larvae’s 

segmented body will invariably disintegrate, but head-capsules generally remain intact. Head-

capsule deposition and incorporation into a sediment sequence and subsequent identification 

facilitates their adoption as (in situ) indicators in both paleolimnological and modern ecological 

investigations. Key head-capsule morphological features include ventromental plates, mentum 

and mandibles which enable identification to reasonably refined taxonomic levels (often limited 

to genus and species-group level) allowing for ecological inferences to be made (cf. 

Wiederholm, 1983; Rieradevall and Brooks, 2001; Brooks et al, 2007).  

Chironomid larvae inhabit a range of lake habitats, and from a (paleo-) limnological perspective 

a division is often made between littoral and profundal taxa. While dependent on bathymetry 

(shallow vs. deep lakes) this broad division often lays the basic foundation of the “autecological” 

approach towards sub-fossil chironomid assemblage interpretation. Their potential as bio-
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indicators in lake systems was first established in a number of early investigations highlighting 

their stenotopic nature (e.g., Thienemann, 1921; Brundin, 1949; Brinkhurts, 1974; a good review 

of early chironomid investigations is provided by Walker, 1987). Additional attributes assisting 

in their application as bio-indicators in paleoecological investigations include their ubiquitous 

and autochthonous nature (larvae present in a range of aquatic biotopes and developed in situ), 

abundance (high number of head-capsules in sediment), species-rich assemblage (taxa 

differentially respond to habitat change), rapid regeneration time and sensitivity to change 

(winged adults move in response to environmental change) (see Porinchu and McDonald, 2003; 

Brooks et al, 2007). Given their indicator potential a number of semi-quantitative and 

quantitative chironomid-based lake classification, bio-monitoring and assessment methods were 

created (e.g., Saether, 1979; Wiederholm, 1980; see review by Lindegaard, 1995). In Ireland, 

chironomids have been incorporated into the assessment and monitoring of lake systems as part 

of biological quality protocols used by the Environmental Protection Agency (EPA) (EPA, 

2011).  

Chironomid Taphonomy  

In contrast to investigations focusing on extant chironomid assemblages, a key consideration in 

the analysis of midge sub-fossil remains is the potential role of taphonomic processes in head-

capsule redistribution (cf. Brooks et al, 2007). While it might be expected that sub-fossil 

deposition will be strongly associated with the presence of living chironomid larvae in lake 

systems, this is not always the case (cf. Schmäh, 1993; Holmes et al, 2009). Lake morphology 

can have overriding effects on a range of physical processes leading to sub-fossil transport from 

its original depositional environment and redistribution to other lake habitats. Due to their small 

size chironomid head-capsules can be subject to the effects of resuspension, mixing, transport 

and relocation (Cohen, 2003). Wind-driven currents, particularly in exposed larger lakes, can 

also affect head-capsule redistribution via sediment focusing (Iovino, 1975; Schmäh, 1993). 

Similarly, the effect of water currents created by discharging feeder streams on head-capsule 

taphonomy must be considered if deemed to be an important study site characteristic (Heiri, 

2004; Luoto, 2010). Basin slope orientation and steepness can be fundamental in facilitating 

offshore head-capsule transport through the effects of gravitational “pull” (van Hardenbroek et 

al, 2011). In deep lakes, the position and persistence of the thermocline can potentially influence 



20 
 

the strength of wave/wind action and current flow, and in turn, sub-fossil distribution (Kurek and 

Cwynar, 2009a; van Hardenbroek et al, 2011). While the effects of many of these processes on 

chironomid sub-fossil taphonomy are still poorly understood (Kurek and Cwynar, 2009b), the 

potential influence on head-capsule redistribution has implications for the inferences made from 

both paleolimnological reconstructions and modern (sub-fossil based) lake bio-monitoring 

assessment.   

Environmental controls on chironomid assemblages  

As paleolimnological indicators chironomids have the potential to reflect a range of variables, 

which are often interconnected, with their paleo-indicator potential in the context of air 

temperature, saprobity, trophic state (nutrient loading, eutrophication) and oxygen availability 

often highlighted (cf. Porinchu and MacDonald, 2003; Brodersen and Quinlan, 2006; Moller 

Pillot, 2009). This is in contrast to the interpretation of pollen-analytical data, at least in a Mid-

Late Holocene context, which is often characterized by relatively small climatic variability (see 

below), where links with local catchment processes (e.g., human activity) can be more readily 

established. Confusion may arise when the interaction between these different variables listed 

above (e.g., association between saprobity, trophic state and eutrophication) is taken into account 

and a consideration of the existing relationship between chironomid assemblages and their 

indicator value is fundamental. Note that an attempt is made here to reconcile the (sometimes) 

contrasting views on chironomid bio-indicator value from (modern) ecological and 

paleolimnological perspectives (cf. Brooks et al, 2007; Moller Pillot, 2009; 2013). The 

application of chironomid sub-fossil analysis in reconstructing summer air temperature, 

widespread in paleolimnological research (Walker, 2001), is discussed separately in the next 

section. 

The concept of saprobity is commonly used to refer to the state of an aquatic system in terms of 

inputs, decomposition and removal of organic matter (OM) (CMEA, 1969). Saprobity is 

influenced by a number of processes including bacterial decomposition and oxygen availability, 

sedimentation, hydrodynamics, and can be directly influenced by anthropogenic activity (degree 

of OM input) (see Tagliapetra et al, 2012 for a review on the concept of saprobity). However, 

this concept is directly concerned with the effects of OM levels in an aquatic medium and does 

not account for inorganic nutrient inputs.  
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On the other hand, eutrophication, or rather cultural eutrophication (see Rast (1996) for a 

differentiation between the two processes), relates to human-induced nutrient enrichment of an 

aquatic ecosystem with ensuing negative ecological consequences (OECD, 1982). The concept 

of trophic state (i.e., degree/level of nutrient concentration) is directly linked to eutrophication 

and was adopted as a classification “label” for lake types to contextualize a “continuum” in lake 

nutrient history (oligotrophic-hypereutrophic) regardless of the controls (natural or 

anthropogenic) driving the eutrophication process (Rast, 1996). The concepts of saprobity and 

eutrophication overlap to a certain extent, but the definition of eutrophication is broader and 

seems to better incorporate (modern) anthropogenic influence on aquatic ecosystems making no 

discrimination among nutrient sources (either related to OM or dissolved inorganic P and N). 

Oxygen concentrations can also be affected by eutrophication through high microbial respiration 

and oxygen depletion resulting from excessive planktonic microalgae decay in the hypolimnion, 

particularly during periods of stratification (Kalff, 2002).  

In an up-to-date attempt at describing the environmental controls (and concurrently bio-indicator 

value) of chironomids, Vallenduuk and Moller Pillot (2007) and Moller Pillot (2009; 2013) 

tackle the issue by providing taxa-specific “categories” for saprobity, trophic state and oxygen 

conditions (details on additional environmental controls are given by Brooks et al, 2007 and 

Moller Pillot, 2009). The authors highlight the interaction among these different parameters and 

mention the potential benefits of a broad “whole-system” approach to explain environmental 

controls on chironomid assemblages, but are inclined to present them separately as taxa can 

show differential responses per parameter.  

This can be exemplified by common autecological traits of major chironomid groups. For the 

Chironomini tribe, comprised by a good proportion of profundal detritus feeders, important 

factors driving community composition would include (i) decaying OM (food source), (ii) by-

products of OM decomposition (ammonia, sulphide and nitrite) which can lead to absence of 

some species and (iii) oxygen availability which is dependent on conditions of the water column, 

hypolimnion and taxon physiological and autecological traits (Moller Pillot, 2009). In turn, 

certain Orthocladiinae taxa are associated with fast-flowing environments, but in large lakes they 

often inhabit the littoral zone where wave action, oxygen supply and resources provided by 

macrophyte refugia are high (Moller Pillot 2013). Similarly, several taxa in the Tanypodinae and 
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Tanytarsini tribes are well established in oxygen-rich littoral habitats with determining variables 

linked to macrophyte refugia, algal crop and periphyton as food supply (Brooks et al, 2007; 

Vallenduuk and Moller Pillot, 2007). 

One of the main factors to highlight here is that chironomids do not respond directly to changes 

in nutrient concentrations per se, but their abundance and distribution is dependent on particular 

habitat requirements which can be differentially influenced by each stage along the trophic status 

gradient. In these terms, a more direct association can perhaps be made between chironomids and 

saprobity and/or oxygen availability. Particularly in the context of deep lakes, food availability 

and oxygen supply are determining controls on chironomid assemblages (Lindegaard, 1995), 

often considered the most robust paleolimnological indicators of hypolimnetic dissolved oxygen 

(Smol, 2008). In other cases, however, microhabitat conditions (e.g., substrate and macrophyte 

composition), pH levels, predation and lotic influence (among others) have been considered to be 

determinant factors affecting species adaptability and overall taxa composition (Heiri, 2004; 

Brodersen and Quinlan, 2006; Langdon et al, 2006; 2010; Brooks et al, 2007; Moller Pillot, 

2009; 2013; North et al, 2013; Cao et al, 2014). All of these parameters, in turn, can be driven by 

human influence in the form of cultural eutrophication which has cascading ecological effects on 

lake systems (cf. Davidson and Jeppesen, 2013). Summarizing, while chironomid assemblages 

can be certainly driven by human influence on lake systems as a whole, this is ultimately 

determined by the effects on specific lake processes, properties and pathways at the microhabitat 

level.   

In the context of microhabitats, it is fundamental to highlight the relationship between water 

depth habitats and chironomid autecology. In conjunction with many of the environmental 

controls listed above, water depth can also be a key variable influencing and determining 

chironomid community composition. Given their stenotopic nature, chironomid taxa can be 

expected to show preference for particular depth habitats in lake systems (cf. Saether, 1979). 

This is particularly applicable to large systems with a pronounced bathymetry and complex basin 

morphology which provide considerable habitat heterogeneity. Here, the importance of water 

depth can interact with several of the parameters necessary for individual taxa survival including 

substrate characteristics, food availability, oxygen concentrations and macrophyte 

presence/absence (Engels and Cwynar, 2011). Recently, more attention has been drawn to the 
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role of water depth in determining chironomid distribution in lake systems through analysis of 

“intra-lake” taxa distribution. Many of these studies have highlighted the importance of water 

depth in influencing chironomid species composition and the potential implications for their 

implementation in paleoenvironmental reconstructions (Heiri, 2004; Kurek and Cwynar, 2009a; 

Luoto, 2010; 2012; Engels and Cwynar, 2011). Through determination of taxa depth optima, 

intra-lake datasets have been expanded into quantitative reconstructions of past water depth (e.g., 

Kurek and Cwynar, 2009ab; Engels and Cwynar, 2011). However, this application can be limited 

in open systems with a permanent and substantial outflow (low water level fluctuations) (Kurek 

and Cwynar, 2009a) and would be precluded by homogeneous sub-fossil distribution (Schmäh, 

1993).  

Chironomids as paleo-indicators of human impacts on lake ecosystems    

Brodersen and Quinlan (2006) provide a comprehensive review of the role of chironomid sub-

fossil analysis in reconstructing human influence on lake systems. Based on their reported 

suitability to reflect lake trophic state, saprobity and oxygenation (Vallenduuk and Moller Pillot, 

2007), links between chironomid community structure and total phosphorus (TP) (Brooks et al, 

2001), chlorophyll-a (Brodersen and Lindeegard, 1999) and hypolimnetic oxygen levels 

(Quinlan et al, 1998; Clerk et al, 2000) have been established using numerical paleolimnological 

tools. This quantitative (transfer-function) approach to paleolimnological reconstructions, 

however, suffers from regional limitations (restricted to the location of the dataset) and relatively 

wide errors (see Brodersen and Quinlan, 2006; Birks et al, 2010). Chironomid-inferred total 

phosphorus calibration datasets tend to overestimate or underestimate values potentially leading 

to erroneous conclusions (see edge-effect; Birks and Birks, 1998; Luoto, 2010). This has led to 

suggestions of a more traditional approach to reconstructions based on a lake-specific 

autecological approach with less emphasis given to precise values (Brodersen and Quinlan, 

2006). Indeed, a more “classical” approach to chironomid reconstructions based on qualitative to 

semi-quantitative inferences and oriented towards stratigraphical detail has great potential in 

tracking anthropogenic impacts (cf. Meriläinen et al, 2001; 2003). A paleoecological assessment 

of baseline nutrient conditions, similar to those implementing diatoms (e.g., Taylor et al, 2006), 

can therefore be attempted using chironomid-based reconstructions of trophic conditions 

(Verbruggen et al, 2011).  
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This qualitative approach would rely on chironomid autecology along with consideration of 

potential species distribution among different lake habitats. The state of the profundal 

community, particularly in the context of deep thermally stratified lakes, has been of crucial 

importance to paleolimnology to date (Cohen, 2003). This is based on autecological and 

physiological traits (e.g., hemoglobin content) defining the oxy-regulatory capacity of individual 

taxa (Brodersen et al, 2004). In these terms, certain taxa will be associated with well-oxygenated 

lake environments while others can be linked with oxygen deficient lake status. This has led to 

common “taxa-transition” classifications attempting to simplify a gradient from oligotrophy to 

eutrophy, for example from high incidence of (oligotrophic) Tanytarsus lugens-type to (meso-

eutrophic) Chironomus spp. and eventually to a system dominated by oligochaetes (Porinchu and 

McDonald, 2003). A typical transition along progressive eutrophication in a European context is 

often characterized by the following community structure “stages”: Heterotrissocladius-

Microspectra-Tanytarsus lugens, followed by Stictochironomus-Sergentia and finally 

Chironomus-Procladius (cf. Brodersen et al, 2001; Brooks et al, 2007). Brooks et al. (2007) and 

Luoto (2011) provide a similar classification along TP gradients with oligotrophic lakes (TP < 15 

μgl-1) dominated by T. lugens-type and Heterotanytarsus grimshawi-type, mesotrophic lakes (TP 

15-25 μgl-1) by Stictochironomus rosenchoeldi-type and Sergentia coracina-type, moderately 

eutrophic lakes (TP 25-60 μgl-1) with prominent C. anthracinus-type assemblages and in 

strongly eutrophic lakes (TP > 60 μgl-1) by C. plumosus-type.  

However, these classifications are simplifications of common trends reported; ultimately the 

nature of the “taxa-transition” encountered will be subject to regional/local chironomid species 

composition and to the physical characteristics of the lake system under consideration (see Free 

et al, 2006; Potito et al, 2014; for information on Irish lake taxa composition). Species of 

Chironomus are perhaps one of the most familiar and widely used chironomid indicators, with 

abundance of Chironomus anthracinus-type generally inferred as indicative of ensuing meso-

eutrophic conditions, but becoming eventually extirpated with progressive eutrophication and 

decreasing hypolimnetic oxygen concentrations (Jónasson, 1972; Hamburger et al, 2000; Moller 

Pillot, 2009). At this stage, Chironomus plumosus-type becomes abundant owing to its good 

performance and adaptability to anoxic environments (Brodersen et al, 2001; Brooks et al, 2007; 

Moller Pillot, 2009).  
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Inferences made from chironomid assemblages are not limited to conditions in profundal 

habitats. As indicated above, certain littoral taxa have ecological optima linked to macrophyte 

assemblages (cf. Ablabesmyia and Dicrotendipes nervosus-type; Brodersen et al, 2001; Brooks et 

al, 2007), which provide suitable habitat comprising shelter and food resources (Langdon et al, 

2006; 2010), potentially allowing the use of sub-fossil abundance as a surrogate for aquatic plant 

community status. Links with specific aquatic macrophyte groups have been reported (e.g., 

Polypedilum spp. and Potamogeton/Nuphar stands; Tokeshi and Pinder, 1985; Moller Pillot, 

2009; Tarkowska-Kukuryk, 2014) which can be used to obtain detailed information of past 

conditions in (sub-) littoral habitats. The influence of macrophyte assemblages on chironomid 

community composition can be substantial (Langdon et al, 2010), with suggestions that links 

between lake productivity and chironomids will never be direct and simple in lakes with 

extensive aquatic vegetation (Moller Pillot, 2009). In other cases particular taxa have been linked 

to local anthropogenic disturbance in the form of erosion (see Brooks et al, 2007; Taylor et al, 

2013) and catchment-derived delivery of nutrient/OM in the littoral (cf. Cladotanytarsus 

mancus-type; Saether, 1979; Clerk et al, 2004).  

Overall, a whole-system assessment of lake state can be attempted based on a sub-fossil 

(inferred) community structure which is inclusive of both littoral and profundal species 

assemblages, enabling conjectures on different lake processes and environments within a 

temporal framework. Due to their complementary nature, chironomids also have great potential 

in enhancing multi-proxy reconstructions by supplementing the information provided by other 

indicators (cf. Clerk et al, 2000; Little et al, 2000; Meriläinen et al, 2001; Heiri and Lotter, 2003; 

Gathorne-Hardy et al, 2007).  

Climate and trophic state interactions   

Chironomids are well-established as paleo-temperature indicators (particularly summer air 

temperature) (Walker, 2001), but the potential for their paleo-indicator value to “co-vary” with 

parameters related to trophic state is often noted (Verbruggen et al, 2011). A local Irish example 

is the chironomid calibration dataset by Potito et al. (2014) which identified mean July air 

temperature and percentage of agricultural land-cover as the most important variables driving 

chironomid species composition in western Ireland. The underlying environmental factors 

controlling midge assemblages in paleoecological studies has long been a source of major 
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debate, which can lead to substantial confusion on the actual paleo-indicator value of chironomid 

sub-fossil assemblages (See Cohen, 2003). Accordingly, for the aims of this investigation it is 

crucial to establish a basic discussion on the importance of climate (particularly temperature) and 

variables related to trophic state and the potential discrimination between the two.  

Temperature can potentially affect chironomid community structure (directly) by regulating 

midge physiological and behavioral processes or (indirectly) by influencing landscape and 

limnological processes/pathways including many of the key parameters described above (e.g., 

nutrient supply, oxygen supply) (Eggermont and Heiri, 2012). In this context, the issue can 

become one of direct vs. indirect causality making it challenging to “label” the underlying 

environmental variable affecting chironomids. The debate arising from temperature – trophic 

state autocorrelation and the uncertainty in identifying or disentangling the influence of 

environmental controls is widespread in the chironomid literature (see Velle et al, 2010; 2012; 

Brooks et al, 2012).  

This issue seems to be often related to the inherent complexities of the quantitative transfer-

function method in Holocene-era studies (Brodersen and Quinlan, 2006; Velle et al, 2012), but 

overall is largely subject to a matter of temporal and spatial scale. For example, while it is 

reasonable to assume that lake zoobenthic communities will be influenced by climate in the 

context of large spatial (e.g., continental) and temporal (e.g., Pleistocene – Holocene eras) scales, 

it is also true that climate will become less relevant at smaller spatio-temporal scales where site-

specific factors (e.g., trophic state) become increasingly important (Johnson and Goedkoop, 

2002). Investigations focusing on large spatial-scales often report a close association between 

temperature, oxygen concentration and trophic state as variables influencing chironomid 

assemblages (cf. Brodersen and Anderson, 2002; Eggermont and Heiri, 2013; Verbruggen et al, 

2011; Potito et al, 2014). This is expected considering links between water temperature and 

productivity at larger scales (e.g., effects of elevation and latitude on temperature) (Brodersen 

and Quinlan, 2006). Similarly, issues of temperature – trophic state taxa reciprocity become 

apparent, where chironomid taxa representative of warm waters are also indicative of productive 

conditions. Conversely, oligotrophic indicators would tend to be prevalent in cold waters (cf. 

Luoto, 2010; Brooks et al, 2012; Eggermont and Heiri, 2013).  
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In terms of temporal scales, Brodersen and Quinlan (2006) argue that large and sustained 

temperature fluctuations, similar to those characterizing Late Glacial and Early Holocene 

environments, are needed in order to discern chironomid response to temperature from additional 

factors (either climatic or non-climatic). In turn, chironomid-based climate reconstructions 

focusing on the Mid-Late Holocene can be complicated by the role “local” cultural factors (e.g., 

agriculture and trophic state) which are likely to be a major force influencing chironomid 

community structure (Velle et al, 2005; Brodersen and Quinlan, 2006). Several investigations 

focusing on Late-Holocene lake environments have shown that the intensity of anthropogenic 

activity seemingly overrides the effects of climate and temperature on chironomid assemblages 

(Little et al, 2000; Clerk et al, 2000; Velle et al, 2005; Belle et al, 2016; McKeown and Potito, 

2016). Brooks et al. (2012) also provide a number of case studies in which local human activity, 

and concomitant nutrient enrichment, can be identified as the main mechanisms responsible for 

chironomid assemblage change while the effects of climate are minimal (e.g., Heiri and Lotter, 

2003; 2005; Gathorne-Hardy et al, 2007). In these case studies discrimination between the 

effects of human impact and climate was possible. For this purpose, the use of historical climatic 

data and analysis of supplemental paleolimnological proxies can be key in ascertaining the 

importance of local drivers vs. regional climatic influences (Jeppesen et al, 2014). Overall, the 

potential to discriminate between climatic and human influences on chironomid assemblages is 

more likely to benefit from a qualitative, site-specific, autecological and multi-proxy approach to 

paleolimnological reconstructions (see Brodersen and Quinlan, 2006; Velle et al, 2010; Brooks et 

al, 2012). This is particularly applicable if climatic records and land-use information (either 

documentary or pollen-based) are available and collated with sub-fossil data, allowing us to tease 

apart the influence of each. Evaluating the effects of climatic and cultural controls on chironomid 

assemblages is a central research goal of this investigation (See Section 1.5.3).   

1.4.8 Loss-on-ignition (%)  

Loss-on-ignition (%) is a widely implemented indicator reflective of carbonate and mineral 

content (and hence the proportion of OM) in sequential core analysis (Dean, 1974; Heiri et al, 

2001). Given its basic and inexpensive nature, LOI (%) is a common method to determine 

organic matter content in paleoecological studies. While its application is straightforward, its 

interpretation can be at times complicated with fluctuations in percentage values determined by 
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variations in either organic matter and mineral fractions or a combination of the two (Birks and 

Birks, 2006). In turn, supply of organic and mineral matter can be governed by autochthonous 

(e.g., productivity) and allochthonous (e.g., catchment in-wash) processes complicating LOI (%) 

interpretations further, particularly those deriving from a single lake core (Shuman, 2003). 

However, LOI (%) values are generally considered along with additional indicators which can 

help elucidate the nature of its fluctuations.   

1.5 Central research goals 

After consideration of the aims/objectives of this investigation and an underlying theoretical 

account of its different components, the following main research goals are outlined: 

1.5.1 Identify key features of the palynological record of a large lake system and evaluate 

its capacity in reconstructing past cultural landscape change. 

This is partly based on the shortage of Irish pollen datasets from large lake systems. With noted 

exceptions (e.g., Lough Neagh), an overview of the Irish Pollen Site Database (IPOL) (Mitchell 

et al, 2013) demonstrates the scarcity of pollen analysis in lake systems with a large surface (> 3 

km2) which focus on reconstructions of cultural activity during the latter part of the Holocene. 

This is perhaps not surprising if established theoretical guidelines and understanding of pollen 

provenance and transport are taken into account, i.e., local (NAP) pollen will be abundant in 

systems with a small basin while larger systems will tend to incorporate more regional (AP) 

pollen (Sugita, 2007ab; Hellman et al, 2009). Palynologists concerned with reconstructing 

anthropogenic impacts on vegetation structure and inferring agricultural activity will tend to 

prefer a pollen site with a small basin which is reflective of the local vegetation. This is certainly 

applicable to Irish palynology showing a clear preference for “local” pollen sites. This may also 

stem from technical limitations as the equipment necessary to retrieve sediment sequences from 

deep and large lakes is often inaccessible. This is, however, unfortunate as systems with a large 

basin will also incorporate local NAP which can be used to infer human-mediated changes in 

vegetational structure (Broström et al, 2005, Hellman et al, 2007; Sjögren et al, 2015). Evidently, 

selective exclusion of pollen sites on a basin-size basis limits the spatial extent of the 

palynological record while also precluding new insights into vegetational change in areas of 

potential interest. Large lake systems such as L. Muckno fall into this category with no 

neighboring pollen datasets and located in a unique physical setting. Much of the recent literature 
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on pollen analysis from large lake systems focuses on a large scale multi-system approach 

towards vegetation reconstruction (Bunting, 2004; Sugita 2007a; Hellman et al, 2007; Gaillard et 

al, 2010). Indeed, this is very informative and highly applicable in its own right, but information 

on palynological reconstructions based on single systems, its potential advantages and/or 

limitations, is rarely highlighted. The formulation of this question is therefore intended to 

explore the characterizing features of the pollen record of this large lake system, its suitability in 

reconstructing cultural landscape change and potential for application in future paleolimnological 

reconstructions.   

1.5.2 Gain insights into the applicability of macrofossil, aquatic pollen (developed in situ), 

NPPs indicators and LOI (%) values in inferring past environmental conditions. 

This is aimed at deriving a discussion on a central theme of this investigation, that is, the 

applicability, suitability and potential limitations of different components of the multi-proxy 

approach implemented. Additional research goals exclusively deal with intricacies of pollen and 

chironomid sub-fossil analysis and interpretation, representing the two main indicators used in 

this investigation. However, as indicated above, a range of supplementary indicators were also 

incorporated into paleolimnological analysis. Based on provenance (ex situ vs. in situ), and 

concurrently different paleo-indicator potential, it is deemed useful to make a distinction 

between terrestrial pollen/spores (Section 1.5.1) and those originating from aquatic plants.   

1.5.3 Identify the extent of human influence as a driver of chironomid community 

composition throughout the Mid-Late Holocene. 

The spatio-temporal argument provided by Brodersen and Quinlan (2006) in terms of 

environmental “forcing” and ensuing midge assemblage response is highly applicable to this 

investigation and is addressed under this heading. Here, an evaluation of chironomid community 

change within a long-term (millennial) and short-term (last c. 200 years) timeframe is attainable. 

Similarly, attempts to assess the effects of “regional” vs. “local” factors are possible through the 

analysis of instrumental air temperature and other climatic records (last c. 200 years) alongside 

both pollen-inferred and documentary evidence of landscape change, agricultural activity and 

lake ecological state. This research goal is of upmost relevance considering the recent expansion 

of chironomid-based paleoecological investigations.  
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Until recently chironomid-based paleoecological research in Ireland was absent. The results 

presented by Ruiz et al. (2006) provided the first (published) insights on the application of 

chironomid sub-fossils into reconstructing past human activity within an archaeological context. 

This was based on a chironomid autecological approach linking individual taxa response to 

inferred human activity and events at a lake archaeological site. In terms of contemporary 

ecological data, there are two main chironomid datasets along geographical/environmental 

gradients attempting to identify the main external (e.g., climate, landscape type) and internal 

(i.e., in-lake variables) controls on lake midge community composition (Free et al, 2006; Potito 

et al, 2014). Free et al. (2006) provide a (low taxonomic resolution) overview of the chironomid 

community of 93 Irish lakes in the context of the Water Framework Directive (WFD) and 

establishment of reference conditions. The results emphasize the importance of variables related 

to hypolimnetic oxygen availability (e.g., depth and lake bathymetry) and trophic status in 

determining chironomid taxa structure. Aiming to construct a surface calibration set on western 

Ireland, Potito et al. (2014) present chironomid sub-fossil data from 50 low-impacted lakes. 

Here, agricultural land-cover and mean July air temperature (°C) were identified as the most 

important variables explaining chironomid community composition. With a similar scope to Ruiz 

et al. (2006), Irish paleolimnological reconstructions have been mostly confined to prehistorical 

settings attempting to link chironomid response to prehistoric farming and other anthropogenic 

activity (Taylor et al, 2013; 2016; 2017). These investigations highlight the importance of 

palynological (NAPp) and geochemical (15N) variables related to farming activity in explaining 

chironomid community structure. The results presented by McKeown and Potito (2016) 

represent the only Irish chironomid paleolimnological dataset spanning the recent past (last c. 

200 years). This investigation aimed to reconstruct summer air temperature based on chironomid 

sub-fossil assemblages from relatively low-impacted lakes in western Ireland. However, in these 

low-impacted settings, air temperature reconstructions were constrained by anthropogenic 

influence on the landscape and ecological status of the lakes. This investigation was also limited 

by both a low sampling resolution and lack of palynological/documentary evidence enabling apt 

consideration of human activity and landscape processes. Overall, the evidence available in an 

Irish context indicates a strong association between chironomid community structure and the 

influence on lake ecological state by human activity and historical land-use patterns. However, 

as demonstrated by Potito et al. (2014) air temperature can still be a determinant factor for 
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chironomids at low-impacted sites. With this background, this research goal seeks to measure the 

extent of human influence on the landscape as a distinguishable factor influencing chironomid 

assemblages in L. Muckno.     

1.5.4 Explore the potential applications of “intra-lake” (spatial) characterizations of 

chironomid sub-fossil distribution. More specifically, how applicable is an intra-lake 

dataset in: (i) identifying the importance of water depth in accordance to chironomid taxa 

autecological traits. (ii) Providing insights into contemporary lake ecological conditions. 

(iii) Enhancing and supporting paleolimnological reconstructions.   

The recent focus of chironomid research in the analysis of modern “within-lake” chironomid 

distribution is based on its various potential applications. These range from spatial analysis of 

lake properties and environmental stressors (e.g., Cao et al, 2012) to considerations of sub-fossil 

taphonomy and potential to amplify paleoecological reconstructions (Holmes et al, 2009; van 

Hardenbroek et al, 2011; Engels and Cwynar, 2011; Zhang et al, 2013). As indicated in Section 

1.4.7, water depth is a key factor influencing chironomid larva distribution in lake systems and 

accordingly intra-lake datasets have been developed in order to attempt to quantitatively 

reconstruct past water depth (e.g., Kurek and Cwynar, 2009ab; Luoto, 2010). Intra-lake datasets 

can also help in identifying key chironomid autecological traits necessary for the improvement of 

bio-monitoring schemes and paleoecological reconstructions (Engels and Cwynar, 2011; Serra et 

al, 2016). Paleolimnological investigations, including those aiming to gain insights into 

“reference” conditions, are often based a single-core approach, i.e., analysis of a sediment core 

obtained from the deepest part of a lake’s basin. This is based on the basic paleolimnological 

principle that such samples are representative of overall lake conditions (Birks and Birks, 2006). 

However, this is not always applicable as core representativeness can certainly vary among lakes 

(e.g., Luoto, 2010; van Hardenbroek et al, 2011). In conjunction with paleoecological data, intra-

lake analysis can help in the assessment of core representativeness and aid in contextualizing the 

modern lake environment with respect to past conditions. The intra-lake approach is yet to be 

implemented in the Irish Ecoregion with all lake-based chironomid research (either modern or 

paleoecological) based on a single sample from the deepest basin of lake systems (e.g., Free et al, 

2006; Potito et al, 2014; Taylor et al, 2017).  
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Chapter 2 – 

 

Physical – Historical Setting, Materials and Methods 

2.1 Physical Setting 

Lough Muckno (54°06'56''N, 6°4'43''W) (Figures 2-1, 2-2 and 2-3), is a large lake system (3.57 

km2; 86 m a.s.l.) located next to the modern town of Castleblayney and its environs which border 

the south-east shore of the lake (Figure 2-4). The lake is situated in Co. Monaghan and is part of 

the Neagh Bann International River Basin District. Accordingly, the system has a transnational 

catchment area with its northern portion extending into Co. Armagh, Northern Ireland, UK 

(Figure 2-2). The lake is composed of 3 main basins joined by narrow channels, it has an average 

depth of 5.4 m and a maximum depth of 30 m in the easternmost basin. L. Muckno has an 

estimated shoreline length of 26.3 km, and is fed by 6 main fluvial inputs draining an extensive 

catchment area (c. 109.08 km2). The catchment area of the lake as shown in Figure 2-2 was 

delineated using the Hydrology Toolset in ArcGIS and is based on a (raster) digital elevation 

model (DEM) and lake tributary vector data. Close correspondence with previous estimates 

based on elevation (cf. Horkan and Toner, 1984) suggest the GIS method implemented is 

precise. The system has a single outlet in the easternmost basin which forms the River 

Clarebane/Fane eventually discharging eastwards into the Irish Sea at Dundalk, Co. Louth. The 

lake appears to be monomictic with water layers stratifying during summer months (May to 

October) and mixing during winter (November to May) (Horkan and Toner, 1984). L. Muckno is 

classified as a lake type 8 (20-100 mg/l CaCo3; depth > 4m; area > 50 ha) under EPA typology 

(EPA, 2011). Key lake parameters are summarized in Table 2-1.  

The geology of the area is primarily composed of Silurian quartzite (97% of catchment area 

extent; Irvine et al, 2001) overlain by sandstone and shale till. Topsoil layers consist of a 

combination of poorly drained gleys, brown podzolic earths and lithosols. L. Muckno and its 

catchment area are situated within the Irish inter-drumlin setting (Figures 2-1 and 2-5). The 

drumlin belt comprises a significant portion of North-Central Ireland extending eastwards from 

counties Donegal, Sligo and Mayo to Fermanagh, Roscommon, Leitrim, Cavan, Monaghan, 

Tyrone, Armagh and Down (Figure 2-1). This geological feature is the product of glaciations and 

deposition of glacial drift sheets molding the landscape into recurrent low-laying  
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Figure 2-1. Location of L. Muckno and the study area in relation to Ireland. The approximate 

extent of the drumlin belt is shaded gray and the location of the Armagh Observatory is also 

shown.  
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Figure 2-2. L. Muckno and its catchment area (defined with dashed red line) including the UK-

Ireland border (solid brown line) and simplified hydrology of the area. 
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Figure 2-3. Satetllite image of L. Muckno catchment area including main water bodies.  
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Figure 2-4. Satellite image of L. Muckno and its environs. Castleblayney is situated towards the 

northwestern shore of the lake. 
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Figure 2-5. Local topography in contours (above) and base terrain (below). Line contours (m 

a.s.l.) (above) depict the drumlin topography characterizing most of the catchment area of the 

lake. The coring location at 15 m depth is also included (). 
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Table 2-1. Key physico-chemical parameters from L. Muckno. a following EPA lake typology. b 

based on the observations made by Horkan and Toner (1984). 

 

Location 54°06'56''N, 6°4'43''W 

Surface Area 3.5 km2 

Catchment Area 109.03 km2 

Altitude 86 m a.s.l. 

Depth (mean; maximum) 5.4; 30 (m) 

Shoreline Length 26.3 km  

Alkalinitya Moderate (20-100 mg/l CaCO3) 

Mixing Regimeb Monomictic   

Geology  Silurian Quartize  
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ovoid hills composed of glacial till (drumlins) (Aalen et al, 1997). This provides an undulating 

and often erratic topographical setting in the catchment area of the lake (Figure 2-5). Drumlin 

slopes often merge with lake margins and inter-drumlin hollows are common in areas where hills 

are more sparsely distributed. Raised bogs are sometimes present in low-lying areas.  

Drumlin soils tend to be characterized by a shallow topsoil layer (7-50 cm depth) overlaying a 

heavy textured (structureless) impervious clay (Burke et al, 1974). These soils have a reduced 

capacity of transferring water vertically and have a shallow water table. They have very low 

hydraulic conductivity values (Ksat) (as low as c. 10-5 mm/day) in contrast to loamy soils (c. 0.1 

– 100 mm/day) and sandy soils (c. 105 mm/day) (Collins, 2016). In drumlin settings the soil 

matrix is rapidly saturated during rainfall events and surplus water is efficiently transported as 

overland flow (Doody et al, 2012). The soils remain waterlogged throughout the winter, with 

permanent saturation reported below 20 cm, and only dry to a significant amount following 

spring if evapotranspiration is higher than rainfall (Jordan and Rippey, 2003). Overall, a 

combination of poorly permeable soils and a steep topography result in the characteristic 

flashiness of inter-drumlin catchments (cf. Jordan et al, 2002; Schulte et al, 2006; Doody et al, 

2010; O’Dwyer et al, 2013).   

Today, the catchment area of the lake is dominated by pastoral agriculture at varying degrees of 

intensity (Figure 2-6). It predominantly consists of cattle grazing and sheep rearing. L. Muckno 

is one of only two Areas of Primary Amenity in Co. Monaghan and a proposed Natural Heritage 

Area. The lake is considered to be an essential asset for local tourism development (MCC, 2007). 

A number of recreational areas have been established around the lake including an extensive golf 

course on the southern shore and a hiking trail in a wooded area in the north-east (Figure 2-6). 

The lake is very popular among anglers with good stocks of bream, rudd, tench, perch, pike, and 

a number hybrids, several being introduced species (CRFB, 2009). L. Muckno is also used as a 

source of domestic water supply with three water abstraction points downstream of the system at 

Lough Ross (3 km), Inniskeen on the River Fane (16 km), and at Stephentown in Co. Louth (26 

km). 

2.2 Archaeological Background 

Given the long-term scope of this project it is fundamental to provide a detailed review of 

archaeological features at the catchment scale and those relevant at a wider regional scale. It is  
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Figure 2-6. L. Muckno at the catchment scale including CORINE 2012 Land Cover Data (Lydon 

and Smith, 2014) and simplified hydrology. The land cover category Agriculture/Vegetation 

refers to mixed agricultural land and natural vegetation. 
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important to highlight that archaeological research has been very limited in Co. Monaghan and 

surrounding counties. Ó Drisceoil et al. (2014) indicate this has resulted in remarkably fewer 

archaeological records in contrast to other parts of Ireland. Only a limited number of 

archaeological excavations have been carried out in the region, mainly as a consequence of the 

lack of modern infrastructural development which has characterized other parts of the island in 

the last two decades. The exception are excavations associated with the N2 Carrickmacross 

bypass (south of Castleblayney) which provided some archaeological insights dating from the 

Neolithic, Bronze Age and Medieval periods. Even so, the amount of archaeological records 

from the surroundings of L. Muckno is still relatively small (Niall Roycroft, National Roads 

Authority, pers. comm.). 

Nevertheless, the large catchment area of the lake has a diverse archeological inventory 

comprising a range of cultural periods which was compiled with the use of GIS tools. The final 

product incorporates the relevant spatial inventory of both the Archaeological Survey of Ireland 

(ASI) Sites and Monuments Records (SMR) as well as the Northern Ireland Sites and 

Monuments Records (NIRMR). This approach allows for the integration of the entire 

archaeological inventory across the transnational catchment area. These have been collated with 

recent archeological findings by McGonigle (2012) and one record described by Coote (1801) 

which is no longer in existence. All archaeological records presented pre-date 1700 CE.  

The archeological features within the relevant area (Figures 2-7 and 2-8) were then categorized 

into distinct cultural periods. There are no reported Mesolithic records within the catchment area 

of the lake. Neolithic records primarily consist of unclassified (i.e., no type-specific information 

provided) megalithic tombs (n=15), followed by court tombs (n=9), portal tombs (n=2) and 

wedge tombs (n=1). An Early Bronze Age lake settlement was uncovered 5.3 km northeast of 

the lake at Cullyhanna, consisting of a circular house and two hearths enclosed by a wooden 

enclosure (Hodges, 1958). The structures on the settlement were found to be mainly composed of 

oak. Radiocarbon analysis on timber obtained from the palisade provided dates of 3475 ± 75 BP 

(c. 1800 BCE) and 3305 ± 50 BP (c. 1580 BCE) (Smith et al, 1973). Seven fulachta fia (burnt-

mounds) along with lithic finds, prehistoric pottery and cooking pits have been uncovered in the 

area (Halpin, 2008; McGonigle, 2012). Five of these were uncovered in a cluster located on a 

former island within the lake c. 300 m southwest of the coring location (Figure 2-8). Fulacht fia  
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Figure 2-7. L. Muckno at the catchment scale including the local to wider archaeological inventory. The 

legend highlights the cultural period classification assigned to each archaeological record in the area. The 

annotation is used to differentiate among archaeological records including specific sites. Unclassified 

Neolithic tombs are shown with a “▲” symbol. Individual ringforts (including univallate, bivallate, and 

cashel-type) are also illustrated using the “●” symbol. The large multivallate Lisleitrim Fort is shown 

separately. No further discrimination is made among the remainder of records with an “Uncertain” 

classification shown with a “✱” symbol.  
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Figure 2-8. Local archaeological features and topography (m a.s.l.). The coring location at 15 m 

depth is also included (). 
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are predominantly Bronze Age features, with 14C evidence suggesting two main periods of 

proliferation in the Irish landscape between c. 1700 – 1300 BCE. and c. 1000 – 800 BCE (Ó 

Néill, 2003). Archaeological records from the historic period (i.e., post- 400 CE) are prevalent in 

the area, the most prominent feature being ringforts (raths) (n=113), enclosed farmsteads 

thought to be characteristic of Early Historic open landscapes (McCormick, 2014). 14C evidence 

suggests a main period of construction and primary occupation of ringforts from c. 600 – 850 CE 

(Kerr, 2009). The majority of ringforts in the area have been classified as univallate. One large 

multivallate ringfort, Lisleitrim Fort, which also encompasses a souterrain, is located 4 km 

northeast of the lake. Souterrains (n=18) represent underground refuges and/or escape routes 

primarily implemented within c. 750 – 1250 CE (Clinton, 2001), often as secondary additions to 

“multiphase” ringforts postdating the construction of the original farmstead (O’Sullivan et al, 

2010). A number of crannógs (farmsteads built on artificial islands) (n=13) are present in 

adjacent lakes with a main phase of construction concentrated in the late sixth to early seventh 

century CE (Kerr, 2009). The remains of the Early Christian (c. 700 CE) Muckno Monastery are 

located on the northern shore of the lake. A structure north of the coring location catalogued as 

an “ancient fortification” during an early survey of the area (Coote, 1801) has been suggested to 

be part of an expansion of monastic activity in the area following c. 1100 CE (Ó Dufaigh, 2011). 

Two linear earthworks located southeast of the lake were originally interpreted as part of a series 

of Iron Age earthworks running across the north midlands collectively known as the Black Pig’s 

Dyke (Kane 1909; Davies, 1955). However, a recent attempt at re-evaluating these features (see 

Ó Drisceoil et al, 2014) has led to suggestions that they may be instead associated with other 

cultural periods (e.g., Neolithic). However, this assessment is only based on previous site 

descriptions and recently acquired LiDAR data. Local excavations and acquisition of 

radiocarbon evidence are necessary to classify the two features into appropriate cultural periods. 

Available 14C and dendrochronological evidence suggests an Iron Age origin for several sections 

of features related to the Black Pig’s Dyke, with dates from the closest section, The Dorsey, Co. 

Armagh (Figure 2-9), located c. 9 km west of L. Muckno, ranging from the fourth century BCE 

to the first century CE (Ó Drisceoil et al, 2014). A section located in County Monaghan at 

Aghareagh West (Figure 2-9) was possibly constructed somewhere between the fourth century 

BCE and the second century CE (Walsh, 1987). One additional regional archaeological feature is 

the Navan archaeological complex, located 20 km north of L. Muckno (Figure 2-9). Originally  
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Figure 2-9. The location of relevant archaeological features outside the range of Figure 2-7. 

These are shown with a “▲” symbol and include the Navan Complex and Iron Age sites 

Aghareagh West and The Dorsey. 
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known as Emain Macha, this was a site of considerable importance during the Irish Bronze Age 

and Iron Age serving as both a domestic and ritual gathering center (Lynn, 2008).  

A range of additional features with uncertain origin, including barrows, cairns, cists and hut sites, 

but falling under the prehistoric category (i.e., pre- 400 CE), constitute the remainder of the local 

archeological inventory. Overall, the archaeological record reflects a prolonged history of human 

activity stretching back to the Neolithic, but intensifying following the Early Historic (or Early 

Christian) period. 

2.3 Historical Past  

Little information is available from the area previous to the Ulster Plantation period (c. 1600 

CE). The local area was previously known as Baile na lorgan often translated as “the town of the 

long low ridge” and the Lake was known as Loch Echtrann (Locha Echtrand) which features in 

the Ulster Cycle sagas as a distinct geographical feature (Ó Dufaigh, 2011). The area was 

primarily recognized for being the location of Muckno Monastery (Livingstone, 1980; Ó 

Dufaigh, 2011). Laverty (1907) and later Doinnshléibhe (1957) argued that before the 

establishment of the modern market town structure an ancient Irish settlement was present in the 

area. The local monastery is a recurrent topic in a series of Medieval documents collectively 

known as the “Irish Annals”. These are historical chronologies consisting of yearly annotated 

events compiled in Irish monastic settings. Many of these were accessed through the Corpus of 

Electronic Texts (CELT) engine of University College Cork while additional input, including 

issues with chronological standardization, was provided by Dan McCarthy (Trinity College 

Dublin). Much of the information available relates to ecclesiastical appointments and local 

figures. However, a period of local turmoil is recorded in a range of different annals (e.g., 

O’Donovan, 1848; Hennesy, 1866, 1887). The annotations describe a number of consecutive 

“sacking” events involving Vikings between 832-1110 CE. From the information provided this is 

hypothesized to be associated with the local presence of Muckno Monastery, but it is a 

possibility that these events involved the wider area and populace. Ó Dufaigh (2011) considers 

annotations in the Annals of Ulster dating to c. 828 CE (see Kelly, 1997) as indicative of the 

connectivity of L. Muckno with the Irish Sea at the time. This may represent the first historical 

account of the River Fane discharging into Dundalk Bay.  
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Much of the area surrounding the lake was formerly part of a plantation estate from the 17th to 

20th centuries. Following the events of the Nine Year’s War (1594-1603 CE) and the English 

conquest of Ulster, the local area was forfeited from local chieftains and granted to Baron 

Edward Blayney in 1611 (Carville and Duffy, 2014). The Blayney family eventually established 

an estate surrounding the lake and leased substantial portions of land which were gradually 

improved until the 20th century (Livingstone, 1980). The modern market town structure of 

Castleblayney has its roots in the 19th century through a series of reforms put forward by Andrew 

Blayney, 11th Baron Blayney (Mulligan, 2013).   

2.4 Recent Agricultural Change 

The last c. 100 years have been of key importance in terms of local modernization of the 

agricultural economy and landscape change. This derives from a number of modifications in 

regional to local agriculture practices driven by economic conditions and policy-oriented 

agricultural reforms/schemes adopted at the national scale (see Crotty, 1966; Bell and Watson, 

2008; Sheridan, 2016). Many of these were aimed at modernizing the Irish agricultural industry 

by providing farm subsidies and grants to enhance production and encourage output through use 

of agri-chemicals and farm machinery (Crowley et al, 2008). Land reclamation of bogland for 

grazing including drainage was commonplace in Ireland from the early 20th century (Hall, 2011). 

Local evidence of lower lake levels in smaller lakes within the catchment is discernable from 

historical mapping and satellite imagery (Figure 2-10). This is particularly noticeable in exposed 

(former) litorals in the satellite image. However, based historical mapping there are no noticeable 

changes in the lake environment itself within the last c. 200 years.  

In the early 1950s there was a government drive to improve grassland fertility and livestock 

production by providing subsidies for inorganic fertilizers (Sheridan, 2016). Of particular 

relevance is Ireland’s ascension into the European Economic Community (EEC) in 1973 

adopting the Common Agricultural Policy (CAP) which revolutionized Irish agriculture by 

providing market preferential treatment and wider access to resources to improve the farming 

industry. EEC direct payment schemes such as milk super-levy and mil quotas (1984) led to 

increases in sheep and sucker cow numbers. Similarly, the Ewe Premiun led to increased sheep 

stocking rates in the 1980s (Hickie, 1999). By the early 1970s fertilizer application at the  
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Figure 2-10. Comparison of historical mapping (Ordnance Survey Historic Map 25 Inch – 1888-

1913) (above) and latest satellite imagery (below). The highlighted area in the two maps shows 

distinct changes in water levels in smaller lakes.  
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national level peaked (c. 90,000 t/yr) with a linear build-up in agricultural soil P from 1950 – 

1990 (Tunney et al, 2003). Spreading of livestock organic waste (slurry) onto agricultural land, a 

locally pervasive farming practice aimed at integrating waste management and nutrient 

recycling, increased along with farming modernization (Stapleton, 1996; Holden et al, 2004). 

Nutrient balances at the field-scale are dictated by soil matrix inputs (e.g., P fertilizer, manures, 

atmospheric deposition) and outputs (e.g., crops, meat and dairy, water/wind loss) (Otabbong et 

al, 1997). From 1950 – 1990, increased soil P resulted from higher inputs of mineral fertilizers 

and organic manures in contrast to animal and crop removal (Tunney et al, 2003). This “excess” 

P in soils was then established as a key factor in P losses from agriculture to water (Doody et al, 

2012). In contrast to N, P often has limited mobility in a soil matrix, readily accumulating in 

topsoil, with overland flow being one of the main pathways responsible for soil P losses (Schulte 

et al, 2006). These changes in the local catchment area are reflected through the compilation of 

land-use statistics (see Chapter 4).   

More recently a shift in policy has emphasized mitigation of farming impacts on the 

environment, with the EU Nitrates Directive of 1991 (Anon, 1991) leading to a series of 

measures intended to limit agricultural nutrient losses into water bodies. These include schemes 

such as Decision Support Tools (DSTs) aimed to control slurry spreading based on the estimates 

of the occurrence of overland flow, soil parameter response (e.g., saturation) and field-system 

capacity (Doody et al, 2010). Organic waste management strategies were adopted in the 

catchment area of L. Muckno in the early 1990s (Stapleton, 1996) and initiatives promoting 

efficient P fertilizer usage led to a reduction in application rates in Ireland of c. 30% from 1995 – 

2001 (Power et al, 2005) and 60% from 1995 – 2008 at the Irish scale (Lalor et al, 2010).  

2.5 Lake Monitoring and Previous Investigations  

Eutrophication in the lake was observed during initial surveys in the 1970s (An Foras Forbartha, 

1973; Flanagan and Toner, 1975). Anoxic conditions in the hypolimnion and presence of nuisance 

algal blooms have been observed frequently since the 1970s. Sewage discharged from 

Castleblayney was considered to be an important point source of phosphorous (P) entering the lake 

(Horkan and Toner, 1984). A Waste Water Treatment Plant (WWTP) providing secondary 

treatment with nutrient removal and with a design load of 12960 population equivalent (P.E.) (with 

a current load of 5600 P.E.) was built in Castleblayney in 1983. Effluent from the WWTP  
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Figure 2-11. Zoomed view of the western basin of L. Muckno including coring location at 15 m 

depth () and effluent of Castleblayney WWTP (●). 
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discharges directly to L. Muckno via a small stream (Figure 2-11). Eutrophic conditions have 

endured after the implementation of the WWTP as indicated by monitoring data (Toner et al, 2005, 

Clabby et al, 2008). L. Muckno has been designated as a nutrient “sensitive” water body and the 

lake is considered to be at risk of not achieving “good” status by the year 2015 in the context of 

the WFD and an extension was granted until 2021. Progressive deterioration of water quality in a 

number of lake inflows during the last decade (Smith, 2012) highlights the role of agricultural 

diffuse pollution in the enrichment process. Routine monitoring since 1972 provides a 

documentary record of physico-chemical and biological parameters, trophic state and lake 

ecological status classifications. This is particularly the case after implementation of WFD 

guidelines at the Irish scale (post-2000).  

Previous paleolimnological investigations on L. Muckno comprise exploratory exchangeable P 

and pigment analyses on a short sediment core obtained from the western basin of the lake in 

1978 (Douglas et al, 1978). No geochronological constraint was available for the sediment 

sequence with pigment results indicating a spike in nutrient enrichment concentrated in the upper 

25 cm with fluctuations in exchangeable P (20 cm depth) attributed to sedimentary P release 

under periods of anoxia. At the time, the results were considered to be indicative of a relatively 

“recent” onset of eutrophication. Paleolimnological analysis were carried out at Milltown Lake 

(Carson et al, 2014), located just 1.6 km north of L. Muckno (Figure 2-2) and within the 

catchment area of the lake. This involved analysis of fossil pigments, sedimentary TP, and 

estimates of nutrient loading, with results indicating progressive eutrophication from c. 1970 – 

2002 CE followed by a degree of improvement in lake status until 2008.  

2.6 Methodology 

This section provides a general account of material and methods pertaining to this investigation. 

Following a self-contained approach, the information provided here will be further elaborated 

and put into context in the corresponding methodology sections of chapters 3-5. 

2.6.1 Main core extraction 

The lake coring expedition took place during June 2013. Parallel sediment cores (LM I and II) 

were obtained from the deepest part of the western basin of the lake at a water depth of 15 m 
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(Figures 2-5, 2-8 and 2-10). The cores measured a total of c. 12 m in length with the top c. 9.5 m 

composed of lake sediment and the lower c. 2.5 m consisting of glacial clay.  

A Usinger piston corer (Mingram et al, 2007) was used for core extraction (see Supplementary 

Figures (2-) 1-5). The corer consists of a rod-operated high-precision raft (coring platform) 

system allowing continuous retrieval and extrusion of core tubes 80 mm in diameter and 2 m 

(adaptable to 1 m) long. The coring system belongs to the stationary-piston corer group and is 

essentially a modified version of a Livingstone corer facilitating core extraction at considerable 

depths (> 100 m). It is particularly suitable for obtaining high integrity cores from water-

saturated soft sediments including organic muds, clay and silty muds (see Bingham, 2011 for a 

detailed analysis of the different components). Once the platform was anchored at the designated 

coring location and secured, sediment cores were extracted in successive 2 m drives. Core 

segments were extruded in the field and were then split in half in the field using a metal string. 

Preliminary notes were made in the field. The split-half cores were secured in heavy duty 

polythene bags and transported to the facilities of the Palaeoenvironmental Research Unit (PRU). 

Following surface cleaning of the split halves, the stratigraphy was recorded. The split half-cores 

were then stored in a cold room in the facilities of the PRU awaiting further analysis.   

All paleolimnological analysis and the data presented in this investigation pertain to core LM-II 

which provided enough material for the investigation. Considering the human-centric approach 

of this investigation the sampling spectrum and all analysis focused on the top c. 7.5 m of the 

core which was determined to include all relevant cultural periods (post-Mesolithic). The coring 

location in the western basin of the lake was chosen considering two main aspects: (i) proximity 

to both key archeological features, including the remains of Muckno Monastery and local cluster 

of Fulachta fia, and (ii) proximity to Castleblayney which was expected to aid in the evaluation 

of the effects of point-source control on the lake system and historical levels of eutrophication. 

Historically, monitoring efforts have focused on the western basin of the lake due to the 

proximity of Castleblayney. Hence, available water quality data (Section 2.5) is expected to be 

reflective of conditions in this particular basin.  

2.6.2 Transect surface samples 

36 surface sediment samples were taken using a messenger-operated Glew gravity corer (Glew, 

1991) during July 2015. The depth-based (Figure 2-12) sampling design is shown in Figure 2-13.  
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Figure 2-12. Bathymetry of the western basin of L. Muckno including coring location () and 

effluent of Castleblayney WWTP (●). Depth contour lines follow intervals of 3, 6, 9 and 15 m.  
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Figure 2-13.  Surface sampling design including transects A, B and C and their corresponding 

stations in the western basin of L. Muckno. Lake bathymetry is based on Horkan and Toner 

(1984) and follows intervals of 3, 6, 9 and 15 m. LM-II core location at 15 m depth (), effluent 

of Castleblayney WWTP () and topography (m a.s.l.) are also included. 

 

 

 



71 
 

The transects follow bathymetry with station location based on depth measurements taken in the 

field. The aim here was to have a representative spatial coverage of the western basin of the lake 

inclusive of vertical (water depth) variation. The top 2 cm sediment of each core was retrieved, 

placed on polythene bags and transported to PRU facilities for further analysis.  

2.6.3 Transect physico-chemical measurements  

A depth-sounder and a multi-parameter sensor (YSI Professional Plus 605790-x) were used to 

measure a range of parameters in each of the 36 transect stations. These include water depth (m), 

temperature (°C), conductivity (ppt), pH, dissolved oxygen (mg/l), nitrate (NO3) (mg/l). Both 

epilimnetic and hypolimnetic measurements were carried out. First, the sensor was lowered into 

the surface water layer for parameter recording. A messenger-operated water bottle was lowered 

to the lake bottom with the sensor placed inside the bottle for measurements once it was 

retrieved.  

2.6.4 Core stratigraphy  

The stratigraphy of LM-II was documented through visual description and use of photography. 

On initial inspection it became evident that due to the lack of outstanding features throughout the 

sediment sequence (relatively uniform brown lake mud), the application of a sediment 

classification/description scheme (e.g., Troels-Smith, 1955) was unnecessary. The brown lake 

mud was intercalated with sporadically occurring thin bands of lighter brown colour sediment. 

Additionally, the top c. 2.3 m of the core had a lighter brown colour than the remainder of the 

bottom 7.2 m.  

2.6.5 Chronology  

Sub-sampling for AMS 14C and 210Pb dating  

In order to obtain material suitable for AMS 14C dating, 8 sediment samples consisting of 2 cm-

thick slices of material were taken at different depths of the core and sieved using a 125 μm-

mesh sieve. Depth selection for radiocarbon material was based on information provided by 

preliminary pollen data (skeleton diagram) indicative of key changes in vegetational composition 

and catchment events. The material retained was examined using a Leica MZ125 

stereomicroscope with terrestrial macrofossils (fruits, plant remains and charcoal) submitted for 

14C dating at the 14CHRONO Centre, Queen’s University, Belfast, UK. Similarly, samples were 
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taken at regular intervals in the top 2 m of the core in order to establish a separate 210Pb 

chronology. A total of 25 samples were analyzed for 210Pb content by measuring the 210Pb decay 

product by isotope dilution alpha spectrometry aimed at deriving a radiometric age-depth model 

for the top section of the core. An even sampling interval of 10 cm was implemented from 240-1 

cm. 210Pb content was determined by MyCore Scientific Inc., Ontario, Canada.  

14C and 210Pb age-depth modelling  

Based on 14C and 210Pb results two main age-depth models were derived for this project. The aim 

was to establish a chronology throughout the c. 9.5 m of the sediment core, but focusing in the 

bottom (c. 712-284 cm) and upper sections (c. 240-1 cm), which comprise the two timeframes of 

key relevance for this investigation (i.e., distant and recent past). The details of the independent 

models are presented in their corresponding chapters. A combined 14C – 210Pb model is 

implemented in Chapter 3 allowing age-depth estimates from 712-284 cm. The age-depth model 

was produced using Bacon ver 2.2 Bayesian age-depth modelling software (Blaauw and 

Christen, 2011). It utilizes the IntCal13 radiocarbon age modelling curve (Reimer et al, 2013) 

and R was used as an interface. The dry-mass sediment accumulation rate (DMAR) per sample 

depth was calculated based on the dry sample fraction (see loss-on-ignition %; Section 2.6.10) 

and sediment accumulation (cm/yr) derived from the age-depth model. Due to 14C reversals in 

the upper section of the core (see Chapter 3), this age-depth model was constrained by the 

lowermost date of the 210Pb age-depth model which corresponds to the top section of the core. 

The radiometric 210Pb model is presented in Chapter 4 and provides a chronology from 192-1 

cm. The constant rate of supply (CRS) model (Appleby, 2013) was used to calculate age and 

sedimentation rates. The chronology presented in Chapter 5 incorporates the 210Pb and 14C 

models.  

Small sections of the core fell outside the range of 14C and 210Pb dating used in chapters 3-4 and 

therefore were not included in age-depth modelling. These comprise depths 744-712 cm for the 

age-depth model used in Chapter 3 (712-284 cm) and depths 220-192 cm of the one presented in 

Chapter 4 (192-1 cm). In these two cases, a linear extrapolation function was used to derive 

sample age-depths to these sections of the core. More information is provided in the respective 

chapters.  

2.6.6 Pollen analysis 
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Pollen analysis was carried out on a total of 195 samples. Sediment samples of 1 cm3, taken 

every 4 cm between 744-1 cm and 16 cm between 840-744 cm, were subject to pollen analysis. 

The results presented in Chapter 3 are restricted to depths 744-284 cm, i.e., those pertaining to 

the Mesolithic – Viking Age/Medieval periods. Those presented in Chapter 4, and representative 

of the recent past (c. last 200 years), include depths 220-1 cm. Part of the pollen-analytical 

dataset (curves of Poaceae, Plantago lanceolata, aquatics, NPPs) is also presented in Chapter 5 

(732-1 cm). Sample preparation followed standard methods implemented at the PRU (viz. Fᴁgri 

and Iversen, 1989):  

1. Preceding sample processing a marker suspension was made. The aim here is to add 

exotic spores of Lycopodium clavatum to samples prior to laboratory processing to 

facilitate calculation of pollen concentration (see Stockmarr, 1971). Two tablets (i.e., 

41696 spores) supplied by the Department of Geology, University of Lund (batch no. 

1031) were added to each sample. Tablets were treated using 10% HCL in enough 

quantity (approximately 5 ml) to ensure dissolution.  

2. Deflocculation and removal of humic acids involved sample treatment with 10% KOH 

(approx. 25 cm3) and heating on plates for 10 min. Samples were then sieved through a 

100 μm-mesh sieve with concentration achieved through centrifuging (4 min at 3200 revs 

min-1 as a standard). The supernatant was decanted and the procedure repeated until the 

sample was clear. The remaining material on the sieve was kept for posterior macrofossil 

analysis.  

3. Samples were then treated with a 60% HF solution and heated in a water bath for 30 min 

in order to remove mineral matter. Samples were then left to settle on the HF solution 

overnight. Centrifuging, decanting and washing with distilled water followed almost 

every single acid/solution treatment step. Treatment with HCl (i.e., carbonate removal) 

was omitted due to the lack of calcareous material owing to the predominance of 

quartzite as a catchment parent material. Samples were then dehydrated using glacial 

acetic acid to avoid acid reaction with water in the following step. This involved 

acetolysis treatment (acetic anhydride and sulphuric acid; ratio 9:1) in each sample and 

heating in water bath for 4 min. Acetolysis treatment aims to remove cellulose from 

samples and stain pollen grains to highlight exine features facilitating identification.  
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4. Following sample treatment, all samples were sieved (5 μm-mesh) in an ultrasonic bath 

in order to remove smaller particulate matter/debris. The remaining material constitutes 

the sample analyzed for pollen counts.   

5. Samples were mounted in glycerol and counted using a Leica DM 4000-B microscope 

fitted with x10 oculars with a x40 objective used for routine counting and phase-contrast 

x63 and x100 (oil immersion) used for detailed analysis of pollen grains. In order to 

avoid bias introduced from uneven grain distribution, counting followed evenly spaced 

traverses on pollen slides.  

Pollen and spore identification and nomenclature follow Birks (1973), Moore et al. (1991) and 

Beug (2004). The pollen reference collection at the PRU was regularly consulted. Pollen grains 

and spores were identified to the lowest taxonomic level possible. Where possible, Corylus and 

Myrica were differentiated. Rumex was separated into R. acetosa-type and R. acetosella-type. 

Certain pollen types are also often grouped into botanical ranks (e.g., Brassicaceae, Tubuliflorae, 

Fabaceae, Apiaceae) in diagrams produced for the sake of simplification. Cereal-type pollen was 

identified based on the guidelines provided by Beug (2004), but a minimum size criterion of 40 

μm instead of 37 μm was implemented for inclusion of grains into the cereal-type category, with 

differentiation of Secale-type (rye) pollen. Based on the length of the longest axis, cereal-type 

pollen was grouped into 40-44 μm, 45-49 μm and >50 μm categories (excluding Secale-type 

pollen). Identification of Isoetaceae microspores is based on size-frequency curves by Birks 

(1973) aimed at discriminating between Isoetes echinospora and Isoetes lacustris. Routine 

counting observations and measurement (longest diameter parallel to furrow excluding perine) of 

200 microspores divided equally among 10 samples suggest ample dominance of I. echinospora 

(average spore size = 27.4 μm). Even so, the possibility of Isoetaceae interspecific hybridization 

and taxonomic limitations among European taxa (cf. Preston and Croft, 1997) needs to be 

highlighted.  

NPPs identified and counted include sporopollenin cell wall remains of green algae 

(Chlorophyta) Pediastrum and Botryococcus, rotifer resting eggs (Filinia longiseta-type) and 

Pinus sylvestris stomata. Micro-charcoal (>37 μm) was also routinely counted in each sample. A 

minimum of 1000 total terrestrial pollen (TTP) and spores were counted in each sample. Pollen 

percentage and concentration calculations as well as diagrams were generated using CountPol 
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ver 3.3 a JAVA-based program in Windows PC environment (Ingo Feeser, unpublished). 

CountPol enables an output in graphic format which was then imported to CorelDraw ver 12 in 

order to be modified and refined (e.g., introduction of zone boundaries). Main pollen categories 

comprise arboreal pollen (AP) and non-arboreal pollen (NAP). The latter is divided into distinct 

ecological groups including tall shrubs, grassland/pastoral (NAPp), arable/disturbed, ferns, and 

bog/heath. Aquatic pollen/spore taxa were also grouped into a distinct category. Pollen 

Assemblages Zones (PAZs) and subzones were established manually by interpretation of 

percentage and concentration data. In contrast to the application of zonation techniques testing 

for statistical zone significance (e.g., Bennet, 1996), manual establishment of PAZs allows for 

marginal percentages to be taken into consideration. This is fundamental for the aims of this 

investigation where very small percentages and fluctuations in certain taxa (e.g., cereal-type 

pollen), not accountable through statistical zonation, can be of key importance in defining zone 

boundaries (e.g., introduction/disruption of arable farming). In terms of research foci this 

approach is commonly implemented in the PRU.  

Percentage values are based on TTP with the pollen sum (PS) excluding pollen and spores from 

aquatic taxa and NPPs. The following equation is used for the calculation of pollen percentage: 

 

𝑃𝑥 =  
𝐶𝑥

𝑃
 × 100 

 

Where:  Px = percentage representation of taxon x 

  Cx = the count for taxon x 

  P = pollen sum 

The percentage representation for taxa outside the pollen sum (such as aquatics) is as follow: 

 

𝑃𝑦 =  
𝐶𝑦

𝑃 + 𝑆𝑦
 × 100 

 

Where:  Py = percentage representation of taxon y 

  Cy = count for taxon y 

  P = pollen sum 
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  Sy = sum of taxa pertaining to that component (e.g., aquatics, NPPs)  

 

Concentration values (grains per cm3) were calculated as follows: 

 

𝑇𝑥 =  
𝐶𝑥 𝑇𝑚

𝐶𝑚
  

 

Where:  Tx = concentration of taxon x 

  Cx = count for taxon x 

  Tm = concentration of marker (L. clavatum spores) added 

  Cm = count of marker spores  

 

2.6.7 Macrofossil analysis  

The method implemented for macrofossil analysis follows the acquisition of material for 14C 

dating outlined in Section 2.4. Material identified included vegetative remains, insect remains, 

bryozoans, charcoal and mineral fractions. Specimen abundance was estimated based on a scale 

of “+” to “3”, where + = rare; 1 = occasional; 2 = frequent; 3 = abundant. Plant remains requiring 

taxonomic identification included mosses (based on Watson, 1981) and seeds (Beijerinck, 1976). 

However, the material encountered was extremely scarce providing no paleoecological 

interpretation value. The local lack of macrofossil remains encountered is attributed to the deep 

coring depth. Generally, shallow water cores are recommended given the importance of 

proximity to parent vegetation in terms of macrofossil transport and deposition (Birks, 2001; 

Birks and Birks, 2006).  

2.6.8 Chironomid analysis 

Chironomid sub-fossil analysis was carried out at different sampling resolutions on the main 

sediment core (LM-II). 56 samples were taken at 4 cm intervals from 220-1 cm and the results 

are presented in Chapter 4. 31 samples were taken at coarser 16 cm resolution in the remainder 

section of the core under investigation (732-236 cm). These, in conjunction with chironomid 

analysis in the 36 surface samples collected (Section 2.2), comprise the chironomid data 

presented in Chapter 5.  
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Chironomid head capsule sampling methodology follows the guidelines provided by Walker 

(2001): 

1. Sediment samples were deflocculated in 10% KOH (approx. 50 ml) for 30 min. 

Overall, sample size ranged from 1-20 ml depending on chironomid concentration.   

2. Samples were decanted and sieved through a 90 μm mesh with the aid of a squirting 

water bottle. Gentle use of a glass rod was necessary at times in order to help break 

down sediment conglomerates.  

3. Once most of the undesired material was washed away from the sample, the 

remaining material in the sieve was transferred and suspended in a Bogorov plankton 

counting tray. 

4. Samples were left to suspend for a minimum of 10 min allowing head capsules to 

settle. 

5. Head capsules were sorted using a Motic SMZ Series scope at 10-40 X magnification. 

Head capsules were retrieved using forceps and mounted on slides with Entellan® as 

a medium. 

6. A Motic B3 Professional Series microscope at 100-400 X magnification was then 

implemented to identify head capsules collected.  

Taxonomic identification was carried out to the lowest level attainable and is based on 

Wiederholm (1983), Rieradevall and Brooks (2001) and Brooks et al. (2007). A minimum 

number of 50 head capsules, or whole mentum equivalents (WME), were identified per sample 

to conform to statistical robustness standards (Larocque et al, 2001). This was achieved in all 

samples pertaining to core LM-II, but was not attainable in two transect surface samples 

collected at higher depths (sample stations 11b and 12b). The use of WME is convenient 

considering the tendency of chironomid head capsules to split into two. A split head capsule is 

counted as a half head (i.e., 1/2 WME of taxon x) with two halves then being representative of a 

whole specimen. Sub-fossils encountered consisting of less than a half head were discarded if no 

diagnostic features allowing identification were observed.  

Chironomid diagrams were generated using C2 ver 1.2. The diagrams are shown as relative 

(percentage) taxa abundance rather than absolute abundance in order to reduce bias introduced 
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by sedimentation rates and sediment focusing (Birks and Gordon, 1985). The percentage 

calculation is thus similar to pollen percentage calculation in Section 2.5:  

 

𝑃𝑥 =  
𝐶𝑥

𝑊
 × 100 

 

Where:  Px = percentage representation of taxon x 

  Cx = whole mentum equivalent count for taxon x 

  W = whole mentum equivalent sum 

 

An estimate of chironomid head capsule concentration (HCC) per sample was calculated as 

follows:  

 

𝑊𝑠 =  
𝑊

𝑆
 

Where:  Ws = concentration of whole mentum equivalent per ml of sediment  

  W = whole mentum equivalent in sample  

  S = ml of sediment   

 

For simplification certain taxa were grouped seeking to simplify datasets (e.g., Corynoneura, 

Rheocricotopus). The category Tanytarsus (undifferentiated) derives from the lack of taxonomic 

diagnostic features often characterizing sub-fossil remains of the genus (Brooks et al, 2007).  

Statistically significant Chironomid Assemblage Zones (CAZs) were established on taxa 

percentages by optimal splitting by sum-of-squares with the application of the broken stick 

model (BSTICK) (Bennett, 1996) using Psimpoll ver 4.27. Through variance reduction analysis 

this approach can be used to test the statistical significance of zones with a model of random 

distribution in an unstructured stratigraphy.  

2.6.9 Ordination analysis 

Principal Component Analysis (PCA) and Redundancy Analysis (RDA) were implemented in 

order to gain insights into potential associations between chironomid community structure and a 
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range of explanatory variables. Variables take the form of paleolimnological indicators (e.g., 

pollen percentages), physico-chemical measurements (see Section 2.3) or instrumental climatic 

records (see Section 2.6.12.2). Application of PCAs and RDAs correspond to the presentation of 

chironomid data in Chapters 4-5. In Chapter 5 Canonical Analysis (CA) is implemented to 

compare chironomid composition encountered in the long core (LM-II) and intra-lake datasets.  

2.6.10 Loss-on-ignition (%)  

Sediment samples (2 cm3) taken at a sample resolution of every 4 cm between 744-200 cm, and 1 

cm between 200-1 cm, were used to calculate LOI (%) in core LM-II. Similarly, 2 cm3 sediment 

samples obtained from the 36 surface stations was used to derive LOI (%). The method follows 

the guidelines of sequential heating outlined by Heiri et al. (2001). Samples were placed in pre-

weighted crucibles, weighed and dried for 24 hours at 105°C. Samples were then ashed for 4 

hours at 550°C and 2 hours at 950°C. The following equations were used to calculate LOI550 (%) 

and LOI950 (%) mass loss in each step. These are equivalent to the organic matter and inorganic 

carbon content of the sample, respectively.  

 

𝐿𝑂𝐼550 =
𝐷𝑊105 − 𝐷𝑊550

𝐷𝑊105
× 100 

 

Where:   LOI550  = Loss-on-ignition (%) at 550°C 

   DW105 = dry weight (g) before combustion 

   DW550 = dry weight (g) following 550°C combustion  

 

𝐿𝑂𝐼950 =
𝐷𝑊550 − 𝐷𝑊950

𝐷𝑊105
× 100 

 

Where:  LOI950  = Loss-on-ignition (%) at 950°C 

   DW550 = dry weight (g) after combustion of organic matter at 550°C 

   DW950 = dry weight (g) following 950°C combustion  

   DW105 = dry weight (g) before combustion 
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2.7 Documentary Evidence  

A range of documentary sources and statistical datasets were consulted with the goal of 

extracting and collating relevant information on lake and catchment (landscape) conditions as 

well as climatic variability. This is presented in different formats throughout Chapter 4 with the 

purpose of aiding in the interpretation of paleolimnological indicators.  

2.7.1 Population and agricultural data 

As indicated in Section 1.3, a range of lake surveys by relevant authorities (An Foras Forbartha 

and later EPA) are available for the post-1972 period (see Table 2-2). These were compiled to 

produce a synthesis of (recorded) water quality conditions in the lake. Information on local 

catchment conditions including agricultural practices was extracted from local 18th and 19th 

century historical accounts (Burrows, 1773; Coote, 1801; O’Flanagan, 1931). Similarly, Carville 

and Duffy (2014) provide an up-to-date account of local history which provided relevant 

information.  

Collation of agricultural and population statistics was derived from census data obtained from 

different administrative units. Population statistics were obtained from the Irish Population 

Change Atlas provided by the All-Island Research Observatory (AIRO), Maynooth University. 

This is based on census data obtained at District Electoral Division (DED) level and covers the 

period 1841 – 2002 at intervals of every 10 years. This was supplemented with recent population 

data from the Central Statistics Office (CSO) from 2002 – 2011. A simple estimate of 

“catchment population” was then derived by superimposing a layer of relevant DED units on the 

extent of the catchment area of the lake on a GIS environment.  

Historical agricultural statistics were directly retrieved from CSO datasets. Agricultural data is 

inclusive of both land-use and livestock numbers. Depending on the year, these were available at 

the DED (1960 – 2010) or the larger Rural District (RD) level (1926 – 1955). Relevant RD units 

were identified using the same superimposition principle described above. Land-use data was 

available in area (ha or km2) under specific type of agricultural use (e.g., wheat, oats, potatoes, 

hay, improved pasture, rough grazing). However, reported categories tend to vary among census 

years. For the sake of simplification, many of these were pooled into distinct functional 

categories including: woodland (plantation), cereal (barley, wheat, oats), other crops (e.g.,  
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Table 2-2. Lake surveys in L. Muckno accessed to obtain information on water quality 

parameters and classifications of the lake. * indicates methodology follows WFD guidelines. 

 

Period Authority Reference 

1972 An Foras Forbartha An Foras Forbartha (1973) 

1973-1974 An Foras Forbartha Flanagan and Toner (1975) 

1977-1978 An Foras Forbartha Horkan and Toner (1984) 

1996-1997 EPA Irvine et al. (2001) 

2001-2003* EPA Toner et al. (2005) 

2004-2006* EPA Clabby et al. (2008) 

2007-2009* EPA McGarrigle et al. (2010) 

2010-2012* EPA Bradley et al. (2015) 
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potato, vegetables, fruits), silage, pasture, hay/meadow and rough grazing (i.e., marginal land 

under grazing). These, in turn, were used to calculate estimates of total productive land based on 

the extent of the catchment area. Livestock head numbers (cattle, sheep and pigs) were also 

obtained at RD and DED levels. In combination with estimates of areas under pastoral land-use, 

a calculation of (catchment) cattle density was derived. Overall, a timeline of agricultural land-

use and animal husbandry was compiled at different intervals from 1926 – 2010. 

This information was complemented with preliminary statistics obtained at the Parish level 

during c. 1835 (O’Flanagan, 1931). This dataset derives from the first attempt to produce Irish 

census data and was based at a Townland level. It provides no information regarding livestock 

numbers, but describes the extent of land under specific agricultural types in each Townland unit. 

The boundaries of these administrative units are still in use today enabling a map of the spatial 

extent of the dataset. Figure 2-14 helps contextualize the different units from which population 

and land-use statistics were derived and how they relate (spatially) to the catchment area of the 

lake.  

There are, evidently, a number of spatial and temporal limitations with the agricultural estimates 

established using this approach. However, the close spatial fit between DEDs and the catchment 

area of the lake provides reasonable comparisons following 1960. It is important to highlight that 

the aim was to gain insights to overall trends in land-use and population in the area rather than to 

obtain precise numerical data. The latter is simply not conceivable considering the spatial 

coverage of census data and intricacies in its collection.  

The spatial visualization of contemporary land-use (2006 and 2012) (Figure 2-6) is based on the 

Coordinated Information on the Environment (CORINE) land-cover data series (cf. Lydon and 

Smith, 2014). CORINE data combines GIS data in vector and raster format from in situ national 

land-use datasets and the European Space Agency (ESA). It covers a range of land-cover 

classifications including agricultural areas, forestry, water bodies and semi-natural areas. Vector 

(land-use) data derives from the Land Parcel Information System (LPIS), EPA, Ordnance Survey 

Ireland (OSI), Coillte and the National Parks and Wildlife Service. 

2.7.2 Climate data  
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Figure 2-14. Spatial relationship between Parish, DED, RD datasets and lake catchment area. 

The spatial extent of the Parish and DED datasets is nested within the RD level. The border 

between the Republic of Ireland and Northern Ireland, UK, is also shown. 
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Three datasets were accessed to investigate the potential influence of temperature and 

precipitation patterns on paleolimnological indicators and lake ecological status. The results are 

presented in Chapter 4 and involve PCA and RDA analysis along with time series comparisons 

with paleolimnological indicators. 

Mean July air temperature (°C) and total annual rainfall (mm) were calculated from 

meteorological data obtained from Armagh Observatory, Co. Armagh, UK. The close proximity 

of Armagh Observatory to L. Muckno (c. 25 km; Figure 2-1) proves ideal for the investigation of 

the effects of temperature and rainfall on local chironomid assemblages and other indicators. 

This is based on the reported sensitivity of chironomids to summer air temperature (Verbruggen 

et al, 2011) and in an Irish-specific context to mean July air temperature (Potito et al, 2014). The 

potential effects of increased catchment hydrological flashiness on paleolimnological indicators 

and water quality evidence are explored through the analysis of rainfall data. However, 

chironomids are not known to be readily responsive to rainfall fluctuations at higher latitudes 

(Walker, 2001). The observatory is situated at the top of a drumlin hill (64 m a.s.l.) in an estate 

of natural woodland and parkland (c. 0.07 km2) which closely resembles the landscape 

conditions of its foundation in 1790. Similarly, the population of the area has remained stable 

since the 18th century. The surrounding environment and conditions ensures the observatory 

suffers from little to no urban micro-climate effects providing a reliable temperature record for 

the northeastern midlands (Coughlin and Butler, 1998). The North Atlantic Oscillation (NAO) 

winter index (cf. Hurrell, 1995) was also accessed and used as part of climatic analyses.  

Armagh Observatory temperature series  

This is a (mostly) independent temperature series covering the period of 1796 – 2002, providing 

the longest temperature series in Ireland and one of the longest in the British Isles. A detailed 

account of this temperature series including standardization and calibration for time of reading 

and exposure along with instrumental correction is given by Butler et al. (2005). The data only 

has a small gap from 1825 – 1833 which was filled with records from the Dunsink Observatory 

and the Ordnance Survey Office, Phoenix Park, Dublin, Republic of Ireland. This involved 

correction and transformation to Armagh standards (see Butler et al, 2005). Overall, the record of 

207 years indicates an increasing trend in temperature in all seasons, but which have been more 

marked during autumn and winter corresponding to an exceptionally cold period preceding 1820 
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(Butler et al, 2005). From this dataset mean July air temperature (°C) records were extracted. The 

temperature series was then complemented with mean July air temperate records from 2003 – 

2013 obtained from the Armagh Observatory archives.  

Armagh Observatory rainfall  

Total annual rainfall (mm) was also calculated from Armagh Observatory datasets. This 

primarily consists of calibrated rainfall data from 1838 – 2001. Details on data verification, 

correction and standardization are provided by Garcia-Suarez et al. (2004). This was 

supplemented with modern measurements from the Armagh archives covering the period 2001 – 

2013.  

NAO Winter Index  

The NAO is a major source of inter-annual variability in the atmospheric circulation of the 

northern hemisphere, linked to changes in the surface westerlies in the North Atlantic which 

directly influences climatic phenomena in adjacent continents (Hurrel 1995). Several climatic 

variables including air temperature, cloud cover, precipitation, hydrographic characteristics and 

wind velocity have been shown to be positively correlated to NAO index values (Hurrell and 

Deser, 2009). The index provides a long-term record of its variability which has a stronger 

influence on temperature and precipitation on winter months (Hurrell and Deser, 2009). The 

NAO index is particularly relevant for Irish climate which is influenced by the Atlantic Ocean 

and exhibits notable periodicities related to NAO (see McKeown et al, 2012). Positive NAO 

index values are associated with increased frequency and intensity of storminess (i.e., increased 

rainfall) in the regional context of Ireland including effects on biological variables of lake 

systems (Jennings et al, 2000).   
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Chapter 3 – 

 

Pollen-inferred Mid-Late Holocene vegetational history and land-use dynamics at Lough 

Muckno1  

3.1 Introduction 

Pollen-analytical investigations have played a major role in the development of Irish vegetation 

history and landscape reconstruction. Early insights into post-glacial vegetation by Jessen (1949) 

and later Mitchell (1951) paved the way for the expansion of Irish palynology. To date, pollen 

analysis is the most useful tool for reconstructions of vegetational change in an Irish context. A 

significant amount of pollen diagrams are now available from the island (cf. Mitchell et al, 

2013), with several focusing on Mid-Late Holocene environments (viz. Walker et al, 2012), 

which has allowed for attempts at identifying changes in vegetation structure and land-use 

dynamics during different cultural periods (e.g., Hall, 2000; O’Connell and Molloy, 2001; 

Plunkett, 2009). However, a limitation of the Irish palynological record lies in its spatial 

disproportion, partially resulting from the distribution of research clusters and distinctive foci of 

interest, precluding an even geographical representation of landscape change across the island. 

The Irish Pollen Site Database (IPOL) (http://www.ipol.ie/) categorizes County Monaghan as 

one of the least studied areas in Ireland from a palynological perspective (cf. Mitchell et al, 

2013). To date, a total number of three pollen datasets with only one radiocarbon (14C) date are 

available from the county (Mitchell, 1951; Coope et al, 1979; Vaughan et al, 2004). These 

investigations mostly relate to pre-/Early Holocene environments (pre- 6250 BCE) with no 

datasets available spanning the Late Holocene. A similar trend is evident at a wider regional 

scale, with relatively few pollen profiles spanning the later stages of the Holocene from 

neighbouring counties Armagh (4), Cavan (1), and Louth (4). Several of these investigations 

were carried out before the advent of modern dating and age-depth modelling techniques, while 

others are based in areas where carbonate bedrock predominates, precluding efficient application 

of 14C dating and consequently lacking reliable chronological constraint (e.g., Weir, 1993; 1995). 

                                                           
1 A refined version of this chapter is given in: Chique, C., K. Molloy, and A. P. Potito. 2017. Mid-late Holocene 

vegetational History and land-use dynamics in County Monaghan, northeastern Ireland – the palynological record 
of Lough Muckno. The Journal of the North Atlantic 32:1–24. 
 

http://www.ipol.ie/
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At the broader Irish scale many palynological investigations focus on specific periods with 

particular attention given to the adoption of farming during the Early Neolithic (e.g., Molloy and 

O’Connell, 1987; Caseldine and Hatton, 1996; O’Connell and Molloy, 2001; Stolze et al, 2012, 

2013). However, there are still relatively few investigations with an adequate resolution 

incorporating a comprehensive timeframe with a concise chronology of relative impacts on 

vegetation structure through different cultural periods (e.g., Molloy and O’Connell, 1991; 2004; 

2016; Ghilardi and O’Connell, 2013).  

This study aims to address a clear gap in the state of knowledge and expand the spatial extent of 

the Irish palynological record by implementing high-resolution pollen analysis of a sediment 

core obtained from Lough Muckno, Co. Monaghan. The objective is to provide a meticulous 

account of Mid-Late Holocene landscape change linking prehistorical and historical periods with 

no precedent in a region largely unexplored in palynological terms. The regional setting, 

inclusive of Monaghan and some of its adjoining counties, has traditionally drawn limited 

archaeological interest leading to an underrepresentation of archaeological records relative to 

other parts of Ireland (Ó Drisceoil et al, 2014). Accordingly, the current investigation also 

provides a palynological background of regional relevance for past and future archaeological 

research. An innovative approach to palynological reconstructions is attempted by analyzing the 

pollen record of a large lake. This is expected to produce an account of vegetational change at a 

considerable spatial scale (local and regional) based on the projected pollen source area of the 

lake, a function of its large deposition basin (≥ 1 km2) (Sugita, 2007a; Hellman et al, 2008). 

Pollen reconstructions from large lakes rarely feature in Irish palynology, which is invariably 

concerned with change at the local level. The location of the study site within the inter-drumlin 

belt also provides insights into vegetation dynamics in a landscape with distinctive topographical 

and edaphological properties (Aalen et al, 1997) which can be extrapolated to palynological 

reconstructions in similar settings.   

Taking into account the novel nature of the results presented, emphasis is made in drawing 

comparisons with pertinent palynological data (Figure 3-1; Table 3-1). In many  
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Figure 3-1. Map of Ireland illustrating the location of Lough Muckno relative to pollen sites 

referred to in the text. The “□” symbol delineates the approximate location of L. Muckno and the 

study area. The location of relevant archaeological features outside the range of Figure 3-2A are 

shown with a “▲” symbol and include Aghareagh West, The Dorsey, and the Navan Complex. 

Note that the pollen site Loughnashade is located within the Navan Complex. Detailed 

information for each pollen site is given in Supplementary Table 3-1. Sites considered part of the 

“regional” record are denoted with an “X” symbol: (1a) Redbog II; (1b) Essexford Lough; (2) 

Whiterath Bog; (3) Loughnashade. Other pollen sites are shown with a “●” symbol and include 

the following: (4) Garry Bog; (5) Sluggan Bog; (6) Caheraphuca Lough; (7a) Caherkine Lough; 

(7b) Mooghaun Lough; (8a) Barrees; (8b) Loch Beag; (9) Mount Gabriel; (10) Glen West Bog; 

(11) Abbeyknockmoy Bog; (12) An Loch Mór; (13) Ballinphuil Bog; (14) Church Lough; (15) 

Lough Sheeauns; (16) Clonfert Bog; (17) Clonenagh Bog; (18) Moyreen Bog; (19) Corlea Bog; 

(20) Belderrig; (21) Céide Fields; (22) Owenduff Bog; (23) Emlagh Bog; (24) Mongan Bog; (25) 

Kilbegly; (26) Lough Cooney; (27) Lough Dargan; (28) Loughmeenaghan; (29) Templevanny 

Lough; (30) Derryville Bog; (31) Ballynagilly Bog; (32) Lough Catherine; (33) Claraghmore 

Bog; (34a) Killimady Lough; (34b) Weir’s Lough; (35) Scragh Bog. Additional pollen sites not 

shown in the map, but part of general considerations made within the text are given in Molloy 

and O’Connell (2001). 
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Table 3-1 (continued on next page). Details of pollen sites shown in Figure 3-1. The Deposit 

Type column indicates the nature of the profile subject to palynological analysis. a indicates 

raised bog and b is used for blanket bog. 

Site 
Map 

Label 

Deposit 

Type 

Coordinates 

(lat/long) 
County 

Dating 

Method 
Reference 

Redbog II 1a Boga  53°58'28",6°37'22" Louth 14C; Tephra Weir (1995) 

Essexford  1b Lake  53°58'6",6°38'44" Louth 
Cross-

matching  
Weir (1995) 

Whiterath Bog 2 Lake  53°55'37",6°25'24" Louth 
Cross-

matching  
Weir (1995) 

Loughnashade 3 Lake  54°21'00",6°41'26" Armagh 
14C; Cross-

matching 
Weir (1993) 

Garry Bog 4 Boga  55°13'27",6°28'13" Antrim Tephra Plunkett (2009) 

Sluggan Bog 5 Boga  54°44'12",6°14'47" Antrim Tephra Plunkett (2009) 

Caheraphuca  6 Lake  52°55'50",8°55'1" Clare 14C 
Molloy and O'Connell (2011, 

2012) 

Caherkine  7a Lake  52°47'13",8°51'21" Clare 14C O'Connell et al. (2001) 

Mooghaun  7b Lake  52°47'4",8°52'45" Clare 14C Molloy (2005) 

Barrees  8a Bogb  51°42'30",9°55'10" Cork 14C Overland and O'Connell (2008) 

Beag  8b Lake 51°42'4",9°55'32" Cork 14C Overland and O'Connell (2008) 

Mount Gabriel 9 Bogb  51°33'18",9°33'48" Cork 14C Mighall et al. (2008) 

Glen West Bog 10 Boga  54°24'50",8°2'22" Fermanagh Tephra Plunkett (2009) 

Abbeyknockmoy 

Bog 
11 Boga  53°26'35",8°45'22" Galway 14C; Tephra 

Lomas-Clarke and Barber 

(2004) 

An Loch Mór 12 Lake  53° 3'28",9°30'36" Galway 
14C; Tephra; 

Varves 
Molloy and O'Connell (2004) 

Ballinphuill Bog 13 Boga  53°16'16",8°30'5" Galway 14C Molloy and O'Connell (2016) 

Church  14 Lake  53°37'25",10°12'45" Galway 14C 
O'Connell and Ní Ghráinne 

(1994) 

Sheeauns 15 Lake  53°33'21",10° 4'39" Galway 14C 
Molloy and O'Connell (1987, 

1991) 

Clonfert Bog 16 Boga  53°15'8",8°3'12" Galway Tephra Hall (2005) 

Clonenagh Bog 17 Boga  52°59'57",7°25'56" Laois Tephra Hall (2005) 

Moyreen Bog 18 Bogb  52°31'58",9°10'54" Limerick Tephra Plunkett (2009) 

Corlea Bog 19 Boga  53°37'18",7°52'2" Longford 

14C; 

Dendrochro

nology 

Caseldine and Hatton (1996) 

Belderrig 20 Bogb  54°18'8",9°34'21" Mayo 14C Verrill and Tipping (2010) 

Céide Fields 21 Bogb  54°18'15",9°27'32" Mayo 14C Molloy and O'Connell (1995) 

Oweduff Bog 22 Bogb  53°59'50",9°39'43" Mayo Tephra Plunkett (2009) 

Emlagh Bog 23 Bogb  53°47'7",6°45'12" Meath 14C; Tephra Newman et al. (2007) 

Mongan Bog 24 Boga  53°19'59",7°55'52" Offaly Tephra Hall (2005) 

Kilbegly 25 Mire  53°17'42",8°12'10" Roscommon 14C Overland and O'Connell (2011) 

Cooney 26 Lake  54°12'0",8°32'14" Sligo 14C O'Connell et al. (2014) 

 Dargan 27 Lake  54°12'10",8°25'13" Sligo 14C Ghilardi and O'Connell (2013) 

Loughmeenaghan  28 Lake  54° 5'35",8°23'31" Sligo 14C Stolze et al. (2012) 

Templevanny  29 Lake  54°2'5",8°24'18" Sligo 14C Stolze et al. (2013) 

Derryville Bog 30 Boga 52°46'1",7°40'53" Tipperary Tephra Hall (2005) 

Ballynagilly Bog 31 Bogb  54°40'46",6°51'28" Tyrone 14C Pilcher and Smith (1979) 
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Catherine 32 Lake  54°41'54",7°26'15" Tyrone 14C Hirons and Edwards (1986) 

Claraghmore Bog 33 Boga  54°37'53",7°26'48" Tyrone 

14C wiggle-

matching; 

Tephra 

Plunkett (2009) 

Killimady  34a Lake  54°29'12",6°47'54" Tyrone 14C 
Hirons (1984); Hirons and 

Edwards (1986) 

Weir's  34b Lake  54°29'12",6°47'54" Tyrone 14C 
Hirons (1984); Hirons and 

Edwards (1986) 

Scragh Bog 35 Lake  53°35'36",7°20'59" Westmeath 
Cross-

matching  
O'Connell (1980, 1991) 
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cases period-specific datasets are considered, and where possible, documentary and 

archaeobotanical evidence is also consulted. The pollen diagrams from sites which are located in 

closest proximity to L. Muckno are considered in detail, including three datasets from Co. Louth 

(Weir, 1995) that were part of a project sponsored by the Discovery Programme (1995). These 

are complimented with the pollen record from Loughnashade, Co. Armagh (Weir, 1993), situated 

within the Navan archaeological complex, a site of importance during the Irish Bronze Age and 

Iron Age (Lynn, 2008). The collation of regional palynological data allows for the exploration of 

vegetation change and land-use dynamics at a finer spatial scale in this part of Ireland while 

drawing contrast with patterns inferred elsewhere on the island. 

3.2 Local and Regional Setting 

Lough Muckno (54°06'56''N, 6°4'43''W) (Figures 3-1 and 3-2), is a large inter-drumlin lake (3.57 

km2; 86 m a.s.l.) composed of three main basins joined by narrow channels, located next to the 

modern town of Castleblayney. The lake has an average depth of 5.4 m with an estimated 

shoreline length of 26.3 km, and is fed by six main fluvial inputs draining an extensive 

catchment area (c. 109.08 km2). The geology of the area is primarily composed of quartzite of 

Silurian origin overlain by poorly drained gleys. The post-glacial landscape is manifested in 

frequent oval-shaped features (drumlins) which often merge with lake margins (Figure 3-2B). 

Figure 3-2A provides an account of archeological features within the area under consideration. 

Historical records (i.e., post- 400 CE) predominate with ringforts (raths), enclosed farmsteads 

characteristic of Early Historic open landscapes (c. 600 – 850 CE) (Kerr, 2009), being the most 

prevalent (n=113). The remains of the Early Christian (c. 700 CE) Muckno Monastery are 

located on the northern shore of the lake. A structure (fortification) northwest of the coring 

location was suggested to be part of an expansion of local monastic activity following c. 1100 

CE (Ó Dufaigh, 2011). Distinctive prehistoric features include a Bronze Age lake settlement 

(Cullyhanna) northeast of the lake consisting of an oak palisade and hut structure (Hodges, 1958) 

with on-site radiocarbon returns of 3475 ± 75 BP (c. 1800 BCE) and 3305 ± 50 BP (c. 1580 

BCE) (Smith et al, 1973). A cluster of five fulachta fia (burnt-mounds) were uncovered on a 

former island southwest of the coring location (Figure 3-2B). Fulacht fia are predominantly 

Bronze Age features, with 14C evidence suggesting two main periods of proliferation in Ireland 

between c. 1700 – 1300 BCE and c. 1000 – 800 BCE (Ó Néill, 2003).  
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Figure 3-2. (A) Lough Muckno at the catchment scale including simplified hydrology and 

archaeological setting. The legend indicates the time period classification assigned to each 

archaeological record in the area. The annotation is used to differentiate among archaeological 

records including specific sites mentioned within the text. Unclassified Neolithic tombs are 

shown with a “▲” symbol. Individual ringforts (including univallate, bivallate, and cashel-type) 

are also illustrated using the “●” symbol. The large multivallate Lisleitrim Fort is shown 

separately. No further discrimination is made among the remainder of records with an “Uncertain 

(prehistoric)” classification shown with a “✱” symbol. (B) Western basin of L. Muckno showing 

coring location (depth in m), topography (m a.s.l.), and local archaeological records. 
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3.3 Methods 

3.3.1 Fieldwork  

A Usinger piston corer (core tubes 80 mm diameter and 2 m long; see detailed description in 

Mingram et al, 2007) was used to recover two parallel sediment cores (LM I-II) (54°07'07.5"N, 

006°43'05.8"W; 54°07'07.8"N, 006°43'05.6"W) both c. 9.5 m long from the deepest part of the 

western basin of the lake at a water depth of 15 m (Figure 3-2B). The data presented pertains to 

core LM-II. 

3.3.2 Stratigraphy, AMS 14C, 210Pb, and loss-on-ignition (%)   

 

The stratigraphy of the sediment core was documented through visual description and use of 

photography. Eight sediment samples consisting of 2 cm-thick slices of material were taken at 

different depths of the core and sieved using a 125 μm-mesh sieve. The material retained was 

examined using a Leica MZ125 stereomicroscope with terrestrial macrofossils (fruits, plant 

remains and charcoal) submitted for AMS 14C dating. Samples were also taken at regular 

intervals in the top 2 m of the core in order to establish a separate 210Pb age-depth model for that 

specific section. Sediment samples (2 cm3) taken at the same depths as pollen samples (i.e., 

every 4 cm between 744-284 cm) were used to calculate loss-on-ignition (LOI %) (cf. Heiri et al, 

2001).  

3.3.3 Pollen analysis  

Pollen analysis was carried out on 195 samples. Sediment samples of 1 cm3 were taken every 4 

cm between 744-1 cm. The results presented here are restricted to depths 744-284 cm, i.e., those 

pertaining to the Mesolithic – Viking Age/Medieval periods. Sample preparation followed 

standard methods implemented at the Palaeoenvironmental Research Unit (PRU), National 

University of Ireland Galway (NUIG). Lycopodium clavatum spore tablets (two tablets, i.e., 

41696 spores) supplied by the Department of Geology, University of Lund (batch no. 1031), 

were added to samples prior to laboratory processing to facilitate calculation of pollen 

concentration. Samples were deflocculated with KOH, sieved through a 100 μm-mesh sieve, 

treated with 60% HF solution followed by acetolysis, and sieved through a 5 μm-mesh in an 

ultra-sonicator in order to remove remaining particles/debris. Samples were mounted in glycerol 

and counted using a Leica DM 4000-B microscope fitted with x10 oculars with a x40 objective 
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used for routine counting and phase-contrast x63 and x100 (oil immersion) used for detailed 

analysis of pollen grains. Pollen and spore identification and nomenclature follow Moore et al. 

(1991) and Beug (2004). Cereal-type pollen was identified based on the guidelines provided by 

Beug (2004) including pore and annulus measurements, but a minimum size criterion of 40 μm 

instead of 37 μm was implemented for inclusion of grains into the cereal-type category. Secale-

type (rye) pollen was differentiated. Non-pollen palynomorphs (NPP) counted include algal 

remains, Pinus stomata and (micro-) charcoal (>37 μm). A minimum of 1000 total terrestrial 

pollen (TTP) and spores were counted in each sample. Pollen percentage and concentration 

calculations as well as diagrams were generated using CountPol ver 3.3 (Ingo Feeser, unpubl.). 

Percentage values are based on TTP with the pollen sum (PS) excluding pollen and spores from 

aquatic taxa and NPPs. Main pollen categories comprise arboreal pollen (AP) and non-arboreal 

pollen (NAP). The latter is divided into distinct ecological groups including tall shrubs, 

grassland/pastoral (NAPp), arable/disturbed, ferns, and bog/heath. 

3.4 Results  

3.4.1 Stratigraphy   

The section of the sediment core under consideration (284–744 cm) is uniformly composed of 

postglacial fine dark brown lake mud intercalated with lighter-coloured banding at random 

intervals. 

3.4.2 14C dating and age-depth modelling 

Available 14C dates are given in Table 3-2. The uppermost dates LMII-1 and LMII-2 were not 

incorporated into the age-depth model on the grounds of 14C reversal. An age-depth model 

(Figure 3-3) was established using Bacon v. 2.2 Bayesian age-depth modelling software (Blaauw 

and Christen, 2011) utilizing IntCal13 (Reimer et al, 2013). The age-depth model is constrained 

at the top by the basal date (88 BP ± 130) of a 210Pb age-depth model corresponding to the upper 

2 m of the sediment core and presented separately in Chique et al. (2017). Prior values assigned 

to the Markov-chain Monte Carlo iterations are as follows: accumulation shape = 1.5, 

accumulation mean = 10 years/cm, memory strength = 4, memory mean = 0.7. Modification of 

the pre-set prior value accumulation mean was based on the software estimate recommendation. 

Given the lack of 14C dates at the bottom of the core (712-744 cm), this section was excluded  
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Table 3-2. 14C dates from core LM-II.  Sample depths are given according to upper depth of 

section taken (maximum 2 cm thick). a indicates age is quoted in calibrated years BCE/CE 

(negative values indicate BCE). 

 

14C lab. 

code 

Sample 

ID 

Depth 

(cm) 
14C (BP) 

aAge Range 

(1σ;68,3%) 

aAge Range 

(2σ;95.4%) 

Material 

Description 
Comments 

UBA-

26860 
LMII-1 160 756±31 1247—1281 1221—1285 

Charcoal; wood 

fragments; moss 

stems; Betula 

fruit 

Reversal; 

rejected 

UBA-

26861 
LMII-2 301 1494±36 542—611 532—489 

Charcoal; wood 

fragments; moss 

stems 

Reversal; 

rejected 

UBA-

30293 
LMII-7 320 1108±34 940—980 869—1017 

Leaf and wood 

fragments; 

unidentified bud 

scale; Alnus fruit 

Accepted 

UBA-

29462 
LMII-5a 372 1472±30 565—621 545—643 

Leaf and wood 

fragments; Betula 

fruit 

Accepted 

UBA-

29463 
LMII-6 420 2348±46 –489— –379 –545— –357 

Wood fragments; 

Betula fruit and 

bract 

Accepted 

UBA-

26862 
LMII-3 492 3119±32 –1431— –1385 –1451— –1287 

 Wood fragments; 

moss stems; 

charred plant 

remains 

Accepted 

UBA-

26863 
LMII-4 628 4237±37 –2904— –2867 –2916— –2851 

Wood fragments; 

Betula remains 
Accepted 

UBA-

26864 
LMII-5 708 5174±40 –3998— –3957 –4051— –3936 

Charcoal; wood 

fragments; moss 

stems; Betula bud 

scale 

Accepted 
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Figure 3-3. Age-depth model based on Bayesian modelling of 14C dates in conjunction with 

210Pb data from core LM-II. 14C results (uncalibrated) are also shown including the rejected date 

at 301 cm denoted by *. Black bands indicate probability distribution for calibrated 14C dates. 

The red curve follows the “best” model based on the weighted mean age for each depth with 

parallel grey lines indicating the 95% confidence interval. 
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from age-depth modelling and extrapolation of parameters obtained from the first iteration of the 

age-depth model (i.e., depth 707-708 cm) was used to provide a chronology assuming a constant 

sedimentation rate. This represents an adequate alternative in view of the human-centric 

approach of this investigation and lack of palynological indicators of anthropogenic activity in 

that section of the core. In addition to Figure 3-3, supplemental data is provided in 

Supplementary Table 3-1 to highlight the age range associated with age-depth modelling 

corresponding to the historical period and incidence of calendar year annotated events.  

3.4.3 Pollen and additional data  

Establishment of pollen assemblage zones (PAZs) and subzones are manual and based on 

changes in percentage and concentration pollen data. The percentage contribution towards TTP 

of various pollen ecological groups is presented in a composite diagram in Figure 3-4A. 

Individual percentage pollen curves are presented in Figures 3-4B and 3-5A while selected 

concentration curves are given in Figure 3-5B. Unscaled pollen curves (x1), but with an 

exaggerated background (x10) in selected curves are provided in Supplementary Figure 3-1. LOI 

(%) and dry-mass sediment accumulation rate are shown in Figures 3-5C and 3-5D respectively. 

The percentage contribution (averaged) of terrestrial pollen ecological groups in each PAZ is 

presented in a pie chart format in Figure 3-6. Cereal-type and Secale-type pollen statistics are 

shown in Figure 3-7. Table 3-3 includes a summary of each zone/subzone highlighting the most 

relevant palynological features while providing cultural/historical periods contemporary with 

each PAZ. The division of the prehistoric period (c. 4400 BCE – 400 CE) is based on Waddell 

(2010) and O’Brien (2012), and the historic period (c. 400 – 1190 CE) follows O’Sullivan 

(1998). Informal periods were also implemented in order to better illustrate chronological trends 

in palynological data, with the Iron Age (600 BCE – 400 CE) subdivided into Early Iron Age (c. 

650 – 220 BCE) and Late Iron Age (c. 220 BCE – 220 CE). Table 3-4 integrates main 

palynological features and land-use dynamics inferred from regional pollen profiles (Weir, 1993; 

1995). 

3.4.4 Key considerations – Local pollen data and comparisons with the Irish palynological 

record 

Pollen source area 
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Figure 3-4. Percentage pollen diagram plotted to depth with matching age-scale in calibrated years BCE/CE (rounded to the nearest 10). 

Ecological groups are differentiated using colour coding. Zones/subzones are indicated on the right hand side. (A) Composite percentage pollen 

diagram. (B) Selected pollen percentage curves and pollen sum (x1000 grains). Scales used are indicated at the base of the individual curves with 

normal curves presented at x1 and hatched curves exaggerated (x2, x5, x10). Dots indicate very low values. The following abbreviations are used 

for rare occurrences. Tall Shrubs: P = Prunus; S = Sambucus; C = Crataegus. NAPp: V = Valeriana officinalis. Arable/Disturbed: H = 

Cannabis/Humulus-type. NPPs: PS = Pinus stomata. 
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Figure 3-5. (A) Percentage pollen curves for taxa with low but relevant occurrence (conventions follow those in Figure 3-4) (B) Selected pollen 

concentration curves including Total Pollen, AP and NAP. (C) Calculated loss-on-ignition (%). (D) Dry-mass sediment accumulation rate. Note 

that values from depths 712-744 cm are calculated based on the assumption of a constant sedimentation rate. 14C dates (uncalibrated BP) are 

given according to sample depth towards the right hand side. The rejected date (LMII-2) is shown with a hollow symbol and accepted dates with 

black fill symbol. Core sections (each 2 m long) are given in the left hand side of the diagram. Cultural/historical periods are shown on the right 

hand side and are colour coded according to the overall degree of inferred human activity: blue = undiscernible or limited; light green = low-

moderate; orange = moderate-high; red = high. 
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Figure 3-6. Pie charts showing the percentage contribution of terrestrial pollen ecological groups 

in Zones/Subzones 1-9. 
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Figure 3-7. Cereal-type pollen statistics. Mean size (bar column), maximum/minimum size 

(dashed line) and standard deviation (solid line) for cereal-type grains is given for each zone and 

in the case of Zones 8-9 for each subzone. Bar data labels xx/yy denote the amount of cereal- and 

Secale-type recorded in each zone with xx indicating cereal-type and yy Secale-type. Zones 1 

and 3 have no cereal-type records. The dotted vertical line indicates the minimum size criterion 

(40 μm) used for inclusion of pollen grains into the cereal-type category. 

 

 

 

 

 

 



109 
 

Table 3-4. Summary of land-use dynamics and palynological features inferred from regional 

profiles (Weir 1993, 1995). Arrow symbols (↓↑) are used to indicate an increase (↑) or decrease 

(↓) in human activity at each site. The first column provides corresponding PAZs established at 

Lough Muckno along with cultural/historical period and age-depth chronology (14C) to facilitate 

comparisons. All dates are appromixate.  

PAZ, Period and 

Chronology (14C) 
Redbog II Essexford Lough Loughnashade Whiterath Bog 

1 

Pre-Neolithic landscape 

(pre-3970 BCE) 

Elm Decline: 3980 BCE N/A N/A N/A 

2 

Early-Middle Neolithic 

(3970 – 3490 BCE) 

Onset of activity at 3800 

BCE 
N/A N/A N/A 

3 

Middle-Late Neolithic 

(3490 – 

2590 BCE) 

Subdued activity  

Elm Decline: 3230 and 

2800 BCE 

Subdued activity  

Elm Decline: 2900 BCE 
N/A Subdued activity  

4 

Early Bronze Age (2590 

– 1490 BCE) 

↑ pastoral farming from 

2300 BCE. Arable 

component from 1600 

BCE 

↑ 2300 BCE ↑ 1900 BCE ↑ 2300 BCE 

5 

Middle – Late Bronze 

Age (1490 – 650 BCE) 

↑ 1600 – 1400 BCE and 

1000 – 800 BCE 

↑ 1200 BCE and 1000 

BCE 

↑ 1400 – 1300 BCE 

particularly arable 

farming. ↓ 1000 – 600 

BCE 

↑ 1300 BCE 

6 

Early Iron Age (650 – 

220 BCE) 

Subdued activity ↑ 600 – 200 BCE ↑ 600 – 200 BCE ↑ 400 – 200 BCE 

7 

Late Iron Age (220 BCE 

– 220 CE) 

Subdued activity and ↑ 

CE 25 – 540 

↓ 200 BCE –25 CE. ↑ 25 

– 540 CE 
↓ 200 BCE – 200 CE 

↓ 200 BCE –25 CE         

↑ 25 – 200 CE 

8 

Late Iron Age – 

Early Historic period 

(220 – 800 CE) 

↑ 25 – 540 CE. ↓ and 

woodland regeneration 

540 – 850  

↑ 25 – 540 CE and 700 – 

800 separated by ↓ and 

woodland regeneration 

Secale introduction 500 

CE 

 

↑ 200 – 500 CE and 600 

– 900 separated by ↓  

and woodland 

regeneration 

 Secale introduction 400 

CE 

N/A 

9 

Viking Age and 

Medieval (800 – 1190 

CE) 

↑ 850 – 1000 

Tendency towards ↑ with 

↓ in arable farming 900 –

1000 

Tendency towards ↑ with 

↓ in arable farming 900 –

1050 

N/A 
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Based on a theoretical guidelines (Sugita, 2007a) the pollen record of a system with a large 

surface area (1-5 km2) such as L. Muckno can potentially reflect the averaged vegetation 

composition of an area of c. 104-105 km2. These estimates relate to pollen from tree taxa (AP) 

characterized by enhanced dispersal in contrast to pollen from low-growing plants (NAP) which 

derive from a much more localized area (Hellman et al, 2009). NAPp and in particular cereal-

type pollen are expected to be reflective of the vegetation structure on mineral soils near the lake 

basin (Broström et al, 2005; Sjögren et al, 2015). In these terms, the sedimentary record of L. 

Muckno is expected to incorporate regional to local pollen (Hellman et al, 2008).  

Overall, AP is expected to be better expressed than NAP in the pollen record of a lake with large 

dimensions. Increased light availability and enhanced pollen production associated with 

woodland clearings (cf. “glade effect”; Aaby, 1986; Feeser and Dörfler, 2014) may also result in 

AP overrepresentation particularly during early clearance phases in prehistory. The organization 

or “regularity” of the regional vegetation mosaic is also expected to influence the local pollen 

assemblage (Sugita, 2007a; Hellman et al, 2008). The bathymetry of a lake with these 

dimensions may further influence the spatial deposition of pollen with different basins, and 

perhaps sub-basins, potentially acting as sinks for local NAP. Additional variables potentially 

influencing pollen influx include edaphic/topographic controls, atmospheric conditions and 

fluvial inputs (Jacobson and Bradshaw, 1981). Stream-bound pollen from the catchment area of 

the lake may be an important contributor towards TTP (Sugita, 2007a). 

Chronological and pollen site comparisons  

In order to facilitate comparisons with other sites, 14C dates from other pollen profiles (Table 3-

1) were recalibrated using the IntCal13 curve and Calib ver. 7.1. All dates are referred to in 

calibrated years BCE/CE. A number of “regional” profiles lack independent dating with the 

chronology of Essexford Lough and Whiterath Bog based on cross-correlation of pollen events 

with the 14C chronology established at Redbog II (Weir, 1995). At Loughnashade, a combination 

of local radiocarbon evidence and cross-correlation of events with those recorded in lakes 

located in Co. Tyrone (Hirons, 1984) were used to derive an age-depth chronology (Weir, 1993). 

Forthcoming results from Loughnashade, re-cored and subject to AMS 14C dating (Thurston and 

Plunkett, 2012), are expected to provide a refined dataset allowing for a more critical comparison 

between the two areas. Chronological correlations made with pollen sites, archaeological records 
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and annotated events during the historical period will be subject to a degree of chronological 

“circularity”. This is based on the associated error deriving from both the local chronology and 

shortcomings in other chronologies. While ascribing exact correspondence among local 

palynological features, independent chronologies and annotated events may not be feasible, any 

potential links are certainly worth highlighting. Similarly, the comparison of a substantial 

amount of pollen datasets within a geographical framework is a fundamental component of this 

investigation and attention needs to be drawn to the potential differences in patterns inferred 

from such a diverse pool of sedimentary records and pollen depositional environments (cf. 

Sugita, 2007ab). 

3.4.5 Pollen assemblage zones (PAZs)  

A detailed account of relevant percentages changes in pollen curves in each zone and subzone 

(cf. Figure 3-4B; Table 3-3) is given below. In all instances concentration data was used to 

corroborate percentage results. For the sake of brevity, concentration results are only mentioned 

where relevant.  

PAZ-1 (744-712 cm; c. 4400 – 3970 BCE)  

 

AP accounts for 97% of TTP. Corylus values fall from 41%-24% recovering to 38% at the end of 

the zone. Ulmus percentage values increase from 13%-17% before falling to 11% at 712 cm; 

concentration values however remain high. Quercus percentage values oscillate between 21%-

27%, with concentration data suggesting stability in Quercus pollen. Alnus values increase from 

15%-19%. Representation of Betula and Pinus remains low, with the latter falling from 4%-1%. 

NAP values are low. Aquatic indicators Pediastrum, Botryococcus and Isoetes echinospora are 

at low but significant levels as is micro-charcoal.   

 

PAZ-2 (708-676 cm; c. 3970 – 3490 BCE) 

 

Subzone 2a (708-704 cm; 3970 – 3870 BCE): AP dominates (96% of TTP) accounted for by 

Corylus (34%), Quercus (26%), Betula (8%), and Alnus (14%). Ulmus values fall from 13%-5%. 

Pinus values remain constant at c. 2% through Zone 2. Micro-charcoal is at low levels 

throughout.   
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Subzone 2b (700-684 cm; 3870 – 3600 BCE): Ulmus values fall to 1% (696 cm) and remain 

low. Quercus and Betula values decrease from 29%-13% and 8%-4%, respectively. Corylus 

values remain stable (c. 31%) only peaking briefly to 41% at 692 cm. Alnus values increase 

attaining profile maximum of 40% (684 cm). AP representation falls to 79% at 696 cm and NAP 

attain 21% with an increase in Poaceae (11%) and Plantago lanceolata (4%) values. NAPp 

Rumex-type and Ranunculus-type form slender curves. Higher frequency of Caryophyllaceae and 

Apiaceae is recorded along with the first occurrences of Liguliflorae, Fabaceae and Urtica. Two 

cereal-type pollen grains are recorded at 700 cm. Aquatic indicators Pediastrum, Botryococcus 

and I. echinospora show increased representation in PAZ-2b.  

Subzone 2c (680-676 cm; 3600 – 3490 BCE): AP representation recovers to 97% by the end of 

the zone; see in particular Ulmus (5%), Quercus (21%), Corylus (41%) and Alnus (25%) while 

Betula remains at 4%. NAPp falls to 2% with Poaceae and P. lanceolata values contracting to 

1.2% and 0.6% respectively.  

 

PAZ-3 (672-604 cm; c. 3490 – 2590 BCE) 

 

Subzone 3a (672-656 cm: c. 3490 – 3220 BCE): AP dominates (cf. Corylus c. 33%, Quercus c. 

25% and Ulmus c. 11%). Alnus values decline from 29% to 16% at 656 cm and Betula remains 

stable in Zone 3 (c. 4%). A continuous Fraxinus curve (c. 0.4%) is first established in PAZ-3a. 

Values of Pinus remain constant (c. 1%) through Subzones 3a and 3b. NAP values remain low in 

Zone 3. With the exception of Botryococcus the representation of most aquatic indicators and 

micro-charcoal are at low levels throughout the zone.   

Subzone 3b (652-636 cm; c. 3220 – 2960 BCE): Ulmus values fall from 11%-5% across the 

subzone boundary (656-648 cm), recovering to 12% by the end of the subzone. Corylus values 

remain stable at c. 38% while concentration values increase from spectra 652 cm. Quercus 

values oscillate between 24%-31%. Alnus attains 20% (648 cm). Fraxinus representation 

increases (c. 1.1%). The first records of Taxus baccata are observed at 644 cm followed by 

infrequent representation until Zone 5.  

Subzone 3c (632-604 cm; c. 2960 – 2590 BCE): Ulmus values decline from 12%-1% (636-624 

cm), recovering to 6% by the end of the subzone. Quercus values peak to 39% (632 cm) and 

stabilize at c. 27%. Corylus values reach profile maxima of 51% (624 cm) decreasing to c. 45% 



113 
 

for the rest of the zone. From spectra 628 cm the Pinus curve contracts to c. 0.4% remaining 

constant through PAZs 4-5. Alnus values fall to c. 10% recovering to 21% by 604 cm. Fraxinus 

value continue to increase attaining 5%. A small increase in I. echinospora representation is 

recorded.  

PAZ-4 (600-504 cm; c. 2590 – 1490 BCE) 

 

Subzone 4a (600-592 cm; c. 2590 – 2460 BCE): Quercus values increase to 38% across the 

zone boundary, subsequently falling to 31%. Reduced pollen representation of Ulmus (6%-2%), 

Fraxinus (5%-1%), and Alnus (21%-13%) is recorded. Corylus values remain stable (c. 30%). 

Poaceae and P. lanceolata values peak to 5.3% and 2.7% at 596 cm. Cereal-type pollen is 

recorded in Zone 4 at low levels (c. 0.1%) with few interruptions. Small increases in micro-

charcoal follow closely the expansion of NAP in all subzones. 

Subzone 4b (588-556 cm; c. 2460 – 2060 BCE): Quercus (c. 28%), Corylus (c. 33%) and 

Fraxinus (c. 3%) values fluctuate slightly. Alnus peaks at 26% before falling to c. 19%. Poaceae 

and P. lanceolata values increase to 6.7% and 1.6% respectively towards the middle of the 

subzone coinciding with increased representation of additional NAPp (Ranunculus-type, 

Tubuliflorae, Caryophyllaceae, Apiaceae).  

Subzone 4c (552-528 cm; c. 2060 – 1750 BCE): Overall AP representation falls to a minimum 

of 83% at 536 cm. This is accounted for by a decrease in values of Quercus (19%), Ulmus (1%) 

and Fraxinus (1%). Corylus (40%) and Betula (7%) show increased representation while Alnus 

values remain stable (c. 17%). A curve is established for Sorbus from 544 cm continuing almost 

uninterrupted through the rest of the profile. NAPp shows increased representation by 540 cm 

(cf. Poaceae and P. lanceolata values at 7% and 3% respectively). A brief increase in I. 

echinospora values is recorded at 540 cm.   

Subzone 4d (524-504 cm; c. 1750 – 1490 BCE): Most AP curves remain stable. Ulmus values 

recover to 3%. Fraxinus values fall briefly from 6%-3%. Poaceae and P. lanceolata values 

contract to 4% and 0.7% respectively. The cereal-type curve is interrupted from spectra 524-520 

cm.  

 

PAZ-5 (500-440 cm; c. 1490 – 650 BCE)  
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Subzone 5a (500-488 cm; c. 1490 – 1300 BCE): AP representation falls from 90%-69% (500-

492 cm). This is accounted for by reductions in Quercus (24%-16%), Fraxinus (6%-2%) and 

Corylus (40%-26%). Ulmus values decrease from 3%-2% remaining stable until Subzone 5c. 

Conversely, an increase in Betula (6%-12%) and Alnus (13%-17%) values is recorded. Pinus 

values increase to > 1%. The expansion of NAP (31% of TTP) is primarily accounted for by an 

increase in Poaceae (3.7%-15%) and P. lanceolata (1%-4%). Increased representation of 

Filipendula, Rumex-type and Ranunculus-type in addition to higher frequency of other NAPp is 

recorded. The cereal-type pollen curve averages 0.2% for most of PAZ-5. Pediastrum, I. 

echinospora and micro-charcoal values increase in PAZ-5, in particular in Subzone 5a.  

Subzone 5b (484-468 cm; c. 1300 – 1030 BCE): AP recovers to 86% by 476 cm with an 

increase in Betula (13%), Fraxinus (8%), Alnus (25%) and Quercus (13%). By the end of the 

subzone AP representation is at 79% with reductions in Fraxinus (2%), Betula (6%) and Alnus 

(20%), although Corylus values increase to 36%. Taxus forms a curve continuing uninterrupted 

until PAZ-9b. A contraction in Poaceae (c. 7.8%) and P. lanceolata (c. 1.3%) values along with 

reductions in Filipendula, Rumex-type, and Ranunculus-type values is noted.   

Subzone 5c (464-440 cm; c. 1030 – 650 BCE): Most AP curves remain stable including Corylus 

(c. 35%), Betula (c. 7%), and Alnus (c. 20%). Ulmus values recover to c. 3%. Quercus values 

decrease briefly (16%-10%) at 460 cm and stabilize at c. 15%. Fraxinus representation fluctuates 

between 5%-8%. Values of Poaceae (c. 6.5 %), P. lanceolata (c. 0.6%) and most NAPp 

indicators tend to decrease and stabilize. A disruption in the cereal-type curve is recorded at 444 

cm. 

 

PAZ-6 (436 cm-412 cm; c. 650 – 220 BCE)   

 

The most notable feature is the fall in Fraxinus values from 7%-1% at 424 cm. Overall AP falls 

to 71% with a decrease in Quercus and Ulmus to 12% and 1%, respectively. Alnus and Corylus 

values remain more or less stable with the latter falling to 25% at the close of the zone. Betula 

values increase from 6%-9%. Poaceae values gradually increase (8%-14%) while P. lanceolata 

values peak at 4% (428 cm) and 3% (412 cm). Increased representation of NAPp Filipendula, 

Liguliflorae, Ranunculus-type, Apiaceae, Caryophyllaceae, Fabaceae and Urtica is recorded. 
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Cereal-type pollen is continuously recorded. Representation of Pediastrum, Botryococcus, I. 

echinospora and micro-charcoal increases.     

 

PAZ-7 (408-388 cm; 220 BCE – 220 CE)  

 

AP representation increases from 71%-91%. This is accounted for by Corylus (25%-39%), 

Ulmus (1%-3%), Betula (8%-15%), Fraxinus (4%-7%), and Taxus (0.6%-1.4%). Quercus values 

fall from 17%-10% and stabilize at c. 15%, a trend supported by concentration data. Alnus values 

oscillate between 13%-20%. Ilex attains its maximum values in the profile (1.2%) between 

spectra 408-404 cm. NAP is low with Poaceae and P. lanceolata curves contracting from 13%-

5% and 3%-0.1%, respectively. The cereal-type curve (c. 0.1%) is disrupted at 404 cm. A 

decrease in the representation of aquatic indicators and micro-charcoal is recorded. 

 

PAZ-8 (384-336 cm; 220 – 800 CE) 

 

Subzone 8a (384-376 cm; 220 – 440 CE): Reductions in values of Corylus (37%-28%), Betula 

(12%-5%), and Fraxinus (5%-1%) are recorded with AP decreasing from 90%-74%. Quercus 

and Ulmus values fluctuate at c. 15% and c. 2% respectively. Pinus attains values of c. 2%, its 

highest representation since PAZ-2. Poaceae and P. lanceolata values increase from 5.7%-12.1% 

and 1%-2%. An increase in values and frequency of additional NAPp is noted (Filipendula, 

Rumex-type, Liguliflorae, Caryophyllaceae, Ranunculus-type and Urtica). The cereal-type curve 

peaks briefly at 0.5% (384 cm) and subsequently contracts to c. 0.1%.  

Subzone 8b (372-336 cm; 440 – 800 CE): Corylus and Alnus values fall to 21% and 15% 

respectively by 352 cm. This is followed by reductions in Quercus values to 9% (340 cm). 

Betula values oscillate between 7%-12%. AP representation falls to a minimum of 61% at 352 

cm.  Values of Poaceae and P. lanceolata peak to 19% (344 cm) and 3% (352 cm) along with 

increased representation of additional NAPp. Apiaceae, Liguliflorae, and Ranunculus-type form 

continuous curves. Cereal-type values increase, attaining maximum of 1.3% (356 cm) with 

Secale pollen observed sporadically from 368 cm. Aquatic indicators Pediastrum, Botryococcus, 

I. echinospora, and Littorella uniflora show increased representation through PAZ-8b as does 

micro-charcoal.  

 

PAZ-9 (332-284 cm; 800 – 1190 CE) 
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Subzone 9a (332-316 cm; 800 – 960 CE): Corylus values increase from 25%-32% and stabilize 

at c. 27%. Fraxinus values increase from 2%-4%. Quercus and Betula values fluctuate at c. 10% 

and c. 9%, respectively. Alnus values oscillate between 13%-24%. AP representation attains 79% 

at 324 cm. Poaceae values remain at c. 10% and a decrease in P. lanceolata (2.3%-1.1%) is 

recorded (324 cm). A reduction in values of Rumex-type, Ranunculus-type and Urtica is also 

noted. Cereal-type values fall from 0.6%-0.1% recovering to c. 0.3% before returning to 0.1%. A 

continuous curve for Secale is established at the top of the subzone. Micro-charcoal 

representation is at a profile maximum.  

Subzone 9b (312-292 cm; 960 – 1140 CE): AP declines with Corylus, Quercus, Betula and 

Fraxinus reaching lows of 23%, 8%, 5%, and 0.7%, respectively. Alnus representation fluctuates 

between 15%-24%. AP falls to a profile minimum of 59% at 292 cm. Poaceae and P. lanceolata 

values increase to 20% and 3.2% respectively at 292 cm. Tubuliflorae forms a curve while 

higher values of Rumex-type, Ranunculus-type, Fabaceae and Urtica are recorded. NAPp attains 

28% of TTP for the first time. Cereal-type records peak at a profile maximum of 1.1% 

concurrent with Secale values of 0.6% (296 cm). Aquatic indicators (Pediastrum, Botryococcus, 

I. echinospora, and L. uniflora) attain their highest levels in the profile.  

Subzone 9c (288-284 cm; 1140 – 1190 CE): AP and NAP values remain stable with the 

exception of the cereal-type curve contracting to values of 0.4%. Only two Secale grains are 

recorded at 288 cm.  

3.5 Discussion  

In order to facilitate a detailed chronological account of vegetation change paralleled with human 

activity, the discussion section mainly follows cultural/historical periods (Table 3-3). These are 

in turn contained within three broad headings: (i) pre-anthropogenic landscape, (ii) prehistoric 

vegetation and land-use dynamics, (iii) historic vegetation and land-use dynamics.  

3.5.1 Pre-anthropogenic landscape 

Pre-elm decline woodland environment (PAZ-1) 

As the profile opens, the landscape is dominated by mixed deciduous woodland; oak is the main 

tall-canopy tree with hazel representing the primary understory component, with lesser amounts  
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Table 3-3 (Table on following page).  Summary of palynological features of profile LM-II. The 

Chronology (14C) column is based on the results of age-depth modelling from core LM-II. The 

Period/Age Range column includes individual cultural/historical periods and their corresponding 

timeframe. All dates are given in calibrated years BCE/CE. a indicates the period is based on 

Waddell (2010), b follows O’Brien (2012) and c O’Sullivan (1998). 
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PAZ 
Spectra 

(cm) 
Chronology (14C) Period/Age Range Main Features and Subzones 

9 332 - 284 800 – 1190 CE 

Viking Age (800 – 1100 

CE)c - Medieval (1100 – 

1350 CE)c 

Initial recovery of AP followed by reductions; further expansion 

of NAP; Cereal-type curve disrupted  

Subzone 9c: Cereal-type curve disrupted 

Subzone 9b: Corylus, Quercus, Betula, and Fraxinus decline; 

Poaceae and P. lanceolata expand; Cereal-type curve expands 

Subzone 9a: Increase in Corylus and Fraxinus; Slight 

contraction of P. lanceolata; Cereal-type curve disrupted  

8 384 - 336 220 – 800 CE 
Late Iron Agea - Early 

Historic (400 – 800 CE)c  

Reduction in AP; NAP expansion 

Subzone 8b: Corylus, Quercus, and Alnus decline; Poaceae, P. 

lanceolata, and Pteridium expand; Increase in Pediastrum, I. 

echinospora, and micro-charcoal; Cereal-type curve expands 

Subzone 8a: Corylus, Betula, and Fraxinus decline; Poaceae and 

P. lanceolata expand 

7 408 - 388 
220 BCE – 220 

CE 
Late Iron Agea AP recovers; low NAP 

6 436 - 412 650 - 220 BCE 
Early Iron Age (600 BCE – 

400 CE)a 

Decline in Quercus, Ulmus, and Corylus; Poaceae, P. 

lanceolata, and Pteridium expand; Increase in Pediastrum, I. 

echinospora, and micro-charcoal 

5 500 - 440 1490 - 650 BCE 

Middle Bronze Age (1600 - 

1100 BCE)a - Late Bronze 

Age (1000 - 650 BCE)a 

Initial decline in AP and NAP expansion with gradual reversal 

of trend 

Subzone 5c: AP recovers; P. lanceolata declines further 

Subzone 5b: Reductions in Fraxinus and Alnus; NAP contract 

and stabilize; Increase in Pteridium 

Subzone 5a: Quercus, Corylus, and Fraxinus decline; Poaceae, 

P. lanceolata,and Pteridium expand; Increase in Pediastrum and 

micro-charcoal  

4 600 - 504 2590 - 1490 BCE 

Early Bronze Age (2500 - 

1600 BCE)a; Inclusive of 

Chalcolithic (2500 - 2000 

BCE)b  

AP fluctuates along with NAP expansion in three consecutive 

phases 

Subzone 4d: AP tends to stabilize; NAP decrease from 

preceding subzone and remains constant 

Subzone 4c: Decrease in Quercus, Ulmus, Fraxinus; Poaceae 

and P. lanceolata increase 

Subzone 4b: AP fluctuates; Poaceae and P. lanceolata expand 

Subzone 4a: Decline in Quercus, Ulmus, Corylus, Fraxinus and 

Alnus; Poaceae and P. lanceolata expand; Cereal-type pollen 

forms curve 

3 672 - 604 3490 - 2590 BCE 
Middle - Late Neolithic 

(3100 - 2500 BCE)a 

High AP; NAP very low 

Subzone 3c: Third Elm Decline 

Subzone 3b: Second Elm Decline; Fraxinus begins to expand 

Subzone 3a: High Corylus, Quercus, Alnus, and Ulmus recovers 

2 708 - 676 3970 - 3490 BCE 

Early Neolithic (4000 - 3600 

BCE)a - Middle Neolithic 

(3600 - 3100 BCE)a  

AP declines; NAP increases for the first time 

Subzone 2c: Recovery in AP; NAP declines 

Subzone 2b: Decline in Quercus and Betula with Alnus 

expanding at the end of subzone; Poaceae and P. lanceolata 

expand  

Subzone 2a: Elm Decline 

1 744 - 712 4400 - 3970 BCE 
Mesolithic (8000 - 4000 

BCE)a 
High AP including Corylus, Ulmus, Quercus; NAP very low 
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of elm, pine, birch, and alder likely to be prevalent on wetter soils. Ulmus percentage and 

concentration values indicate an elm expansion during this period. Concomitantly, the 

contraction of Corylus values suggest that hazel is negatively affected by the expansion of tall-

canopy tree elm. Quercus concentration values indicate a stable oak population not reflected in 

percentage values. Pine becomes less important in the landscape by c. 4000 BCE being out 

competed by an expanding alder population (cf. Pinus and Alnus curve; Figure 3-4B), possibly in 

response to overall higher temperatures and wetter conditions during this period (Bennett, 1984; 

Huntley et al, 2002). A rise in lake levels resulting from a period of increased precipitation in 

continental Europe, and potentially Ireland, has been suggested to date between c. 4400 – 3950 

BCE (Magny, 2004; Holmes et al, 2007). Values of Isoetes, a palynological indicator of 

catchment-derived allochthonous material (organic and mineral) (Vuorela, 1980), as well as 

Pediastrum and Botryococcus, may indeed reflect increased sediment and nutrient in-wash into 

the lake associated with higher precipitation. Ferns probably found suitable habitats within these 

moist woodlands (cf. Polypodium vulgare and Dryopteris-filix-mas-type curve; Figures 3-4B and 

3-5A). The very low NAPp values (c. 0.9%) suggest open habitats were not present at this time 

and apart from the initiation of an Ilex curve at c. 4080 BCE (Figure 3-4B) there is no evidence 

of pre-Neolithic woodland instability (viz. O’Connell and Molloy, 2001). While the presence of 

micro-charcoal can potentially be linked to pre-Neolithic human activity (Mighall et al, 2008; 

Warren et al, 2014), in view of the lack of anthropogenic indicators in the palynological record, a 

stronger argument can be made for charcoal originating from natural sources. 

 

Elm-decline (PAZ-2a)  

 

The Mid-Holocene Elm Decline, a ubiquitous feature of Irish pollen diagrams dated to the Early 

Neolithic, is recorded in PAZ-2a with a decrease in Ulmus values from 13%-5%. Age-depth 

modelling suggests the event occurred at c. 3920 BCE within c. 50 years. The Elm Decline as 

recorded here does not appear to be linked with human activity and precedes a Neolithic 

Landnam (i.e., clearance of woodland to accommodate farming) by c. 50 years. A similar 

pattern, that is, an Elm Decline event preceding a Neolithic Landnam, has been previously 

reported in Ireland (cf. Molloy and O’Connell, 1987; Ghilardi and O’Connell, 2013; Stolze et al, 

2013). In terms of causality, considering the lack of palynological indicators of human activity at 

the onset of the event, it would be logical to assume that anthropogenic factors have limited 
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relevance in the sudden decline of elm. The hypothesis of an epidemic disease caused by a 

fungal pathogen differentially affecting elm (Clark and Edwards, 2004) seems valid in this 

context. However, it is also possible that factors not discernable from the pollen record were 

involved in the process. The spread of disease by earlier and inconspicuous human disturbance 

of the woodland environment (Warren et al, 2014), perhaps undiscernible considering the 

expected low level of activity and localized nature of NAP, is a distinct probability. The onset of 

the decline corresponds well with records from other locations, with a post-4000 BCE start 

registered at several sites (cf. O’Connell and Molloy, 2001; Parker et al, 2002; Whitehouse et al, 

2014). Regionally, a similar chronology (c. 3980 BCE) was inferred at Redbog II (Weir, 1995).  

3.5.2 Vegetation and land-use dynamics in the prehistorical period 

 

Early – Middle Neolithic (PAZs 2b-2c)  

 

The first definitive evidence of human activity is recorded in PAZ-2 spanning a period of c. 380 

years, with activity concentrated between c. 3870 – 3600 BCE (PAZ-2b), followed by a phase of 

declining activity from c. 3600 – 3490 BCE (PAZ-2c). Clearance of tall-canopy oak trees and 

birch is construed from reduction in Quercus and Betula values. Further reductions in Ulmus 

values may reflect a combination of disease and woodland clearance affecting elm. The stability 

of Pinus values indicates that pine is not affected by clearings with pine pollen possibly deriving 

from the wider region considering the anticipated pollen source area of the lake system and 

dispersal capability of pine pollen. The brief peak in Corylus values in PAZ-2b is attributed to 

increased pollen production associated with reductions in canopy-forming trees oak and elm 

(Aaby, 1986; Feeser and Dörfler, 2014). Woodland representation in the landscape is at its 

minimum c. 3760 BCE (Figure 3-4A). Poaceae values provide the first indication of expansion 

of open grassland areas, inclusive of a species rich pastoral component (cf. P. lanceolata, 

Rumex-type, Ranunculus-type and Liguliflorae). NAPp representation suggests the presence of 

small areas dedicated to pastoral grazing. Two cereal-type records indicate small-scale cereal 

cultivation during the earliest stages of the Landnam phase (c. 3810 BCE). A slightly higher 

frequency of arable weeds (cf. Brassicaceae and Plantago major/media curves; Figures 3-4B and 

3-5a) may reflect disturbed areas associated with an arable component (Behre, 1981), but given 

the scarcity of cereal-type pollen this may also be indicative of an expected diversification of 

open habitats. Overall, woodlands dominate the landscape with the presence of small openings 
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locally. Increased catchment disturbance resulting in allogenic material inputs seems to be 

reflected in both higher I. echinospora values and sedimentary minerogenic content (cf. LOI % 

curve; Figure 3-5C). An increase in nutrient inputs may be envisaged from the higher 

representation of Botryococcus and Pediastrum. The latter has no parallel until the Late Bronze 

Age (PAZ-5) (cf. Pediastrum curve; Figure 3-4B) and may indicate activity relatively close to 

the coring location. As reported elsewhere (cf. Molloy and O’Connell, 1987; Ghilardi and 

O’Connell, 2013), fire does not appear to have played a role in Neolithic woodland clearance (cf. 

micro-charcoal curve; Figure 3-4B). 

The substantial expansion of alder following the main phase of woodland clearance at c. 3600 

BCE seems to derive from a combination of topographical factors and anthropogenic 

disturbance. In the local inter-drumlin setting, reduced woodland cover may have resulted in 

increased overland flow and enhanced gravitational sediment throughput into inter-drumlin 

hollows and steep lake margins. This in turn could have led to increased soil-water saturation as 

well as soil stabilization, ultimately resulting in the expansion of suitable alder habitat (Bennett 

and Birks, 1990). A similar pattern was reported at Killimady Lough and Weir’s Lough, also 

located in the inter-drumlin belt, where alder expansion during the Neolithic is presumed to 

result from a combination of reduced vegetation cover, overland flow and soil erosion (Hirons 

and Edwards, 1986). Pollen analysis in a Neolithic field system located in a river valley at 

Belderrig also indicates alder expansion coinciding with the cessation of pastoral activity at c. 

3425 BCE (Verril and Tipping, 2010). The edaphic/hydrological controls attributed for the 

expansion of alder during the Neolithic have a modern analogue in the Alnus-dominated wet 

woodlands present around L. Muckno today (Foss and Crushell, 2012). Woodland recovery (cf. 

Quercus, Ulmus and Corylus values) along with a decline in NAP in PAZ-2c reflects the 

abandonment of land from c. 3600 – 3490 BCE. 

The pollen profile in closest proximity, Redbog II (Weir, 1995), also indicates commencement of 

Neolithic activity following c. 3800 BCE, with a comparable chronology reported in other 

locations (cf. O’Connell, 1991; Caseldine and Hatton, 1996; O’Connell and Molloy, 2001; Stolze 

et al, 2013). The inferred period of concentrated human activity at L. Muckno (c. 270 years) may 

be considered brief (cf. c. 700 years of main Landnam phase at L. Dargan; Ghilardi and 

O’Connell, 2013), and in terms of intensity, either modest (cf. Molloy and O’Connell 1987, 
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1995) or substantial (cf. Weir, 1995; Mighall et al, 2008; Molloy and O’Connell, 2012), a factor 

that highlights geographical variability in land-use patterns. The evidence from L. Muckno 

suggests agricultural activity is predominantly pastoral with discreet evidence of arable farming 

during the earliest stages of the Early Neolithic. These characteristics support general trends in 

palynological (O’Connell and Molloy, 2001) and archaeobotanical (McClatchie et al, 2014) 

evidence for the Irish Early Neolithic, which suggest a small population with an emphasis on 

pastoral grazing and limited cereal-crop cultivation. Similar results are described from a range of 

locations (cf. Pilcher and Smith, 1979; Molloy and O’Connell, 1987; 2016; O’Connell, 1991; 

Caseldine and Hatton, 1996; Stolze et al, 2012; 2013; Ghilardi and O’Connell, 2013). In terms of 

archaeological records, the prevalence of court tombs in the area, considered to be predominantly 

Early Neolithic features (c. 3700 – 3570 BCE; Schulting et al, 2012), corresponds well to the 

period of concentrated Neolithic activity inferred from pollen data.  

 

Middle – Late Neolithic (PAZ-3) 

 

High AP representation (97% of TPP) in the period c. 3490 – 2590 BCE (PAZ-3) indicates the 

presence of a fully-closed woodland environment primarily dominated by hazel, oak and elm. 

Inferred conditions during the Middle – Late Neolithic are similar to the pre-Elm Decline 

environment (PAZ-1) (Figures 3-4A and 3-6). Open habitats are no longer present in the area and 

human presence in the landscape is not discernable from palynological evidence. Regionally, 

there is minimal evidence of human activity from c. 3500 – 2300 BCE at Redbog II and 

Essexford Lough (Table 3-4). These observations are comparable to data within a wider Irish 

context (cf. Pilcher and Smith, 1979; Molloy and O’Connell, 1991; 2016; Caseldine and Hatton, 

1996; O’Connell and Molloy, 2001; Stolze et al, 2013) although the onset of periods of activity 

have also been reported within this period (cf. c. 2700 BCE; Ghilardi and O’Connell 2013; c. 

2900 BCE; Molloy and O’Connell, 2004; c. 2700 BCE; O’Connell et al, 2014). The break in 

farming activity evident in many pollen datasets has led to suggestion of an overall decline in 

population occurring during this period (O’Connell and Molloy, 2001), or a drastic change in 

settlement and/or economic patterns linked to climatic deterioration (Whitehouse et al, 2014).  

The consecutive reductions in Ulmus values in PAZ-3 are interpreted as additional Elm Decline 

events. Including the original collapse at c. 3920 BCE (PAZ-2a) three distinct Elm Decline 

events are inferred from the pollen record of L. Muckno, with the second event recorded at c. 
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3220 BCE (PAZ-3b) and the final event at c. 2960 BCE (PAZ-3c). Hereafter Ulmus values 

fluctuate (≤ 6%), but do not recover to pre-Elm Decline levels for the remainder of the pollen 

profile. Multiple Elm Decline events have been reported in other locations (cf. O’Connell, 1980; 

Hirons and Edwards, 1986) including nearby Co. Louth (Table 3-4). Chronologically, Elm 

Decline events at Redbog II are comparable to the data presented here: (i) 3980 BCE, (ii) 3230 

BCE, and (iii) 2800 BCE. Weir (1995) considered correlations between reductions in Ulmus 

values and presence of NAP sufficient to attribute human causality, but in the case of L. Muckno 

the lack of human indicators hint to disease as the primary cause for all three Elm Decline 

events. However, it is difficult to elucidate a process responsible for multiple pathogenic attacks 

separated by centuries of recovery in elm populations without a triggering mechanism. Again, it 

is conceivable that human activity undiscernible from the local pollen record mediated the spread 

of disease at different points in time.   

Change in woodland structure is construed from the gradual expansion of Fraxinus. Light-

demanding ash, previously present in the landscape as a frequent but underrepresented taxon, 

expands in open areas within woodlands. Higher representation of Fraxinus is a characteristic 

feature of pollen diagrams during the later stages of the Neolithic, invariably observed following 

an Elm Decline event and often at times of Early Neolithic activity (O’Connell and Molloy, 

2001). Reductions in elm in PAZs 3b-3c allows for a brief increase in both oak and hazel pollen 

production as suggested by percentage and concentration values. A pine stomata recorded at 644 

cm suggests local pine presence (cf. Pinus curve; Figure 3-4B), but its representation in the 

landscape gradually declines reaching its minimum from c. 2850 BCE onwards. In Ireland, pine 

is considered to have undergone a decline beginning at c. 2500 BCE (Bradshaw and Browne, 

1987), but the continuous Pinus curve through the rest of the profile may indicate the presence of 

extant pine populations within the lake pollen source area. The decline in Alnus values in Zone 3 

is presumed to result from the inherent dynamism of alder woodlands (cf. Bennett and Birks, 

1990), in this case attributed to the absence of catchment disturbance facilitating the creation of 

suitable conditions for its expansion. 

Interestingly, the timing of the Elm Decline in PAZ-3c coincides with a shift in sediment 

accumulation rate and LOI (%) values (Figures 3-5C and 3-5D), which may suggest increased 

sediment influx into the lake. Anthropogenic “forcing” on catchment soils is not envisaged from 
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pollen evidence. It is also unlikely that the recorded fall in Ulmus values (11% of TTP) 

represents a reduction in vegetation cover to such extent that it can probably result in exposed 

soils, accelerated soil erosion and sediment in-wash into the lake. The onset of a brief period of 

increased precipitation and higher lake levels from c. 2900 – 2850 BCE (Magny, 2004), leading 

to shifts in the local hydrological regime, could be considered as an explanation. Relatively high 

Botryococcus values are recorded through PAZ-3 which may indicate increased catchment 

flashiness and higher nutrient inputs. However, a variety of factors can affect Botryococcus 

abundance in lake systems (cf. Batten and Grenfell, 1996; Jankovská and Komárek, 2000). 

Additionally, LOI (%) values may be responding to a change in lake productivity (i.e., amount of 

OM reaching the profundal) rather than to catchment-derived minerogenic inputs (Shuman, 

2003). It is also of note that a phase of alder expansion which could indicate increased soil 

wetness and disturbance follows after c. 2800 BCE.  

 

Early Bronze Age (PAZ-4) 

 

Human activity is constant but at fluctuating levels of intensity during the Early Bronze Age. 

NAPp representation suggest three episodes of increased agricultural activity concentrated 

between c. 2590 – 2460 BCE (PAZ-4a), c. 2330 – 2150 BCE (PAZ-4b), and c. 1970 – 1750 BCE 

(PAZ-4c). 

Following a period of undiscernible human activity in the Middle – Late Neolithic, renewed 

catchment disturbance is recorded from 2590 BCE. Small-scale clearance is envisaged from 

reductions in AP components (cf.  Ulmus, Fraxinus and Alnus) and expansion of Poaceae and P. 

lanceolata curves. Increased representation of Cyperaceae and Salix (Figure 3-4B) may provide 

an indication of openings along lake fringes. The cereal-type curve suggests small-scale cereal 

cultivation spanning most of the period c. 2590 – 1490 BCE. Based on the sedimentary record of 

L. Muckno, this follows on from a period of c. 1220 years (3810 – 2590 BCE) with no concrete 

evidence of arable farming. In Ireland, the resurgence of agriculture between c. 2500 – 2000 

BCE is a feature frequently inferred from pollen diagrams following a period of subdued activity 

during the Late Neolithic (cf. Pilcher and Smith, 1979; Caseldine and Hatton, 1996; O’Connell 

and Molloy, 2001; Molloy and O’Connell, 2016). 
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Stability in most AP curves suggest limited woodland clearance in PAZ-4b. NAPp values 

indicate a slight expansion of grassland/pastoral areas which is followed and preceded by their 

contraction along with temporal spread of alder into wet areas. The increase in sedimentary 

organic content towards the end of Subzone 4b seems to reflect limited activity and sediment in-

wash at the time (cf. LOI % curve; Figure 3-5C). A phase of woodland clearance follows in 

PAZ-4c with reductions in oak, elm and ash. AP representation falls to a minimum of 83% by c. 

1840 BCE (Figure 3-4A). Understory components hazel and birch benefit from modifications in 

woodland canopy structure and slowly expand. The presence of a vegetation Mantel layer 

primarily composed of rowan/whitebeam (cf. Sorbus curve; see also Prunus, Crataegus and 

Sambucus records; Figure 3-4B) may be indicative of considerable grazing pressure on woodland 

fringes at the time (Ghilardi and O’Connell, 2013). This is also reflected in increases of holly and 

ivy (cf. Ilex and Hedera curves; Figure 3-4B), additional components of the woodland edge 

community, as well as a better expression of ferns (cf. P. vulgare and Filicales curve; Figures 3-

4B and 3-5A). Pteridium values peak during each of the episodes of increased human activity 

(particularly in PAZ-4c) (Figure 3-4B), reflecting bracken colonization of newly open areas. 

Again, expansion of pastoral areas and an increase in grazing is indicated by NAPp with the 

establishment of a Filipendula curve suggesting the presence of wet grassland patches. The peak 

in I. echinospora representation may reflect increased catchment-derived particulate matter 

inputs expected from intensification of activity at c. 1840 BCE. Higher incidence of arable weeds 

in Zone 4 (cf. Brassicaceae, P. major/media and Chenopodiaceae; Figures 3-4B and 3-5A) may 

reflect disturbance within open habitats possibly related to arable farming.  

In PAZ-4d, apart from a brief decrease in Fraxinus values implying further ash clearance, AP 

curves remain relatively stable, with lower P. lanceolata values suggesting another contraction in 

the extent of pastoral areas, and a disruption of the cereal curve perhaps reflective of a brief lull 

in arable farming from c. 1710 – 1660 BCE. The pollen record suggests that the economy in the 

Early Bronze Age is still based on pastoral land with a minor, but now relatively permanent 

arable component. Overall, the correspondence of small peaks in microscopic charcoal with each 

episode of pronounced human activity hints to an anthropogenic source, related to either 

settlement and/or woodland clearance.  
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In the context of archaeological evidence, it is noteworthy that wedge tombs, an archaeological 

feature associated with the Chalcolithic period in Ireland (c. 2500 – 2000 BCE) (O’Brien, 2012), 

are largely absent from the area, although it remains possible that any of the unclassified 

mortuary monuments fall into this category. The local cluster of fulacht fia (Figure 3-2) may be 

associated with the Early Bronze Age, but based on Irish 14C dates and local palynological 

evidence, it seems more plausible that these features are associated with later events during the 

Bronze Age. Definite evidence of human activity, inclusive of oak clearance, derives from the 

Early Bronze settlement at Cullyhanna with 14C evidence suggesting chronological 

correspondence with the phase of increased human activity at c. 1800 BCE.  

Palynological evidence from Co. Louth (Table 3-4) also suggests woodlands became subject to 

increased human pressure at c. 2300 BCE. The level of human activity around Redbog II is 

perhaps lower and largely pastoral with limited indication of arable farming until 1600 BCE. The 

pollen record from Essexford Lough, but also Whiterath Bog, provide convincing evidence of 

agricultural activity from the period c. 2400 – 2000 BCE while at Loughnashade (Weir, 1993) an 

expansion in both arable and pastoral activity occurs at c. 1880 BCE. Similar patterns can also be 

found elsewhere. Two phases of increased human activity centered on c. 2500 BCE and c. 1900 

BCE are reported from Ballynagilly (Pilcher and Smith, 1979), and c. 2400 BCE and c. 1800 

BCE at Caheraphuca Lough (Molloy and O’Connell, 2012). At Ballinphuill Bog activity was 

most intensive at c. 2300 and c. 1600 BCE (Molloy and O’Connell, 2016). Additional 

investigations (cf. Molloy and O’Connell, 1991; 2004; Molloy, 2005; Mighall et al, 2008; 

Ghilardi and O’Connell, 2013; O’Connell et al, 2014) provide further evidence of land-use 

intensification, predominantly pastoral, but with some evidence of cereal-crop cultivation during 

the early second millennium BCE. 

 

Middle – Late Bronze Age (PAZ-5) 

 

A substantial expansion in farming activity is recorded during the Middle Bronze Age. This is at 

its most intense from c. 1490 – 1300 BCE (PAZ-5a) with intensity decreasing, but still at a 

considerable level between c. 1300 – 1030 BCE (PAZ-5b). A period of lower activity occurs 

during the Late Bronze Age from c. 1030 – 650 BCE (PAZ-5c).  
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During PAZ-5a tall-canopy trees oak and elm may be subject to a degree of removal; however 

scrub vegetation is the main target of clearances with strong reductions in hazel and to a lesser 

extent ash facilitating increased birch flowering (cf. peak in Betula values). An expansion of 

open grassland/pastoral habitats is construed from higher values of Poaceae and P. lanceolata 

along with additional NAPp (cf. Rumex-type, Ranunculus-type, Filipendula). The impact on 

woodland cover at c. 1400 BCE (AP = 69%) is larger than that recorded in the earlier part of the 

Bronze Age at c. 1840 BCE (PAZ-4c) (Figure 3-4A). Frequent records of Osmunda (Figure 3-

5B) are suggestive of open wet areas. Two phases of bracken expansion into newly cleared areas 

are discernible in PAZ-5 (cf. Pteridium curve; Figure 3-4B); the first corresponds to the initial 

phase of woodland clearance at c. 1400 BCE (PAZ-5a), while the second occurs in conjunction 

with a reduction in Fraxinus percentage and concentration values at c. 1080 BCE (PAZ-5b). The 

latter may be interpreted as indicative of exploitation of ash for timber as there is no evidence for 

expansion of anthropogenic indicators or for major changes in woodland composition.   

Contraction in NAPp indicators in Subzone 5b indicate a decrease in the extent of open habitats. 

The gradual expansion of Alnus towards PAZ-5b once again reflects the dynamism of alder 

woodlands expanding onto wet soils. Hazel scrub expands, possibly replacing oak and/or ash in 

areas previously subject to clearance. The formation of a slender Taxus curve (Figure 3-4B) 

suggests that yew benefits from changes in woodland structure, but remains a minor component 

of the woodlands. This is in stark contrast with pollen profiles in the west of Ireland where a 

distinctive Taxus “rise” is recorded (Molloy and O’Connell, 2004; 2011; Molloy, 2005). The 

sudden expansion of yew has been suggested to derive from lower pastoral activity due to its 

sensitive to grazing pressure (Mitchell, 1990), but climatic variability in the form of increased 

dryness could also have played a major role (Molloy and O’Connell, 2014). The low local 

abundance of Taxus is attributed to the lack of calcareous soils necessary for yew expansion and 

formation of a dense woodland component (Thomas and Polwart, 2003).  

AP values in PAZ-5c indicate stability in woodland structure, with hazel scrub dominating the 

landscape and a degree of elm regeneration. Further contraction of open pastoral/grassland 

habitats is inferred from decreased NAPp values which indicate lower levels of human activity 

between c. 1030 – 650 BCE.  
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Continuity of cereal-type records in PAZ-5 (see also arable weeds; Artemisia, Chenopodiaceae, 

P. major/media; Figures 3-4B and 3-5A) imply prevalence of small-scale arable farming during 

the Middle – Late Bronze Age, with a possible disruption in cereal cultivation at c. 700 BCE. In 

PAZ-5a, catchment disturbance, increased allogenic inputs of particulate matter and within-lake 

productivity are reflected in micro-charcoal, I. echinospora, and Pediastrum representation. 

Higher minerogenic inputs are also evident at c. 1400 BCE (Figure 3-5C). If the local fulachta 

fia (Figure 3-2) are indeed associated with the construction phase of 1700 – 1300 BCE (cf. Ó 

Néill, 2003), then an argument can be made for activity in close proximity to the coring location, 

a factor reflected in higher Pediastrum levels with no parallel since the Early Neolithic (PAZ-

2b).  

At Redbog II, a phase of expansion in agricultural activity roughly contemporary with the events 

in PAZ-5a is recorded from c. 1600 – 1400 BCE (Table 3-4). A similar phase may have occurred 

later (c. 1300 BCE) at both Whiterath Bog and Essexford Lough. Intensification of human 

activity involving arable farming is most evident at Loughnashade within c. 1400 – 1000 BCE. 

This episode is associated with the period of occupation of Haughey’s Fort in the Navan 

Complex (c. 1250 – 1000 BCE), and is supported by the largest assemblage of prehistoric cereal 

macrofossil remains found in Ireland (Mallory, 1995), providing an indication of the prevalence 

of cereal cultivation in the wider region. Regionally, an argument can be made for increased 

agricultural activity during the Middle Bronze Age, mostly pastoral, but with frequent evidence 

of cereal cultivation.  

Palynological data from several bog profiles (cf. Plunkett, 2009) serves to highlight the spatio-

temporal variability in land-use dynamics characterizing this period. Correspondence with the 

patterns reported above is noted, including increased agricultural activity between c. 1500 – 1300 

B. at Garry, Sluggan and Claraghmore bog sites. Plunkett (2009) suggests the possibility of 

population mobilization into centralized locations such as Haughey’s Fort during the Middle 

Bronze Age (c. 1250 BCE), a pattern potentially resulting from disruptions in trade. In this 

context, the relative proximity of L. Muckno and Loughnashade is relevant, and although there is 

a reduction in local agricultural intensity at L. Muckno from c. 1300 – 1000 BCE, activity 

continues at a considerable level, making it difficult to envisage reductions and/or mobilization 

of population based solely on palynological evidence.  
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A number of spatially “clustered” profiles in the west also demonstrate variability in land-use 

dynamics during the Bronze Age. The pollen record from Caheraphuca Lough (Molloy and 

O’Connell, 2011; 2012) indicates subdued human activity from c. 1500 – 1200 BCE, followed 

by a Late Bronze Age Landnam culminating at c. 950 BCE. This Landnam event is 

chronologically linked to events at Mooghaun where fluctuating levels of human activity are 

evident from c. 1700 – 1100 BCE with a distinct Landnam recorded from c. 1100 – 600 BCE 

(Molloy 2005; Molloy and O’Connell, 2011). This is in contrast to the nearby pollen profile from 

Caherkine Lough (O’Connell et al, 2001), which provides little evidence of human activity 

during this time, highlighting the localized nature of land-use patterns in the region. Pollen 

diagrams from L. Cooney and L. Dargan suggest varying levels of activity during the Bronze 

Age with intensification in agriculture from the early eleventh to eighth century BCE (Ghilardi 

and O’Connell 2013, O’Connell et al, 2014). This upsurge in agricultural activity corresponding 

to the onset of the Late Bronze Age (c. 1000 BCE) is also evident in other locations in Ireland 

including the west, south and regionally in the profiles from Louth (cf. Weir, 1995; Molloy and 

O’Connell, 2004; 2016; Overland and O’Connell, 2008; Plunkett, 2009). This situation is in clear 

contrast with the low levels of human activity recorded from c. 1030 – 650 BCE at L. Muckno, 

and perhaps Loughnashade (c. 1000 – 600 BCE; Weir, 1993), which is suggestive of a reduction 

in farming intensity in parts of Monaghan and Armagh during the Late Bronze Age.  

 

Early Iron Age (PAZ-6) 

 

In contrast to the Late Bronze Age, increased agricultural activity and catchment disturbance is 

recorded in the earlier part of the Iron Age. Woodland clearance initially involves ash, oak and to 

a lesser degree elm. Hazel scrub, by this point a dominant component in the context of woody 

vegetation, is initially subject to small-scale removal followed by pronounced clearance at c. 300 

BCE. The expansion of birch corresponds with openings in the canopy layer and reduced 

competition from hazel scrub. As in previous periods, the expansion of grassland, and in 

particular pastoral habitats, is construed from an increase in NAPp in response to woodland and 

scrub clearance. Bracken expansion (cf. Pteridium curve; Figure 3-4B) provides further evidence 

of open areas (see also Osmunda and Cyperaceae curves; Figures 3-4B and 3-5A). The inferred 

intensity of pastoral activity and impact on woodland vegetation is comparable to the episode in 

the Middle Bronze Age (PAZ-5a) (Figure 3-4A). Frequent records of cereal-type pollen (see also 
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Brassicaceae curve; Figure 3-4B) suggest continuity in cereal cultivation. Catchment disturbance 

is again reflected in LOI % values (Figure 3-5C), higher representation of aquatic indicators and 

micro-charcoal. If the local linear earthworks (Figure 3-2A) are indeed late prehistorical records 

dating to the second half of the 1st millennium BCE (see Ó Drisceoil et al. (2014) for an 

alternative interpretation), then an argument could be made for correspondence between the 

palynological record and evidence for activity in the wider area of the lake.   

Data from Redbog II indicates subdued human activity following 800 BCE while an increase in 

activity is recorded from c. 600 – 200 BCE at Essexford Lough and c. 400 – 200 BCE at 

Whiterath Bog (Table 3-4). Similar conditions are reported from Loughnashade with woodland 

clearance and expansion of open habitats from c. 600 – 200 BCE. All of these profiles are 

characterized by reduced evidence of arable farming in comparison to earlier episodes in the 

Bronze Age. With the exception of Redbog II, the regional evidence illustrates a trend in 

intensification of cultural activity with a focus on pastoral farming. The limited archaeobotanical 

dataset available for the Iron Age (Monk, 1986) may reflect the limited importance of cereal-

crop cultivation during this period in the region.  

Pulses of anthropogenic activity at varying levels during the Iron Age are also reported in 

different parts of Ireland (cf. Molloy and O’Connell, 1991; 2004; 2016; Molloy, 2005; Overland 

and O’Connell, 2008; Ghilardi and O’Connell, 2013). In bog sites Garry, Moyreen and Sluggan 

human activity is limited between c. 600 – 500 BCE with a substantial increase in pastoral 

grazing in the latter dating to c. 400 BCE (Plunkett, 2009). This is also the case at Caheraphuca 

(Molloy and O’Connell, 2012), which provides little evidence of activity from the sixth to fourth 

century BCE At Ballynagilly, a lull in activity and a period of woodland regeneration begins 

shortly after c. 500 BCE (Pilcher and Smith, 1979). As in the Bronze Age, the palynological 

record during the earlier part of the Iron Age reflects variability in land-use dynamics in which 

local to regional conditions are perhaps a major driver.  

 

Late Iron Age (PAZ-7) 

 

Zone 7 is representative of the so-called Late Iron Age Lull (LIAL), a period of subdued 

agricultural activity during which widespread woodland regeneration may have occurred across 

Ireland. Locally, this phase is registered from c. 220 BCE – 220 CE with rapid woodland 
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regeneration involving hazel, birch and ash, but also elm and yew at a slower rate. A fall in 

Quercus values suggests decreased oak representation in the landscape from c. 150 – 70 BCE. 

However, given the generalized contraction in NAP during this period, local oak clearance is not 

envisaged. A pollen “screening” effect provided by alder woodlands, presumed to be 

predominant around the lake, may provide an explanation for the underrepresentation of oak 

pollen, a feature also reported from other inter-drumlin settings (Hirons, 1984). A decrease in 

Quercus pollen may also represent oak clearings in a regional context. Expansion of woody taxa 

along wetter areas, involving either alder and/or ash, may also be accountable for the absence of 

Cyperaceae pollen in this zone (cf. Fig 4b). Rapid modifications in the organization or 

“regularity” of the local to regional vegetation mosaic (Hellman et al, 2009) seem to be 

accountable for the palynological features noted above.   

Overall, woodland representation during the Late Iron Age is at its maximum extent since the 

Early Bronze Age (PAZ-4d) (Figure 3-4A). Regeneration of the woodland environment is also 

reflected in the higher representation of holly (cf. Ilex curve; Figure 3-4B), seemingly benefiting 

from the expansion of woodland fringes. The contraction of NAPp points to a reduction of open 

habitats (cf. Poaceae, P. lanceolata) and loss of diversity (e.g., Urtica, Fabaceae). The very low 

records of P. lanceolata (0.1%) only have parallel in the Late Neolithic (PAZ-3) approximately 

2600 years earlier. Open areas dedicated to pastoral grazing are negligible (if even present) by 

the early first century CE. Cereal-type records indicate that arable farming in the area ceased 

briefly at c. 70 BCE, resuming shortly after at a small scale. The effects of declining catchment 

activity are well represented in the fall of sediment accumulation rate and higher LOI % values 

in Zone 7 (Figures 3-5C and 3-5D) (see also decline in micro-charcoal, Pediastrum, 

Botryococcus, and I. echinospora; Figure 3-4B).  

The only regional profile with independent dating, Redbog II (Table 3-4), provides limited 

evidence of human activity from c. 800 BCE –25 CE. A phase comparable to the LIAL may 

have occurred between c. 200 BCE – 25 CE at Essexford Lough and Whiterath Bog, being more 

pronounced in the former. At Loughnashade, the period c. 200 BCE – 200 CE sees woodland 

expansion and reduction of open areas. For the most part, there is still some evidence for cereal-

crop cultivation in the region, particularly at Whiterath Bog. Regionally, overlapping periods of 
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subdued activity are registered within c. 800 BCE – 220 CE although a degree of variation in its 

intensity and (possibly) chronology is evident.  

This “lull” in human activity corresponds with the absence of local archaeological records 

attributable to the Late Iron Age (Figure 3-2). At a wider scale, the nearest records come from 

The Dorsey (Figure 3-1), where dendrochronological analysis from oak timbers suggest felling 

between 140 – 100 BCE (Lynn, 2008; Ó Drisecoil et al, 2014). Similar dates (100 – 90 BCE and 

95 – 94 BCE) were obtained from oak timbers associated with ritual structures at the Navan 

Complex (Lynn, 2008). This may point to the use of oak in a regional context, but considering 

periods of woodland regeneration inferred from regional pollen profiles, this was probably rather 

limited and unlikely to represent a measurable decrease in oak pollen at the regional scale.   

Weir (1995) (see also Baillie, 1993) argued for a potential link between climatic deterioration 

and population reduction occurring within 200 BCE – 200 CE in Ireland. More recently, Baillie 

and Brown (2013) consider the possibility of an environmental downturn at 44 – 42 BCE leading 

to a massive reduction in population in the ensuing centuries. However, it is difficult to argue for 

causality in terms of a single event in time from the perspective of the palynological record if the 

inherent chronological variability regarding “events” which are comparable to the LIAL is 

considered. In the south, Overland and O’Connell (2008) describe two periods of woodland 

regeneration, perhaps comparable to the LIAL, from two different profiles in the Beara 

Peninsula, dating to c. 400 BCE – 700 CE (bog profile) and c. 300 – 700 CE (lake profile). The 

LIAL is often registered in the west of Ireland during the early first millennium CE; examples 

include Ballinphuill (c. 200 – 400 CE; Molloy and O’Connell 2016), An Loch Mór (c. 100 – 450 

CE; Molloy and O’Connell, 2004), and Abbeyknockmoy Bog (c. 45 – 450 CE; Lomas-Clarke 

and Barber, 2004). At L. Sheeauns (Molloy and O’Connell, 1991) it might have occurred earlier, 

in the fourth century BCE and extending into the early first century CE. Dates tend to oscillate 

around the first and second centuries CE in other locations considered (cf. Molloy, 2005; 

Newman et al, 2007; Ghilardi and O’Connell, 2013). This is in contrast with the evidence 

available from L. Muckno, and possibly its regional context, where the LIAL is registered 

centuries earlier than in the west. This variability is highlighted by modelling of 14C evidence 

from several pollen profiles placing the onset of the LIAL at various times within the window of 

200 BCE – 200 CE (Coyle-McClung, 2013), questioning the validity of a climate-driven lull and 
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supporting the role of cultural factors. The evidence available from L. Muckno is certainly 

indicative of a pronounced episode in the series of contractions in catchment activity registered 

through prehistory, and is perhaps linked to events which are also relevant at a regional scale.  

3.5.3 Vegetation and land-use dynamics in the historical period 

 

Late Iron Age – Early Historic period (PAZ-8) 

 

A period of intense human activity characterized by the unprecedented expansion of open 

habitats and emphasis on cereal-crop cultivation is reflected in PAZ-8. In Subzone 8a, clearances 

involve hazel scrub, ash, birch and holly. The concomitant expansion of grassland/pastoral 

habitats indicates renewed focus on pastoral activity. Arable farming also experiences a sudden 

and brief expansion at c. 300 CE. The increase in Pinus values in PAZ-8a is noteworthy, with the 

pine curve expanding in two instances in the profile, from the onset of PAZ-5 and PAZ-8 (cf. 

Pinus curve; Figure 3-4). Increased influx of Pinus pollen may reflect the presence of extant pine 

stands within the regional source area of the lake which is only expressed during periods of 

decreased influx of other AP.  

Further clearances involve hazel, ash, birch, and subsequently oak at c. 760 CE (PAZ-8b). The 

fall in Alnus values probably indicates clearance of marginal wetland. Elm and yew 

representation in the landscape is minimal from this point onwards. Deforestation reaches its 

climax at c. 700 CE with AP falling to its lowest levels yet recorded (61%) (Figure 3-4A). The 

expansion of open/pastoral habitats, inclusive of the re-establishment of nutrient-rich areas (cf. 

Urtica values) and prominent wet grassland patches (cf. Filipendula and new records of 

Valeriana officinalis; Figure 3-4B), suggests intense pastoral grazing in PAZ-8b. The 

combination of disturbance and availability of wet habitat leads to the expansion of alder before 

the clearance event at c. 700 CE. Sedges expand once more along lake edges (cf. Cyperaceae 

curve; Figure 3-4B) and bracken colonization of open areas is widespread (see also additional 

ferns; P. vulgare, Filicales, and Osmunda curves; Figures 3-4 and 3-5A). A degree of expansion 

in the extent of bogland during the historical period is inferred from the steady increase in 

Calluna records registered in PAZ-8b (see also frequent records of Sphagnum and Potentilla-

type in PAZs 8-9; Figures 3-4B and 3-5A).  
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From c. 500 CE a substantial increase in cereal-type records indicates cereal cultivation becomes 

an important component of the farming economy for the first time (see also increase in arable 

weeds; Figures 3-4B and 3-5A). Secale-type pollen is recorded sporadically from c. 530 – 760 

CE and by c. 630 CE the arable component is at its maximum extent although an economy 

dominated by pastoral grazing prevails during the Early Historic period. Again, high levels of 

catchment disturbance (see micro-charcoal curve and fluctuations in LOI %; Figures 3-4B and 3-

5C) have a considerable but now continuous effect on aquatic indicators. In particular, the high 

representation of I. echinospora indicates unprecedented rates of sediment in-wash into the lake. 

The sediment accumulation rate increases from this point onwards (c. 7 yr/cm; Figure 3-5D), 

emphasizing the combined effects of higher land to water material export and (possibly) 

increased lake productivity (Bennett and Buck, 2016). This enables a higher resolution analysis 

in PAZs 8-9. The prevalence of shoreweed in shallow areas (L. uniflora curve; Figure 3-4B) may 

provide an indication of modifications in physico-chemical parameters in the littoral of the lake 

(Preston et al, 2002).   

A logical argument for the increase in Pinus pollen would be reworking of old material 

associated with higher erosion, a factor later denoted by a 14C reversal at 301 cm in PAZ-9 (c. 

1080 CE) (Figures 3-3 and 3-5), itself an indicator of the degree of anthropogenic “forcing” on 

catchment soils during the historical period (Edwards and Whittington, 2001). However, there is 

no distinct evidence for reworking of pollen at any point. Corrosion levels of pollen are minimal 

and a series of consistent patterns in cereal-crop cultivation (including diversification) and 

expansion of open habitats are recorded. It is interesting that the Pinus curve continues 

uninterrupted even during phases of woodland regeneration and subdued (or undiscernible) 

human activity in PAZs 3 and 7; this factor lends support to the hypothesis of an additional 

pollen source besides reworked soil material. In Ireland, after a widespread decline at c. 2000 

BCE pine populations are thought to have survived in isolated pockets which became extinct at 

c. 400 CE (Roche et al, 2009). However, the possibility remains that relict populations persisted 

through the historical period (cf. Bradshaw and Browne, 1987). This is suggested by a suite of 

evidence including a 14C date of 1620 ± 130 BP (c. 520 CE) from a preserved pine stump in the 

Irish midlands (McAulay and Watts, 1961). In western Ireland, palynological and archaeological 

evidence from the Aran Islands (Molloy and O’Connell, 2004; 2007; Cotter, 2013), including 

pine-rich charcoal samples from Inis Mór with a 14C return of 1235±40 BP (c. 774 CE) and pine 
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charcoal obtained from a midden at Inis Oírr dating to 610±45 BP (c. 1348 CE), may indicate 

local survival of pine during the first and second millennium CE. Further evidence is available 

from Co. Clare in western Ireland, where pollen and macrofossil remains are considered to 

reflect the survival of native pine in a “microrefugium” through the historical period and until 

today (Roche, 2009; McGeever and Mitchell, 2016). Extended Pinus curves at both Ballinphuill 

and Kilbegly have been construed as potential indicators of pine survival in counties 

Galway/Roscommon until the ninth century CE (Overland and O’Connell, 2008; 2011). A 

continuous pine curve is also registered at L. Dargan (Ghilardi and O’Connell, 2013). Here, the 

presence of pine pollen (and stomata) is attributed to local material in-wash. However, this 

represents a different scenario, with the small basin size of the lake only expected to reflect 

pollen originating from a radius of 1-2 km. While it is not possible to pinpoint the source of pine 

pollen at L. Muckno with the data at hand, the presence of extant pine populations within the 

wider region is probable.  

Woody vegetation clearance and expansion of agricultural activity through PAZ-8 is gradual, 

with human activity in Subzone 8a (c. 220 – 440 CE) representing a brief transitional period 

from the LIAL into the historical period (PAZ-8b). These “early” periods of activity inferred 

from pollen records, defined as those predating the arrival of Christianity in Ireland (c. 400 CE) 

and following a lull in agricultural activity during the early first millennium CE, have been 

suggested to potentially reflect Romano-British influence in the island (McCormick, 2014). An 

early upsurge in agricultural activity following the LIAL is also reported in Louth and Armagh 

(Table 3-4). In L. Muckno, palynological evidence corresponding to the Early Historic period 

mirrors a phase of flourishing human activity well attested to in archaeological and documentary 

records. Given the active role that many ecclesiastical settlements played in the agrarian 

economy (Mitchell and Ryan, 1997; Ó Corráin, 2005), a potential link between this phase of 

increased cereal cultivation and the monastery at L. Muckno (Figure 3-2) is possible. The timing 

of its foundation is unclear, with Ó Dufaigh (2011) suggesting that the monastery was already 

established by c. 700 CE (note peak in cereal-type pollen at c. 630 CE). If more emphasis (and 

diversification) in cereal production results from ecclesiastical influence, then it might be argued 

that the arrival of Christianity in the area potentially dates to the sixth century. Indeed, Carville 

and Duffy (2014) argue that Christianity, either as a result of interaction with Britain and/or 

changes in the political configuration of Ireland, began exerting a strong influence on the area of 
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L. Muckno by the early seventh century. The pollen record from Church Lough at Inishbofin 

(O’Connell and Ní Ghráinne, 1994) reflects a comparable scenario, with an upsurge in cereal 

cultivation possibly corresponding to the foundation of a monastic site next to the lake in the late 

seventh century. On the other hand, Hall (2005) found no palynological evidence to support 

increased arable farming along with the establishment of a number of monastic settlements in 

different parts of Ireland.  

In Ireland, more emphasis on arable farming during the Early Historic period is reflected in the 

introduction of cereal processing structures, including cereal-drying kilns (c. 400 – 700 CE; 

Monk and Power, 2012), but also the construction of water mills (c. 750 – 850 CE) which may 

derive from Christian influence (McCormick, 2014). Today, the area where the remains of 

Muckno Monastery are located is locally known as “Mullandoy”, which may have originally 

meant “the mill that burnt”, hinting at a possible connection between the monastic site and cereal 

milling (Shirley Clerkin, Monaghan County Heritage Officer, pers. comm.). Tullanacrunat 

(Tulaight na Cruithneachta), a townland situated close to the southern shore of the coring 

location provides further placename evidence for cereal cultivation, translating into the “the hill 

of bread-wheat” (Carville and Duffy, 2014). The word cruithnecht or “bread-wheat” is included 

in a list of cereal-crop varieties in a medieval Irish law text and was regarded as the most 

economically important variety of the time (Kelly, 1997). The introduction of Secale at c. 530 

CE corresponds well with available Irish macrofossil evidence (cf. Monk, 1986; McClatchie et 

al, 2015) suggesting its adoption among cereal-crop varieties during the early stages of the 

historical period. However, it does not appear to have become an important part of cereal-crop 

varieties in this area (see low Secale records in PAZ-8; Figures 3-4B and 3-7). Based on 

ecological demand and edaphological requirements for different cereal-crop varieties (cf. 

McClatchie et al, 2015), it is likely Hordeum and Avena types rather than Triticum-type comprise 

the bulk of cereal grains recorded. However, no discrimination was made among cereal-type 

pollen beyond Secale, so this statement remains speculative. The local prevalence of ringforts 

(and to a lesser extent crannógs) not only reflects a scattered settlement pattern based on 

individual farmsteads considered to be the norm at the time (Edwards, 2005; McCormick et al, 

2011), but also supports palynological evidence for increased farming following c. 500 CE.  
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At Essexford Lough, two distinct periods of expansion in agricultural activity with particular 

emphasis on cereal cultivation occur between c. 200 – 540 and c. 700 – 800 CE (Table 3-4). 

These are separated by a phase of lower activity and woodland regeneration. A similar pattern is 

inferred at Redbog II to some extent, although the anthropogenic signal is at a reduced level. In 

Loughnashade, an upsurge in arable farming (cereal-type curve > 15%) occurs at c. 300 CE. A 

period of woodland regeneration and decreased activity is then recorded from c. 500 – 600 CE, 

followed by sustained activity until c. 900 CE. Regionally, the first millennium CE is 

characterized by the expansion of agricultural activity with an unprecedented focus on arable 

farming, particularly after the eighth century CE. The evidence for Secale at c. 400 in 

Loughnashade and c. 500 CE in Essexford Lough correspond well with the data from L. 

Muckno. The sixth century phase of woodland regeneration recorded in Louth and Armagh, and 

tentatively attributed to climatic deterioration, is not evident in the pollen record from L. 

Muckno.  

Examples from further afield include Ballinphuill Bog which shows a gradual expansion in 

agriculture, mostly pastoral from c. 400 CE, with cereal cultivation becoming important after c. 

600 CE (Molloy and O’Connell, 2016). At Abbeyknockmoy, an increase in pastoral activity is 

recorded at c. 450, with cereal-type pollen being recorded regularly after c. 700 CE (Lomas-

Clarke and Barber, 2004). An expansion in pastoral farming is reported at c. 300 at L. Dargan 

followed by an upsurge in arable farming from c. 800 CE (Ghilardi and O’Connell, 2013). A 

similar situation is evident at An Loch Mór with an increase in catchment activity from c. 400 

and cereal cultivation becoming prominent following 800 CE (Molloy and O’Connell, 2004). At 

Emlagh Bog evidence for arable farming is recorded from c. 500, but only intensifies at c. 1200 

CE (Newman et al, 2007). In Inishbofin, O’Connell and Ní Ghráinne (1994) report an initial 

increase in pastoral farming from c. 400, followed by the aforementioned period in which arable 

farming becomes important (c. 700 CE). Evidence from the Beara Peninsula indicates land-use 

intensification from c. 700 with a distinct arable component inferred from c. 800 CE (Overland 

and O’Connell, 2008). The information reviewed above suggests an increase in agricultural 

activity, mostly pastoral, around the fifth century CE with the introduction of a sizable arable 

component during the eighth century in different parts of Ireland (see Overland and O’Connell 

(2011) for additional information). These steps toward a mixed agricultural regime seem to have 

occurred slightly earlier in L. Muckno and possibly in its regional context. The introduction of 
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rye occurs at several locations, but apart from An Loch Mór where rye dominates the cereal 

assemblage, it fails to become an important crop elsewhere. The historical distribution of Secale 

cultivation in Ireland may be linked to the presence of marginal edaphological conditions 

(McClatchie et al, 2015).  

Based on documentary and paleoenvironmental proxy data, Kerr et al. (2009) suggest that the 

eighth and ninth centuries CE in Ireland were marked by a climatic downturn, which might have 

led to a shift to cereal-crop production as winter conditions were too severe to support the 

traditional cattle-based economy. This pattern may be (partially) reflected in the pollen record of 

L. Muckno with increased cereal production during the eighth century CE, but it is clear that an 

expansion in cereal cultivation dates earlier to the seventh century CE.   

Viking Age and Medieval (PAZ-9) 

 

Based on cereal-type records three distinct phases in arable farming are apparent in PAZ-9, with 

an initial disruption from c. 830 – 960 CE (PAZ-9a), followed by an increase between c. 990 – 

1140 CE (PAZ-9b), and a further disruption from c. 1160 – 1190 CE (PAZ-9c).   

Overall, woodland regeneration and a slight contraction in the extension of pastoral habitats (see 

reductions in NAPp) is recorded between c. 830 – 960 CE in PAZ-9a. A decrease in cereal-type 

pollen at c. 830 CE indicates a sudden reduction in cereal cultivation, formerly prevalent and 

constant during most of the Early Historic period (see also contraction of Brassicaceae curve in 

PAZ-9a; Figure 3-4B). Subsequently, following a limited expansion the cereal-type curve is 

again disrupted at c. 960.  

In PAZ-9b, substantial woodland clearings (AP declines to 59%) include hazel, oak, birch, ash 

and alder. Open grassland/pastoral habitats expand (cf. Poaceae, P. lanceolata, Rumex-type, 

Urtica, Tubuliflorae; Figures 3-4A and 3-6) implying renewed focus on pastoral grazing. Cereal-

type records (inclusive of Secale) increase, suggesting recovery in cereal-crop cultivation 

following the 960 CE disruption, attaining its maximum levels in the profile between c. 990 – 

1140 (see also arable weeds; Figures 3-4B and 3-5A). Cannabis/Hummulus-type records (Figure 

3-4B) may provide discreet evidence for hemp cultivation. Representation of aquatic indicators 

and micro-charcoal indicate unparalleled levels of catchment disturbance and impacts on the lake 

system following c. 1100 CE. Overall, the sedimentary record reflects the predominance of a 
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mixed agrarian economy until a fall in cereal-type records suggest the arable component is 

compromised once more at c.1160.  

It is possible that these distinct fluctuations in cereal-type pollen are related to periods of local 

conflict registered in documentary sources. Three events are recorded in a range of medieval 

documents collectively known as the “Irish annals” including the Annals of Ulster, Chronicom 

Scotorum and the Annals of the Four Masters (O’Donovan, 1848; Hennesy, 1866; 1887). The 

sacking of Muckno by Vikings is described during 832 and 933 CE. A further record in the 

Annals of the Four Masters indicates Muckno was plundered “completely” during 1110 CE. The 

correspondence of these events with the three phases of disruption in cereal cultivation recorded 

at L. Muckno is noteworthy. However, the uncertainty associated with age-depth modelling in 

this section of the core and each relevant depth must be highlighted: 332 cm (830 CE ± 250 

years), 316 cm (960 CE ± 250 years), 288 cm (1160 CE ± 320 years) (see Figure 3-3; 

Supplementary Table 3-1). Chronological standardization of the Irish annals (McCarthy, 1998; 

2008) provides a degree of reliability in the accuracy of these annotated events which are 

tentatively interpreted as reflective of “conflict” from c. 800 – 1190 CE. The evidence presented 

here may represent a (palynological) measurable impact on farming activity. Indeed, Viking 

raids are considered to have had a disruptive effect on local economies and demographics 

(Mitchell and Ryan, 1997; Edwards, 2005; Hughes, 2005).  

The descriptions of these events are vague, making it difficult to ascertain the extent and nature 

of the damage. While the monastery was probably the main target of plunder, pillaging of 

farmsteads and cattle-raiding was also practiced by Vikings (Ó Corráin, 2005). In this scenario, a 

disruption in cereal cultivation and pastoral grazing as reported here is not inconceivable. This 

tumultuous period may be echoed in the implementation of souterrains on ringforts in the area. In 

addition to the timeframe provided by Clinton (2001), 14C evidence from souterrains located in 

close proximity (Co. Louth) suggest construction took place within c. 800 – 1000 CE (Roycroft, 

2011), corresponding with the period of conflict at L. Muckno.  

However, crop failure and livestock losses resulting from both disease and climatic deterioration 

were common in medieval Ireland (see events at 700 and 964 CE; Ó Corráin, 2005: p. 576), and 

it is possible that a combination of different factors mediated the disruption of cereal production. 

In terms of climate, the hypothesis put forward by Kerr et al. (2009) may find some support in 
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the inferred contraction of pastoral grazing at c. 800, while the upsurge in cereal production 

following c. 990 CE occurs within a background of fair climatic conditions in the form of the 

Medieval Warm Period (c. 950 – 1400 CE). If climate amelioration indeed characterizes the later 

stages of the Medieval, then perhaps an even stronger argument can be made for conflict 

resulting in the final disruption in cereal cultivation at c. 1160 CE.  

From c. 800 onwards the Irish palynological record indicates continuous expansion towards a 

mixed farming economy in which pastoral grazing remains a fundamental component. This is the 

case at Abbeyknockmoy Bog (Lomas-Clarke and Barber, 2004), L. Dargan (Ghilardi and 

O’Connell, 2013), An Loch Mór (Molloy and O’Connell, 2004), Church Lough (O’Connell and 

Ní Ghráinne, 1994), the Beara Peninsula (Overland and O’Connell, 2008) and Ballinphuill Bog 

(Molloy and O’Connell, 2016). In some cases a cattle-dominated economy is maintained with 

little evidence for cereal cultivation, or an upsurge in arable farming occurs later following c. 

1200 CE (cf. Hall, 2005, Newman et al, 2007, Overland and O’Connell, 2011). Farming activity 

increases from c. 850 – 1000 CE at Redbog II (Table 3-4). The period c. 800 – 900 CE sees a 

small degree of woodland regeneration in Essexford Lough, but farming activity continues 

uninterrupted until a marked decrease in cereal cultivation occurs from c. 900 – 1000 CE. At 

Loughnashade, a reduction in arable farming occurs from c. 900 – 1050 CE (Weir, 1993; 1995). 

The regional evidence points to increased agricultural activity during the Viking Age/Medieval, 

but it is also clear that cereal cultivation seems to be affected at different points in time, a factor 

attributed by Weir (1995) to climatic deterioration and/or conflict in the form of Viking raids. 

The results presented here may therefore support the hypothesis of conflict affecting arable 

productivity not only locally but also regionally. Overall, excluding distinct disruptions in arable 

farming, the pollen evidence from L. Muckno finds good agreement with the general patterns 

observed in Ireland. During the period c. 990 – 1140 CE cereal-crop cultivation expands, 

achieving levels hitherto unseen during the Holocene.  

3.6 Conclusion 

The large number of samples counted and high pollen counts have allowed for a high-resolution 

palynological reconstruction at L. Muckno. In conjunction with a combined 14C – 210Pb 

chronology, the first account of landscape change spanning the Mid-Late Holocene in Co. 

Monaghan is presented. Following a brief Neolithic Landnam, a period of undiscernible human 
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activity in a predominantly wooded environment is apparent until the Early Bronze Age. From 

this point onwards human activity in the landscape is continuous, but at variable levels of 

intensity, with hazel scrub and herbaceous taxa gradually becoming dominant components of the 

vegetation structure. Human activity, removal of woodland cover and expansion of open habitats 

climax during the Viking Age/Medieval period. The possibility of a period of “conflict” resulting 

in consecutive fluctuations in farming activity and the potential recording of these events in the 

local pollen assemblage has clear implications for Irish palynology. It serves to emphasize the 

importance of collation of documentary and paleoecological records particularly if a high 

sampling resolution and apt chronological constraint are available. Such events might also be 

considered to explain fluctuations in palynological records from prehistory where no direct 

documentary sources are available.  

The high expression of arboreal pollen is a feature of the pollen profile presented and is a factor 

attributed to the large surface area of the lake. The enhanced dispersal capacity of AP is reflected 

in its high representation not only during initial clearings in the Neolithic and Bronze Age, which 

can be attributed to the “glade effect” to some extent, but also during the historical period when 

woodland cover in the landscape is at its minimum (Figures 3-4A and 3-6). Nevertheless, the 

data presented here suggest lake systems with a large basin size can be effective in recording 

localized events as well. AP overrepresentation may be partially accountable for the low amount 

of cereal-type records in most of the profile, forming a slender curve as often reported in Irish 

pollen diagrams, and indicative of relatively constant arable farming in mineral soils close to the 

lake from the Early Bronze Age onwards. The recorded “continuity” in cereal-type pollen, and 

hence the inferred arable component, validates the benefit of implementing high pollen counts in 

Irish palynological reconstructions. Topography seems to exert an indirect but strong influence 

on the pollen assemblage of the lake by the creation of suitable alder habitat leading to high 

Alnus pollen influx. While it is logical to interpret a pine curve extending into the historical 

period as indicative of old material in-wash, at least in the context of palynological analysis in 

smaller systems, this argument is not necessarily valid in the case of the pollen assemblage of L. 

Muckno, which due to its regional character may indeed reflect presence of pine populations 

within the region. 
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Inferred trends in land-use tend to find good agreement with broad patterns registered in the 

palynological record at both regional and Irish scales. Variability in land-use dynamics prevails 

for much of prehistory, with a consistent trend towards increased activity and a mixed 

agricultural economy from the onset of the historical period. Chronological correspondence with 

local and regional archaeological records is established while tentative associations are made in 

other cases. The sedimentary record of L. Muckno provides a more “robust” age-depth 

chronology within the region lending a degree of support to patterns recognized in other profiles 

subject to dating uncertainties. The combination of regional pollen data provides an updated 

account of regional land-use change in an area traditionally lakcing palynological research. 

Regionally, synchronous collapse of elm populations are recorded at L. Muckno and Redbog II. 

Contrasting levels of activity at L. Muckno, and perhaps Loughnashade, with a range of sites 

during the Mid-Late Bronze Age are also evident. An argument can be made for an earlier onset 

of the LIAL, as well as the subsequent upsurge in human activity and woodland clearance 

towards the Early Historic period in parts of Monaghan, but also in Louth and Armagh, in 

contrast to several locations in Ireland.  
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Chapter 4 – 

 

Tracking recent human impacts on Lough Muckno – Integrating landscape to water 

linkages2 

4.1 Introduction 

European modernization of agricultural systems in the 20th and 21st centuries have led to 

multifaceted modifications in vegetation structure, soil properties, hydrological pathways, and 

nutrient mobilisation, which have ultimately altered the ecological status of aquatic systems 

(Stoate et al, 2001; 2009). Cultural eutrophication, attributed to phosphorous (P) and nitrogen 

(N) from municipal and agricultural sources, is the main pressure on European inland waters 

including the Irish Ecoregion (Søndergaard et al, 2007; Bradley et al, 2015). 57% of Irish lakes 

monitored from 2010 – 2012 have an impaired status primarily resulting from nutrient 

enrichment (Bradley et al, 2015). The implementation of the European Union (EU) Water 

Framework Directive (WFD) (Anon, 2000) created a new basis for water management, involving 

member states in the identification of ecological “reference” conditions and quality targets for 

type-specific water bodies. Application of paleolimnological tools aimed at hindcasting lake 

trophic conditions and tracing deviation from an originally non-impacted “state” have thus 

become increasingly relevant (Bennion et al, 2011). Even so, Irish paleolimnology still lags 

behind its European counterparts in producing detailed and chronologically robust 

reconstructions of recent lake histories (Dalton et al, 2009).  

The bulk of Irish paleolimnological reconstructions focusing on the recent past (last c. 200 years) 

often follow a multiproxy approach with diatom fossil analysis as the preferred biological 

indicator (Anderson, 1997; Jordan et al, 2002; Taylor et al, 2006a; O’Dwyer et al, 2013; Dalton 

et al, 2014). To date, paleolimnological reconstruction involving analysis of chironomid (Insecta: 

Diptera) larval sub-fossils, a ubiquitous component of the benthic invertebrate community, 

remain remarkably sparse in the Irish Ecoregion. As paleo-indicators chironomid assemblages 

potentially reflect a range of variables, often interconnected, and have been traditionally 

                                                           
2 A refined version of this chapter is given in: Chique, C., A. P. Potito, K. Molloy, and J. Cornett. 2017. 

Tracking recent human impacts on a nutrient sensitive Irish lake – Integrating landscape to water 

linkages. Hydrobiologia.  
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implemented in the reconstruction of summer temperatures (Porinchu and MacDonald, 2003; 

Verbruggen et al, 2011). However, based on their suitability as indicators of saprobity they have 

been incorporated into the assessment of lake trophic state and productivity (Brodersen and 

Quinlan, 2006). Links between chironomid community structure and total phosphorus (TP) 

(Brooks et al, 2001), chlorophyll-a (Brodersen and Lindeegard, 1999), and hypolimnetic oxygen 

levels (Quinlan et al, 1998; Clerk et al, 2000) have been established using paleolimnological 

tools.  

Currently, Irish chironomid research includes two modern lake datasets of chironomid 

community structure along environmental and land-use gradients. Free et al. (2006) provide an 

overview of the chironomid community in 93 Irish lakes aiming to establish a framework for 

lake typology and reference conditions in the context of the WFD. The results highlight the 

influence of variables related to hypolimnetic oxygen availability and trophic status even at a 

coarse taxonomic resolution. Potito et al. (2014) provide a surface calibration set of 50 low-

impacted lakes in western Ireland (max. chlorophyll-a values = 15 µg/l), with agricultural land-

cover and mean July air temperature as the most important variables determining chironomid 

community composition. Within an archaeological context, paleolimnological reconstructions 

have linked chironomid response to prehistoric/historic farming and other anthropogenic activity 

(Ruiz et al, 2006; Taylor et al, 2017). The only Irish dataset spanning the recent past is based on 

relatively low-impacted lakes and is limited by a low sampling resolution and lack of 

palynological data precluding the establishment of links between catchment and lake conditions 

and processes (McKeown and Potito, 2016). The information available in an Irish context 

emphasizes the strong links between chironomid community structure and historical land-use 

patterns.  

This investigation implements a high resolution multi-proxy analysis primarily based on 

chironomid and pollen remains in a sediment core obtained from Lough Muckno, an inter-

drumlin lake with historical eutrophication. As part of a novel approach in the Irish Ecoregion, 

the incorporation of these two paleolimnological indicators is aimed at investigating landscape to 

water linkages (cf. Edwards and Whittington, 2001), enabling the assessment of human impacts 

on lake properties during the last c. 200 years. Collation of documentary material provides a 

supplementary framework of known conditions, allowing for an analysis of chironomid 
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adaptation to progressive eutrophication and attempts at re-oligotrophication through point and 

non-point pollution control. This is intended to aid in the interpretation of taxa-specific response 

to lake intrinsic and extrinsic factors, which is fundamental for the improvement of 

paleolimnological reconstructions. This is also relevant considering the role of chironomid 

community structure in the establishment of WFD lake reference guidelines (Free et al, 2006), 

and as a biological quality component of operational lake monitoring methodology (EPA, 2011). 

Additionally, the influence of climatic variables on paleolimnological indicators, and particularly 

on chironomid assemblages, is explored. The geographical setting in the drumlin belt is of key 

importance given distinctive physical characteristics linked to lake systems prone to nutrient 

sensitivity and resistance to nutrient mitigation measures (Anderson, 1997; Jordan et al, 2002; 

O’Dwyer et al, 2013; Bradley et al, 2015). In these terms, established characterizations of the 

chironomid community have particular implications for geographically vulnerable lake systems 

in the Irish Ecoregion.  

4.2 Study Site 

Lough Muckno is a large inter-drumlin lake with a surface area of 3.5 km2 comprising three 

main basins joined by narrow channels and fed by six main fluvial inputs (Figure 4-1B). The 

lake has mean a depth of 5.4 m and a maximum depth of 30 m in the easternmost basin. The 

geology of the large catchment area (109 km2) is Silurian quartzite overlain by gleyed glacial till 

soils. The post-glacial landscape is characterized by recurrent ovoid hills (drumlins), providing a 

distinctive topographical setting in the catchment area of the lake (Figure 4-1C). The lake is 

located next to Castleblayney, which comprises the entire extent of urban cover in a catchment 

otherwise dominated by pastoral agriculture. Grassland-based agriculture predominantly consists 

of cattle grazing and sheep rearing.  

Initial monitoring surveys identified municipal wastewater discharge as the main source of P 

entering the lake and the main driver of the eutrophication process (Horkan and Toner, 1984). A 

Waste Water Treatment Plant (WWTP) providing secondary treatment (P removal) with a design 

load of 12,960 population equivalent (P.E.) was built in Castleblayney in 1983 (load in 2011 of 

c. 5,600 P.E.), with its effluent discharging into the lake via a small stream (Figure 4-1C). 

Despite point-source treatment, water quality monitoring data indicates eutrophic conditions  
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Figure 4-1. (A) Location of L. Muckno in the Irish Ecoregion including the extent of the drumlin belt shaded in 

gray. The location of Armagh Observatory is shown with a (▲) symbol. (B) L. Muckno at the catchment scale 

including CORINE 2012 Land Cover Data (Lydon and Smith, 2014) and hydrology. The land cover category 

Agriculture/Vegetation refers to mixed agricultural land and natural vegetation. The extent of arable land in 2006 is 

also provided to highlight agricultural rotations and the amount dedicated to crop production in the recent past. (C) 

Zoomed view of the western basin of L. Muckno including coring location at 15 m depth (), effluent of 

Castleblayney WWTP (●) and topography (m a.s.l.). Lake bathymetry follows intervals of 3, 6, 9 and 15 m. 
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have persisted. L. Muckno has been designated as a nutrient “sensitive” water body failing to 

achieve a “good” status by the year 2015 in the context of the WFD.  

Much of the area surrounding the lake was formerly part of a plantation estate from the 17th to 

20th centuries. Policy-oriented agricultural reforms/schemes adopted at the national scale, 

including incentives to promote farming output, resulted in a number of drastic modifications in 

local agriculture practices during the last century (cf. Crotty, 1966; Bell and Watson, 2008; 

Sheridan, 2016). Major land-drainage schemes were implemented in 1950 and by the early 1970s 

fertilizer application at the national level peaked (c. 90,000 t/yr), with a linear build-up in 

agricultural soil P from 1950 – 1990 (Tunney et al, 2003; Champ et al, 2009). Spreading of 

livestock organic waste (slurry) onto agricultural land was also encouraged and increased along 

with farming modernization (Holden et al, 2004). A shift in policy took place with the 

implementation of the EU Nitrates Directive of 1991 (Anon, 1991), which emphasized 

mitigation of farming impacts on the environment, and led to the adoption of a series of 

measures intended to limit agricultural nutrient losses into water bodies. Organic waste 

management strategies were adopted in the catchment area of L. Muckno in the early 1990s 

(Stapleton, 1996), and initiatives promoting efficient P fertilizer usage led to a reduction of c. 

60% in application rates from 1995 – 2008 at the Irish scale (Lalor et al, 2010).  

Previous paleolimnological investigations on L. Muckno comprise exchangeable P and pigment 

analyses on a short sediment core obtained from the western basin of the lake in 1978 (Douglas 

et al, 1978). Pigment results indicate a spike in nutrient enrichment concentrated in the upper 25 

cm with fluctuations in exchangeable P (20 cm depth) attributed to sedimentary P release under 

periods of anoxia. Chique et al. (2017) provide a palynological account of land-use dynamics 

from 4000 BCE – 1200 CE with agricultural activity peaking between 300 – 1200 CE L. 

Muckno has a large deposition basin resulting in a substantial relevant pollen source area (sensu. 

Sugita, 1994), with a pollen rain characterized by high AP representation and which incorporates 

both regional and local vegetation. Paleolimnological analysis at Milltown Lake (Carson et al, 

2014), located 1.6 km north of L. Muckno (Figure 4-1B), involving fossil pigments, sedimentary 

TP, and estimates of nutrient loading, indicate progressive eutrophication from c. 1970 – 2002 

followed by a degree of improvement in lake status until 2008.  

4.3 Methodology  
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4.3.1 Core extraction  

Parallel sediment cores (LM I-II; c. 9.5 m length) were obtained from the deepest part (15 m) of 

the western basin of the lake (Figure 4-1C) in June 2013 with a Usinger piston corer (Mingram et 

al, 2007). The coring location in the western basin of the lake was chosen to evaluate the effects 

of point-source control on the lake system and historical levels of eutrophication. All data 

presented here are restricted to the top 220 cm of core LM-II.  

4.3.2 210Pb dating and loss-on-ignition (%) analysis 

25 samples were analyzed for 210Pb content by measuring the 210Pb decay product by isotope 

dilution alpha spectrometry in order to derive a radiometric age-depth model for the top section 

of the core. An even sampling interval of 10 cm was implemented from 240-1 cm. The constant 

rate of supply (CRS) model (Appleby, 2013) was used to calculate age and sedimentation rates. 

210Pb background levels were reached at a depth of 210 cm, with 210Pb content allowing an age-

depth model to a depth of 190 cm. Age-depth extrapolation based on the assumption of a 

constant sediment accumulation rate was implemented for depths 220-192 cm (i.e., 8 samples). 

Organic matter (OM) content was calculated as percentage of dry weight through loss-on-

ignition (LOI %) (Heiri et al, 2001). Samples of 2 cm3 were taken at 1 cm intervals from 1-200 

cm of the sediment core and at 4-cm intervals from 220-200 cm for LOI (%) analysis.   

4.3.3 Pollen Analysis  

58 samples were subject to pollen analysis with sediment samples of 1 cm3 taken every 4 cm 

between 220-1 cm and 2 cm between 24-16 cm. Lycopodium clavatum spore tablets (Department 

of Geology, University of Lund, batch no. 1031), were added to samples prior to laboratory 

processing. Standard procedure at the Palaeoenvironmental Research Unit (PRU) involves 

sample treatment with KOH, HF, acetolysis and ultra-sonicator sieving (cf. Chique et al, 2017). 

A Leica DM 4000-B microscope fitted with x10 oculars with x40 objective and phase-contrast 

x63 was used for identification. Pollen/spore identification and nomenclature follow Moore et al. 

(1991) and Beug (2004). Non-pollen palynomorphs (NPPs) counted include sporopollenin cell 

wall remains of green algae (Chlorophyta) Pediastrum and Botryococcus in addition to rotifer 

resting eggs (Filinia longiseta-type) and (micro-) charcoal (>37 μm). A minimum of 1000 total 

terrestrial pollen (TTP) and spores were counted in each sample. Pollen percentage calculations 
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and diagrams were generated using CountPol ver 3.3 (Ingo Feeser, unpublished). Percentage 

values are based on TTP with the pollen sum (PS) excluding pollen/spores from aquatic taxa and 

NPPs. Arboreal pollen (AP) and non-arboreal pollen (NAP) comprise the main two categories of 

pollen grains. NAP is further subdivided into distinct ecological groups including 

grassland/pastoral (NAPp), arable, tall shrubs, ferns and bog. 

4.3.4 Chironomid Analysis   

Chironomid sub-fossil analysis was carried out on 56 samples at 4 cm intervals from 220-1 cm. 

Sediment samples were treated with KOH, sieved (90 μm mesh), suspended and sorted in a 

Bogorov plankton counting tray using a Motic SMZ Series scope at 10-40 X magnification. 

Chironomid head capsules were retrieved using forceps and mounted on slides with Entellan® as 

a medium. Subsequent head capsule identification employed a Motic B3 Professional Series 

microscope at 100-400 X magnification. Taxonomic identification is based on Wiederholm 

(1983), Rieradevall and Brooks (2001) and Brooks et al. (2007). A minimum number of 50 head 

capsules per sample were identified. Chironomid autecology generally follows Brooks et al. 

(2007), Vallenduuk and Moller Pillot (2007) and Moller Pillot (2009, 2013), but additional 

examples in the literature are considered with an emphasis on available Irish data (Free et al, 

2006; Ruiz et al, 2006; Taylor et al, 2017; Potito et al, 2014; McKeown and Potito, 2016). 

Statistically significant Chironomid Assemblage Zones (CAZs) were established based on 

optimal splitting by sum-of-squares on Psimpoll ver 4.27.   

4.3.5 Ordination Analysis   

All ordination analyses were performed using Canoco ver 5. Chironomid analysis involved 

square-root transformed percentages of common taxa (i.e., abundance ≥ 2% in at least one 

sample with presence in at least two samples; Quinlan and Smol, 2001). A total of 56 samples 

with 41 common taxa were used in ordination analysis. Detrended Correspondence Analysis 

(DCA) of species data was used to determine whether a linear or unimodal method should be 

implemented (1.4 standard deviation; linear recommended) (Birks, 1995). Thirteen 

environmental variables were individually tested for statistical significance (p ≤ 0.05) with 

chironomid assemblage data using Redundancy Analysis (RDA). Significant variables were 

plotted passively with Principal Component Analysis (PCA) ordinations to investigate potential 

associations with chironomid community structure and change.  
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Environmental variables include palynological data (as percentage values) which can provide 

insights into the status of littoral aquatic plant communities (Potamogeton, Littorella uniflora, 

Isoetes, Nymphaea, Nuphar) and green algae levels (Pediastrum, Botryococcus). Poaceae and 

Calluna are construed as indicative of the extent of land under pastures and presence of bogland, 

respectively. Poaceae is a ubiquitous indicator of grassland habitats, particularly wet meadows 

and pastures (Behre, 1981). LOI (%) was also included in the analysis as a measure of profundal 

OM content. Inclusion of mean July air temperatures (°C) is based on its potential to act as a 

driver of chironomid community composition (Potito et al, 2014). Total annual rainfall (mm) and 

North Atlantic Oscillation (NAO) winter index were included to explore the potential effects of 

increased catchment flashiness on lake properties (Jennings et al, 2000). All climatological data 

was averaged to match sediment interval sampling resolution.  

Nine variables showed a statistically significant relationship with chironomid assemblages, and 

insignificant variables (Nymphaea, Nuphar, NAO winter index and total annual rainfall) were 

excluded from further analysis. The remaining variables were forward-selected in order of 

decreasing variance, with selection continuing as long as the additional variable remained a 

significant additional predictor (p ≤ 0.05) of chironomid data. This allowed the identification of 

variables in the model explaining most of the variance in the full model. The explanatory values 

of forward-selected variables, both individually and with covariables, were determined using 

partial RDAs.   

4.3.6 Documentary evidence and climate data  

Local 18th and 19th century historical accounts (Burrows, 1773; Coote, 1801; Carville and Duffy, 

2014) in addition to land-use and population statistics available from the Central Statistics Office 

(CSO) provide supporting material for historical catchment conditions. Collation of water quality 

monitoring data (post-1972) provides a chronological overview of documented lake conditions 

and trophic state classifications by relevant authorities.  

Mean July air temperature (°C) and total annual rainfall (mm) were calculated from 

meteorological data obtained from Armagh Observatory, Armagh, UK (Figure 4-1A). This 
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incorporates calibrated datasets (cf. Garcia-Suarez et al, 2004; Butler et al, 2005) and raw data 

from the observatory archives. The NAO index is provided by Hurrel (1995).  

4.4 Results 

4.4.1 210Pb dating and age-depth modelling   

The radiometric age-depth model is shown in Figure 4-2 along with calculated dry-mass 

sediment accumulation rate (DMAR). Allowing for age-depth extrapolation (220 – 192 cm), the 

top 220 cm of the sediment core spans the period of c. 1790 – 2013.  

4.4.2 Land-use statistics and water quality monitoring data 

Historical land-use statistics are compiled in Figure 4-3. A timeline of agricultural land-use 

calculated as percentage of total productive land is provided in pie-chart format in Figures 4-3A 

and 4-3B. The first pie-chart in Figure 4-3A (year 1835) consists of estimates based on 

preliminary statistics at the Muckno Parish level (O’Flanagan, 1931). Additional pie-charts 

provide information at the scale of two administrative divisions: (i) Rural District (RD) level 

(Figure 4-3A) and (ii) District Electoral Division (DED) level (Figure 4-3B). The spatial 

relationship between the catchment area of the lake and scope of different land-use datasets is 

given in Figure 4-3G. The close spatial fit between DEDs and the catchment area of the lake 

enable the use of DED statistics as a surrogate for catchment-level land-use. Information on main 

categories of crop produce and animal husbandry are given in Figures 4-3C, 4-3D and 4-3E. 

Historical population at the catchment scale is presented in Figure 4-3F.  

Information on water quality parameters since 1972 is provided in Table 4-1 and Figure 4-4. 

Table 4-1 includes a synthesis of relevant findings from different lake surveys providing a 

general overview of water quality conditions in the lake. The data presented was collated from a 

number of surveys employing different sampling methodologies and spatio-temporal resolutions 

and should be treated accordingly. Averaged maximum chlorophyll-a values (Figure 4-4) are the 

most readily available indicator of water quality from L. Muckno, providing a surrogate for 

phytoplanktonic biomass and the basis of the OECD (1982) modified version of lake trophic 

state classification implemented by Irish authorities (EPA, 2001). Mean TP values from different  
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Figure 4-2. 210Pb age-depth model from LM-II based on the CRS model. Age-depth (●) is given 

on primary axes with error bars showing standard deviations. Excess 210Pb concentrations are 

plotted (▲) on the secondary X axis. Dry-mass accumulation rate (DMAR) is plotted on the 

secondary Y axis with a dashed line. 
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Figure 4-3. Compilation of land-use and population statistics. Pie-charts provide percentage estimates of land-use types based on total productive 

land. (A) Estimates at the Parish (year 1835) and RED level. (B) Estimates at the DED level. (C) Amount of arable land according to main 

categories of crop produce (DED level). (D) Chronology of livestock numbers (inclusive of both RD – DED levels). (E) Total amount of 

productive land including land under pasture and cattle density plotted on the secondary axis (inclusive of both RD – DED levels). (F) Historical 

population statistics (DED level). (G) Spatial relationship between Parish, DED, RD datasets and lake catchment area. The spatial extent of the 

Parish and DED datasets is nested within the RD level. 
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Table 4-1. Collation of key findings from water quality surveys in L. Muckno. * indicates 

methodology follows WFD guidelines. 

 

Period 
Trophic 

Classification 

Hypolimnetic 

Oxygen  
Key Findings Reference 

1972 Eutrophic Anoxic 

High planktonic biomass dominated by blue-green algae (Anabaena and 
Aphanizomenon spp.) 

An Foras 

Forbartha 

(1973) Water column anoxia reported in the westernmost embayment of the 

lake 

1973-1974 
Highly 

Eutrophic 
Anoxic 

Phytoplankton composition dominated by blue-green algae 

(Oscillatoria and Microcystis spp.) with Melosira spp. comprising the 

majority of the diatom community 

Flanagan and 
Toner (1975) 

Water column anoxia reported in the westernmost embayment of the 
lake 

Levels of orthophosphates and ammonia indicative of artificial 

enrichment 

Zooplankton composition dominated by filter-feeders (Daphnia and 

Bosmina spp.) 

1977-1978 
Highly 

Eutrophic Anoxic 

Marked increases in orthophosphate and ammonia below the 

thermocline during summer stratification. Top water column layers 
remained oxygenated but vertical spread of anoxia was recorded and 

attributed to eutrophic lake state 

Horkan and 

Toner (1984) 

High concentrations of blue-green algae (Microcystis, Aphanizomenon 
and Anabaena spp.) during summer/autumn and diatoms (Melosira 

spp.) dominating during the rest of year. Concentration of green algae 

(Chlorophyta) peaked during summer, but to a lesser extent in contrast 
to blue-green algae  

Zooplankton biomass dominated by filter-feeders (Daphnia and 
Bosmina spp.) with peak in Filinia longiseta during spring  

1996-1997 Mesotrophic Hypoxic 

Peaks in chlorophyll-a (max. 25 µg/l) during summer linked to 

catchment-derived runoff and/or sedimentary P release under anaerobic 

conditions  

Irvine et al. 

(2001) 

Macrophyte state ''poor''  

Phytoplankton dominated by green algae (Chlorophyta) and diatoms 

(Cyclotella and Navicula spp.). Blue-green present (Anabaena and 

Microcystis spp.) 

Zooplankton composition dominated by filter-feeders (Daphnia and 

Bosmina spp.) 

2001-2003* 
Strongly 

Eutrophic 
N/A EPA standardized monitoring 

Toner et al. 

(2005) 

2004-2006* Hypertrophic N/A EPA standardized monitoring Clabby et al. 
(2008) 

2007-2009* 
Strongly 

Eutrophic 
See Next 

Column 

EPA standardized monitoring: 
McGarrigle 

et al. (2010) Macrophytes = ''Bad''; Nutrients = ''Moderate''; Chlorophyll-a = ''Poor''; 

Oxygenation = "Good"; Overall Ecological Status = ''Bad'' 

2010-2012* Eutrophic See Next 

Column 

EPA standardized monitoring:  

Bradley et al. 

(2015) 

Macrophytes = ''Bad''; Phytobenthos = ''Poor''; Phytoplankton = 
''Poor''; Nutrients = ''Moderate''; Chlorophyll-a = ''Moderate''; 
Oxygenation = "Good''; Overall Ecological Status = ''Bad'' 
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Figure 4-4. Averaged maximum chlorophyll-a and TP values available from L. Muckno. The 

secondary axis provides (EPA) trophic state classifications according to chlorophyll-a guidelines 

(EPA, 2001): O = oligotrophic; M = Mesotrophic; m-E = Eutrophic – Moderately; s-E = 

Eutrophic – Strongly; h-E = Eutrophic – Highly; H = Hypertrophic. TP values provided (> 33 

μg/l) indicate an overall “poor” to “bad” classification following provisional (EPA) 

Environmental Quality Standards (EQS) (EPA, 2011). 
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surveys are also provided in Figure 4-4. 21st century lake monitoring and trophic status 

classifications follow a more standardized methodology in the context of the WFD (EPA, 2011). 

4.4.3 Sedimentary indicators 

Figure 4-5 compiles percentage pollen data, NPPs curves and LOI (%) alongside established 

PAZs. Concentration data of key pollen curves used to support interpretations of percentage 

values is given in Supplementary Figure 4-1. Chironomid relative abundance as percentages and 

the results of statistical zonation (n = 4 CAZs) are given in Figure 4-6. The non-statistically 

significant subzone CAZ-1a (196-172 cm) was incorporated into the diagram in order to 

visualize chironomid trends in this specific section of the sedimentary profile. The combination 

of Microspectra insignilobus and Microspectra atrofasciata in Figure 4-6 is based on the 

inability to taxonomically discriminate between the two morphotypes following the guidelines 

provided by Brooks et al. (2007) (cf. Ruiz et al, 2006). The main features of PAZs and CAZs are 

described below.  

4.4.4 Pollen assemblage zones (PAZs) 

PAZ-1 (220-200 cm; c. 1790 – 1840): 

Subzone 1a (220-212 cm; c. 1790 – 1810): Relatively high AP values (63% of TTP) are 

recorded with hazel scrub as a dominant landscape component (Corylus c. 24%) and alder 

prevalent on wet soil areas (Alnus c. 18%). NAPp values of c. 22% indicate that open 

grassland/pastoral habitats are well represented with curves of Poaceae and Plantago lanceolata 

at c. 15% and c. 3%, respectively. A slender cereal-type curve (c. 0.8%) reflects local arable 

farming. Records of Calluna, Sphagnum and Potentilla-type suggest presence of bog nearby. 

Pediastrum and Botryococcus are at moderate levels and a diverse littoral and sub-littoral 

macrophyte community is inferred from values of Isoetes, Potamogeton, L. uniflora and 

Nymphaea. Micro-charcoal levels are relatively high.  

Subzone 1b (208-200 cm; c. 1810 – 1840): Scrub/woodland vegetation clearance is indicated by 

the contraction of Corylus (27-18%) and to a lesser extent Quercus, Alnus and Pinus (AP falls to 

50%). This is concomitant with a slight expansion of the cereal-type curve (c. 1.1%) and an 

increase in Poaceae values (20%) suggesting expansion of open grassland (NAPp attains 30%).  

Pediastrum, Botryococcus and Isoetes values increase.  
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Figure 4-5. Percentage pollen diagram plotted to depth with age-scale. Extrapolated dates (220-192 cm) are indicated by a dashed line. PAZs and 

a timeline of relevant events are shown on the right hand side. Pollen ecological groups are colour coded. (A) Contribution of pollen ecological 

groups towards TTP. (B) Selected pollen percentage curves and pollen sum (x1000 grains). Scales used are indicated at the base of the individual 

curves. Normal curves (x1) have a solid fill colour and hatched curves are exaggerated (x2, x5, x10) with the exception of the cereal-type and 

Pediastrum curves (x10 and x2) presented with a solid fill to provide a better visualization. Presence of Filinia longiseta-type egg remains are 

indicated with the “FL” symbol. (C) Loss-on-ignition (LOI) dry-weight (%). 
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Figure 4-6. Relative percentage chironomid percentage abundance plotted to depth with age-scale. Extrapolated 

dates (220-192 cm) are indicated by a dashed line. A timeline of relevant events is shown on the left hand side. Head 

capsule concentration (HCC) (per ml) and statistically significant CAZs including the informal subdivision CAZ-1a 

are given on the right hand side. 
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PAZ-2 (196-172 cm; c. 1840 – 1897):  

Alder expansion on wet soils is construed from an increase in Alnus values from 18%-28% with 

AP attaining 65%. Values of Pinus and Ulmus decline and the Fraxinus curve is disrupted. 

Stable NAPp values suggest the extent of grassland is maintained. The cereal-type curve 

contracts towards the end of the zone (1.2%-0.3%). A reduction in the representation of aquatic 

taxa, NPPs and micro-charcoal is recorded. 

PAZ-3 (168-96 cm; c. 1897 – 1967): 

Subzone 3a (168-160 cm; c. 1897 – 1912): A decrease in Alnus values (28%-18%) suggests 

alder clearance. The Fraxinus curve expands and Fagus forms a curve. The cereal-type curve 

contracts and remains stable (c. 0.6%). Pediastrum and micro-charcoal show higher 

representation.  

Subzone 3b (156-116 cm; c. 1912 – 1952): Gradual removal of scrub/woodland vegetation is 

construed by a linear decline in AP (60%-41%) with reductions in Alnus (18%-11%), Corylus 

(17%-13%) and Betula (7%-4%). Increased Salix values in PAZ 3-4 indicate willow expansion 

in open areas on the lake edge. Records of Fagus, Abies, Acer, Picea and Tilia provide evidence 

for the introduction of exotic vegetation. Grassland expansion is construed from a substantial 

increase in Poaceae (23%-46%) and P. lanceolata (2%-5%) values (NAPp expands from 33%-

53%). Lower values of Calluna, Sphagnum and a disruption of the Potentilla-type curve suggest 

possible bog removal. Values of aquatic taxa and micro-charcoal increase.   

Subzone 3c (112-96 cm; c. 1952 – 1967): AP/NAP values attain c. 43% and c. 52%, 

respectively. Nymphaea records become frequent as values of Potamogeton, Isoetes, and L. 

uniflora decline.  

PAZ-4 (92-1cm; c. 1967 – 2013): 

Subzone 4a (92-64 cm; c. 1967 – 1989): AP/NAP representation stabilizes at 38% and 57% for 

the remainder of the profile. The cereal-type curve peaks briefly to 1.4% (68 cm) and remains at 

c. 0.7% until Subzone 4c. Values of Pediastrum increase from 5%-25% and fall to 9.5% by the 

end of the subzone. Records of Nuphar are more frequent in Subzones 4a and 4b.   
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Subzone 4b (60-36 cm; c. 1989 – 2001): Fraxinus and Acer are more frequently recorded in the 

rest of the zone. Pediastrum values reach a profile maximum of 37% at 44 cm. Nymphaea 

records become prevalent through 4b.   

Subzone 4c (32-1 cm; c. 2001 – 2013): AP/NAP values remain stable and the cereal-type curve 

peaks to 1.4% (22 cm). Pediastrum values oscillate between 9%-36%.  

4.4.5 Chironomid assemblage zones (CAZs) 

 CAZ-1 (220-156 cm; c. 1790 – 1916): 

The chironomid community is dominated by Tanytarsus (18%-41%). Tanytarsus pallidicornis-

type is well established (c. 8%) followed by Tanytarsus mendax-type (c. 4%) and Tanytarsus 

chinyensis-type (c. 3%). Prevalent meso-eutrophic taxa include Chironomus anthracinus-type, 

Stempellinella/Zavrelia, Cladotanytarsus mancus-type and Procladius attaining maximum 

values of 12%, 11%, 9% and 14%, respectively. Oligotrophic taxa primarily comprise Sergentia 

coracina-type (6%), Stempellina (13%), and Heterotanytarsus (9%). Well represented taxa also 

includes Ablabesmyia, Dicrotendipes nervosus-type and Synorthocladius. In CAZ-1a, which is 

stratigraphically equivalent to PAZ-2 (196-172 cm), a decrease in T. pallidicornis-type is 

concomitant with a brief increase in T. chinyensis-type and T. mendax-type. Meso-eutrophic taxa 

exhibiting lower incidence from the onset of CAZ-1a include C. anthracinus-type, 

Stempellinella/Zavrelia and Procladius. Records of D. nervosus-type and Microspectra 

atrofasciata/insignilobus-type show a similar trend. Conversely, stability and/or increased 

abundance in taxa linked with productive waters (Harnischia, Microtendipes pedellus-type, 

Polypedilum nubeculosum-type) and oligotrophic environments (Heterotanytarsus, Stempellina, 

Heterotrissocladius marcidus-type) is recorded.  

CAZ-2 (152-112 cm; c. 1916 – 1954):  

The relative abundance of Tanytarsus decreases (c. 22%) with T. pallidicornis-type declining 

and T. chinyensis-type becoming infrequent through CAZs 2-3. T. mendax-type abundance 

remains stable for the remainder of the profile (c. 4%). Several meso-eutrophic taxa decline in 

CAZ-2 including C. anthracinus-type, M. pedellus-type, Stempellinella/Zavrelia and Procladius. 

Declining oligotrophic taxa comprise Heterotanytarsus, Stempellina and H. marcidus-type with 

Psectrocladius sordidellus-type becoming infrequent. Other species showing reduced 
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representation include Ablabesmyia and Synorthocladius. These are mainly replaced by taxa 

characteristic of productive littoral environments, including Endochironomus albipennis-type (c. 

11%) and C. mancus-type (c. 10%), and eventually P. nubeculosum-type (c. 10%). M. 

atrofasciata/insignilobus-type (c. 9%), Cricotopus intersectus-type (c. 4%) and D. nervosus-type 

(c. 2%) also show higher abundance. Records of Cryptochironomus and Polypedilum convictum-

type become frequent.  

CAZ-3 (108-48 cm; 1954 – 1996): 

E. albipennis-type abundance decreases rapidly (14%-4%). High values of P. nubeculosum-type 

(c. 14%) prevail early on and decrease from spectra 84 cm. C. mancus-type predominates 

reaching profile maximum values of 30% after 76 cm. Procladius abundance increases (c. 7%) 

while C. anthracinus-type remains low and infrequent. Chironomus plumosus-type and 

Microchironomus become frequent in CAZs 3-4. An increase in C. intersectus-type (c. 6%) 

occurs in conjunction with reduced records of Cricotopus cylindraceus-type. The abundance of 

D. nervosus-type declines.  

CAZ-4 (44-1 cm; 1996 – 2013):  

Representation of Tanytarsus increases from the preceding zone (23%-27%) with higher 

frequency of T. chinyensis-type (2%). Both E. albipennis-type and P. nubeculosum-type show 

reduced abundance in the first half of the zone and later recover but fail to attain levels 

previously recorded. C. mancus-type values decline and stabilize at c. 8%. Reductions in M. 

atrofasciata/insignilobus-type (c. 2%) and Stempellina (c. 3%) are recorded. C. intersectus-type 

(c. 9%) and Stempellinella/Zavrelia (c. 7%) increase in abundance. C. anthracinus-type values 

increase momentarily (c. 5%) with Procladius attaining maximum profile levels (20%). 

4.4.6 Ordination analysis   

RDA forward-selection identified Poaceae, Pediastrum, Potamogeton and LOI (%) as the 

strongest predictors of chironomid data (see Tables 4-2, 4-3 and 4-4). The high explanatory value 

of Poaceae (adjusted R2 = 14.6%) and its strong relationship with RDA Axis 1 highlight the link 

between the expansion of grassland-based agriculture and chironomid community composition.  
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Table 4-2. Summary statistic of full RDA model. 

 

Model Statistics  

Number of samples 56 

Number of common taxa 41 

  

RDA  

Sum of squares 1319 

R2 26.5 

R2 (adj) 20.7 
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Table 4-3. PCA and RDA summary statistics. Canonical coefficients and t-values for forward 

selected variables are also provided. Significant t-values are shown in bold (* p < 0.05). 

 Axis 1 Axis 2 Axis 3 Axis 4 

PCA - Full Model     

Eigenvalue 0.209 0.103 0.062 0.059 

Cumulative explained variance (%) 20.92 31.26 37.54 43.53 

     

RDA - Full Model     

Eigenvalue 0.165 0.058 0.024 0.016 

Pseudo-canonical corr. 0.904 0.767 0.721 0.624 

Cumulative explained variance (%) 16.63 22.37 24.83 26.48 

     

Canonical coefficients     

Poaceae -1.1309 0.3636 -0.4022 -0.6377 

Pediastrum 0.197 -0.8143 0.0384 1.0431 

Potamogeton -0.1209 0.7977 -0.0033 0.5984 

LOI (%) 0.0544 -0.0547 1.0839 -0.0655 

     

T-values     

Poaceae *-12.1908 2.2113 -2.1246 -2.5866 

Pediastrum *2.2327 *-5.2066 0.213 *4.4475 

Potamogeton -1.8256 *6.796 -0.0241 *3.3995 

LOI (%) *0.7578 -0.4301 *7.3998 -0.3434 
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Table 4-4. Results of partial RDAs of the four forward selected variables (Poaceae; Pediastrum; 

Potamogeton; LOI %) on their own and with covariables. 

Variable Covariable λ1 λ1/λ2 adj. % variance  

Poaceae 
None 0.161 1.321 14.6 

Pediastrum, Potamogeton, LOI (%) 0.051 0.67 5 

Pediastrum 
None 0.073 0.045 5.6 

Poaceae, Potamogeton, LOI (%) 0.035 0.447 2.7 

Potamogeton 
None 0.043 0.21 2.6 

Poaceae, Pediastrum, LOI (%) 0.045 0.571 3.9 

LOI (%) 
None 0.041 0.21 2.4 

Poaceae, Pediastrum, Potamogeton 0.025 0.316 1.4 
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Ordination summary statistics are provided in Table 4-2. The PCA bi-plots in Figure 4-7 provide 

an account of passive associations between chironomid taxa and pertinent (unconstrained) 

environmental/ecological variables. A counterclockwise trend starting with higher Axis 1 and 2 

values (upper-right quartile) depicts a chironomid community in a lake state with a well-

represented macrophyte assemblage in a 19th century agricultural setting (CAZs and PAZs 1-2). 

This progresses to lower axis values indicative of a community adapted to conditions 

characteristic of a phytoplankton-dominated lake environment in a landscape predominated by 

pastoral land-use (CAZs and PAZs 3-4). Figure 4-8 provides key chironomid and palynological 

curves along climatic data in order to aid in the interpretation of potential associations between 

temperature and chironomids. Also, it can help visualize any trends relating to rainfall 

fluctutations and paleolimnological indicators. Temperature is relatively stable throughout most 

of the timeframe (Figure 4-8), but higher July temperatures from c. 1980 (c. 1°C) may influence 

chironomid assemblages to some extent (see Section 4.5.6). However, mean July air temperature 

was not one of the forward-selected variables in the RDA model. 

4.5 Discussion 

Accounting for the physical characteristics of the local inter-drumlin setting is a fundamental 

step before attempting proxy-based interpretations of linkages between catchment and lake 

processes. A steep topography (Figure 4-1C) in a landscape dominated by poorly permeable till 

soils is expected to lead to the distinctive (runoff) flashiness attributed to drumlin catchments 

(Schulte et al, 2006; Douglas et al, 2007; O’Dwyer et al, 2013; Carson et al, 2014) including 

those located in Monaghan. High rates of material export are also expected from a large 

catchment to lake area drainage ratio (Figure 4-1B) (see Table 8-1 in Kalff (2002)). These 

features are potentially exacerbated through the effects of soil disturbance and modification of 

hydraulical soil conductivity resulting from tillage, land drainage and livestock grazing (Hamza 

and Anderson, 2005; Kurz et al, 2006). Overall, efficient land-water hydraulic coupling (cf. 

Harvey, 2002), featuring high influx of allogenic particulate matter and consistent agricultural 

nutrient losses into water bodies through different pathways (Doody et al, 2010; 2012), are 

expected to predominate in the catchment of L. Muckno.  

4.5.1 Early 19th century (220-200 cm; c. 1788 – 1837) – A productive lake state in a 19th 

century agricultural setting  
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Figure 4-7. PCA bi-plots. (A) Chronological trends in chironomid sample community structure plotted with eight 

relevant environmental variables. (B) Distribution of chironomid taxa and passive associations with environmental 

variables. July temp = mean July air temperature (°C). Chironomid taxa abbreviated are as follows: ENDA = 

Endochironomus albipennis-type; POLN = Polypedilum nubeculosum-type; CLAM = Cladotanytarsus mancus-

type; CRIN = Cricotopus intersectus-type; TAN = Tanytarsus (undifferentiated); PROC = Procladius; CHIP = 

Chironomus plumosus-type; CHIA = Chironomus anthracinus-type; MICR = Microchironomus; POLC = 

Polypedilum convictum-type; PARA = Paratanytarsus; GLYP = Glyptotendipes pallens-type; PVAR = 

Parachironomus varus-type; S/Z = Stempellinella/Zavrelia; CLAD = Cladopelma; MAI = Microspectra 

atrofasciata/insignilobus; SYNO = Synorthocladius; MICP = Microtendipes pedellus-type; PSOR = Psectrocladius 

sordidellus-type; ABLA = Ablabesmyia; EUKC = Eukiefferiella claripennis-type; PARL = Paralauterborniella; 

TANM = Tanytarsus mendax-type; CRCY = Cricotopus cilyndraceus-type; TANP = Tanytarsus pallidicornis-type; 

SERG = Sergentia coracina-type; PABA = Parakiefferiella bathophila-type; HARN = Harnischia; HETE = 

Heterotanytarsus; DICR = Dicrotendipes nervosus-type; STEM = Stempellina; TANC = Tanytarsus chinyensis-

type; PAGA = Pagastiella; NANO = Nanocladius branchicolus-type; DIPO = Dipocladius; PROT = Protanypus; 

COAR = Corynoneura artica-type; COED = Corynoneura edwardsi-type; OLI = Orthocladius oliveri-type; CRYP 

= Cryptochironomus; HMA = Heterotrissocladius marcidus-type. 
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Figure 4-8. Selected percentage abundance of chironomid taxa plotted to age-scale along mean July air temperature (°C) and total annual rainfall 

(mm). Climate data are averaged over each sampling interval. The four forward-selected variables (Poaceae, Pediastrum, Potamogeton, LOI %) 

are also shown. Extrapolated dates (220-192 cm) are indicated by a dashed line. Palynological data is presented as % of TTP. Statistically 

significant CAZs are given on the right hand side. 
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Pollen-analytical data (cf. PAZ-1) reflects a relatively open landscape dominated by grasslands 

and a fair proportion of arable land in which pockets of bog and woody vegetation, particularly 

hazel scrub, are present. Wet soil conditions expected in an inter-drumlin catchment are 

construed from the prevalence of alder and wet grassland patches (cf. Filipendula curve; Figure 

4-5B). The palynological record finds good agreement with local historical accounts (Burrows, 

1773; Coote, 1801) describing a traditional agricultural landscape comprising small farm 

holdings focusing on crop cultivation (oat, potato), areas under meadow for hay production, low 

cattle numbers (sheep absent), and bog present in unproductive land (Coote, 1801; O’Flanagan, 

1931) (Figure 4-3A). In tandem with other Irish palynological investigations, the record of potato 

pollen (Solanum tuberosum) is “silent” due to taphonomic processes (Huang and O’Connell 

2000; Molloy and O’Connell 2004). By the turn of the 18th century many of the local drumlin 

hills had already been converted into meadow and documentary evidence for the local presence 

of conifer plantations is supported by pollen data (cf. Pinus curve; Figure 4-5B) (Burrows 1773). 

Overall, a dynamic local agricultural setting oriented towards tillage is construed from available 

information.  

Pollen evidence of vegetation clearance to accommodate farming activity (cf. PAZ-1b) (c. 1820) 

corresponds with documentary records of soil preparation and tillage on newly leased land just 

northwest of the coring location in the 1820s (Carville and Duffy, 2014). Isoetes, a palynological 

indicator of catchment erosion in lakes within the lower- to mid-range of the trophic spectrum 

(Vuorela, 1980), previously linked to periods of local catchment disturbance during the Late 

Holocene (Chique et al, 2017), responds to scrub clearance. Local manuring of crops at the time, 

consisting of a mixture of cattle dung, bog material and lime (Coote, 1801), was likely the main 

(superfluous) contributor to the nutrient loading of the lake, followed by in-washing of organic 

waste from the small number of cattle kept in grazing areas. This is reflected in levels of 

Pediastrum and Botryococcus which correspondingly increase during the episode of catchment 

disturbance in PAZ-1b. The estimated DMAR values (Figure 4-2), already by the 19th century 

ranking high among available examples from the Irish Ecoregion (cf. Taylor et al, 2006b), also 

mirror the productivity of the system. 

The chironomid community is characteristic of a reasonably enriched lake system (cf. CAZ-1). 

Prevalent taxa associated with nutrient-rich littoral environments include T. pallidicornis-type, T. 
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mendax-type, C. mancus-type and Stempellinella/Zavrelia (Brooks et al, 2007; Potito et al, 

2014). The relatively high abundance of Procladius and to a lesser extent C. anthracinus-type, 

both ubiquitous profundal taxa of deep eutrophic lakes (Free et al, 2006; Brooks et al, 2007), 

provides indication of high levels of productivity during the early 19th century. This contrasts 

with the low frequency of S. coracina-type, a pervasive oligotrophic indicator in an Irish context 

(Free et al, 2006; Taylor et al, 2017; Potito et al, 2014). However, the presence of additional taxa 

typical of well-oxygenated and oligotrophic systems, including T. chinyensis-type, 

Heterotanytarsus, Stempellina and H. marcidus-type (Brooks et al, 2007; Potito et al, 2014), 

suggest a degree of variation within a saprobic scale. Oligotrophic taxa termed profundal, 

including H. marcidus-type and S. coracina-type, possibly co-habitate the profundal zone with 

C. anthracinus-type and Procladius, with abundance dynamics perhaps subject to seasonal 

hypolimnetic oxygen supply. The specific oxy-regulatory capacity of chironomid taxa 

(Brodersen et al, 2004) is a determining factor in profundal composition trends recorded. 

Incoming head capsules from sub-basins subject to different limnological conditions may also 

influence chironomid community structure.  

The association between Heterotanytarsus and the Calluna vector in Figure 4-7B may reflect the 

influence of bogland (brown water) on areas of the lake (Potito et al, 2014) rather than providing 

a direct indication of nutrient concentrations and lake state (e.g., Free et al, 2006). Based on 

inferred catchment conditions/events and overall response of the chironomid community, records 

of M. atrofasciata/insignilobus-type in CAZ-1 and subsequent zones are considered to be 

(largely or entirely) composed by M. atrofasciata-type given its links with productive systems 

(Wilson, 1989), and association of the former morphotype with cold oligotrophic waters (Ruiz et 

al, 2006; Brooks et al, 2007). Relative abundance of Ablabesmyia and D. nervosus-type, taxa 

linked with both macrophytes and mesotrophic waters (Brodersen et al, 2001; Ruiz et al, 2006; 

Brooks et al, 2007), parallels with a well-represented and palynologically “diverse” macrophyte 

assemblage (cf. PAZ-1). Fluvial influence may be discerned from the prevalence of 

Synorthocladius through most of the profile (Brooks et al, 2007; Luoto, 2010). However, this 

taxon has also been linked with pollution and disturbance in lake systems in Ireland and 

elsewhere (Ruiz et al, 2006; Raunio et al, 2007; Moller Pillot, 2013). 
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4.5.2 Late 19th century (196-172 cm; c. 1837 – 1897) – The Great Irish Famine, reduced 

activity and potential lake amelioration  

The Great Irish Famine (1845 – 1849) and its effects on the landscape and within-lake processes 

are recorded in PAZ-2 and CAZ-1a. Local evidence indicates the potato harvest was first 

hampered in 1846 affecting many of the farm holdings in the area (Carville and Duffy, 2014). A 

decrease of 19% in catchment population from 1841-1851 results from deaths and emigration 

(Figure 4-3F). Partial abandonment of land is reflected in the expansion of alder concentrated in 

marginal wet areas with lower micro-charcoal values relating to reduced catchment activity. The 

decline in pine, elm and ash pollen potentially results from (i) declining catchment disturbance 

and reduced (old) pollen material in-wash into the lake (cf. Edwards and Whittington, 2001), or 

(ii) a pollen “screening” effect caused by an expanding alder population precluding other AP 

incorporation into the sediment record. The latter is a palynological feature previously reported 

from L. Muckno during periods of subdued human activity (Chique et al, 2017). A reduction in 

erosion and nutrient in-wash into the lake is reflected in lower levels of Pediastrum, Isoetes and 

Botryococcus. All components of the macrophyte community are negatively affected, indicating 

either unfavourable (lower) nutrient concentrations or modifications in the physical/biological 

properties of littoral habitats, possibly linked to impaired land-water coupling and lower delivery 

rates of allogenic particulate material into the lake littoral. Both declining soil erosion rates and 

in-wash of allogenic material have been previously linked to the period corresponding to the 

Great Irish Famine (Huang and O’Connell, 2000; Donohue et al, 2010). LOI (%) values in PAZs 

2-3a (Figure 4-5C) may reflect an expected change in lake productivity rather than the influence 

of allochthonous clastic input. Identifying the source of profundal organic matter based on LOI 

(%) in deep lakes is problematic, with values potentially governed by the supply of 

allochthonous material or autochthonous productivity (Rowan et al, 1992; Shuman, 2003). Here, 

LOI (%) values are likely driven by (i) a decline in epilimnetic productivity and its by-products 

and/or (ii) reductions in catchment-derived particulate organic matter, leading to a lower 

contribution of total OM (biomass) in the profundal and reproducing a higher mineral content.    

The notion of an “improved” lake state in response to decreased agricultural activity may be 

supported by lower representation of chironomid taxa linked with productive lake conditions in 

CAZ-1 including M. atrofasciata/insignilobus-type, Stempellinella/Zavrelia and to a lesser 



181 
 

extent C. mancus-type. Reductions in T. pallidicornis-type concomitant with a rise in T. 

chinyensis-type and Stempellina also hint to a degree of improvement. In the profundal zone, 

lower values of C. anthracinus-type and Procladius and (eventually) a slightly higher abundance 

of H. marcidus-type may also indicate a degree of amelioration and perhaps higher hypolimnetic 

oxygen levels. Given its association with fine substrate (Saether, 1979), declining Procladius 

abundance may also reflect reduced deposition of fine organic material in the profundal. 

Reductions in head capsule concentration (HCC) (Figure 4-6) are attributed to this potential shift 

in lake state and ensuing alterations in littoral chironomid macrophyte refugia and food-web 

dynamics (Brodersen et al, 2001; Langdon et al, 2010). This is reflected in inferred contractions 

of macrophyte stands and a corresponding decline of the macrophyte-dweller D. nervosus-type. 

Declining agricultural activity has a fast effect (c. 10 years) on the lake ecosystem as indicated 

by pollen, NPPs and chironomid data. This rapid shift to a somewhat improved lake status has 

parallels with paleoecological investigations reporting improvement of lake conditions during the 

Great Famine (Donohue et al, 2010; McKeown and Potito, 2016).  

However, a complete shift in lake status is not envisaged as suggested by increased abundance of 

taxa linked to productive conditions (P. nubeculosum-type, M. pedellus-type, T. mendax-type, 

Harnischia). This is perhaps expected given the relative low impact of the famine in local 

demographics in comparison to other regions in Ireland (cf. Huang and O’Connell, 2000; 

Donohue et al, 2010). Local agricultural activity continued at a reduced rate and while some 

regeneration of alder occurs the catchment area remains distinctively open as indicated by NAPp 

values and cereal-type records. The abundance of Stempellina in CAZ-1a may provide insights 

into lake status at the time, classified as a ubiquitous taxon of oligotrophic littorals (Brooks et al, 

2007), but also adaptable to conditions in lower-end mesotrophic systems (Saether, 1979). The 

progressive increase in M. pedellus-type in CAZ-1a, linked with agricultural land and productive 

waters (Potito et al, 2014) but also with coarse sediment low in OM (Brooks et al, 2001; 2007; 

Ruiz et al, 2006), supports LOI (%) trends and hypothesized changes in littoral substrate 

properties affecting macrophytes. Overall, the effects of the famine on the lake environment have 

a duration of c. 50 years (Figures 4-5 and 4-6).  

4.5.3 Early 20th century (168-112 cm; c. 1897 – 1954) – Increase in livestock grazing and 

lake eutrophication  
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Increased agricultural activity is inferred at the turn of the 20th century with alder clearance (cf. 

PAZ-3a) suggesting land abandoned during the famine is reclaimed. The expansion of open 

grassland habitats intensifies through PAZ-3b. Clearance is likely concentrated at a wider 

catchment scale given that the local area has largely consisted of grassland as far back as the 18th 

century. The introduction of exotic ornamentals (beech, sycamore, spruce, fir, lime) locally is 

reflected in the pollen record and is linked to a change in estate ownership and landscape 

improvement in the late 19th century (Mulligan, 2013). The inferred change in the vegetational 

composition of the area mirrors a shift in Irish agriculture in the late 19th to early 20th centuries 

leading to the displacement of tillage in favour of livestock production (Crotty, 1966; Bell and 

Watson, 2008). This modification of the agrarian economy is discernible from available 

agricultural statistics (Figure 4-3). In 1835 livestock grazing at the Parish level is confined to 

marginal areas (rough grazing), accounting for 3.9% of productive land in comparison to 

percentages of over 60% from 1926 to 1955 at the RD level. The limited cattle numbers kept in 

the area during the 19th century contrast with the high stocking rates in the first half of the 20th 

century (Figures 4-3D and 4-3E), with areas formerly under hay/meadow now supporting 

livestock farming. The local introduction of sheep likely dates to the first decade of the 20th 

century based on historic livestock trends at the Irish scale (Crotty, 1966). Reduction in tillage is 

first apparent in the fall from 36% to 13% at the Parish to RD level (1835 – 1955).   

Lake impacts from intensifying agriculture and a shift towards livestock farming are evident in a 

higher representation of Pediastrum, Botryococcus and Isoetes (cf. PAZ-3a). The composition of 

the chironomid community from the onset of the 20th century, roughly equivalent to the end of 

CAZ-1, reflects a transitional period from a relatively improved lake state during the famine 

(CAZ-1a) to a system under stronger anthropogenic influence in CAZ-2. Here, trends follow an 

expected course with higher abundance of meso-eutrophic taxa including C. anthracinus-type, 

Stempellinella/Zavrelia, T. pallidicornis and Procladius. From c. 1920 (CAZ-2), a substantial 

change in littoral conditions is envisaged from the rapid proliferation of E. albipennis-type, a 

taxon associated with both productive waters and macrophyte abundance (Brodersen et al, 2001; 

Moller Pillot 2009; Potito et al, 2014). Fast release of nutrients into the littoral zone is indicated 

by sudden increases of C. mancus-type and M. atrofasciata/insignilobus-type, both taxa 

reportedly sensitive to localized organic pollution (Saether, 1979; Wilson, 1989; Clerk et al, 

2004). The robust association between C. mancus-type and Poaceae (Figure 4-7B) serves to 
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emphasize the chronological link between expansion of grassland areas along with increasing 

livestock numbers and higher nutrient delivery into the lake in the form of organic waste. As 

shown by RDA results, the importance of Poaceae conforms to Irish investigations (Potito et al, 

2014; Taylor et al, 2017) highlighting the influence of agriculture on chironomid assemblages. 

Eventual declines in Stempellina and M. pedellus-type in CAZ-2 support the notion of a 

productive littoral and may potentially indicate higher delivery of allogenic particulate material. 

The latter is also supported by higher abundance of P. nubeculosum-type linked with 

macrophytes, productive waters and organic detritus (Ruiz et al, 2006; Brooks et al, 2007; Potito 

et al, 2014). T. pallidicornis-type has an eventual negative response to increased littoral 

productivity.  

An expansion in the extent of macrophyte stands (cf. PAZ-3), expected in the progressive course 

of lake enrichment (Davidson and Jeppesen, 2013), exerts a major influence in chironomid 

community structure. This is reflected in very high HCC rates in the first half of CAZ-2 (Figure 

4-6), representing enhanced resources in terms of macrophyte refugia and food availability for 

niche-oriented chironomid taxa (Brodersen et al, 2001; Langdon et al, 2010). In particular, both 

E. albipennis-type and P. convictum-type are linked with Potamogeton stands (Tokeshi and 

Pinder, 1985; Tarkowska-Kukuryk, 2014), which are mirrored with strong associations in the 

PCA bi-plot (Figure 4-7B) and its RDA explanatory variance. Higher abundance and frequency 

of D. nervosus-type also supports inferred conditions in the littoral zone. Conversely, a decline in 

Ablabesmyia could indicate high competition for littoral resources, modifications in macrophyte 

community composition, and/or failure to cope with higher nutrient concentrations (e.g., 

Langdon et al, 2006).  

The low records of C. anthracinus-type and Procladius in CAZ-2 are attributed to the large 

amount of incoming sub-fossils from the productive littoral, a taphonomical process associated 

with deep lakes experiencing eutrophication and prolific macrophyte growth (Little and Smol, 

2001). While often construed as indicative of extirpation of the profundal community from 

prolonged anoxia (e.g., Little et al, 2000; Clerk et al, 2004), this is not considered to be 

necessarily the case in L. Muckno at the time. Despite a clear underrepresentation, records of 

Procladius and C. anthracinus-type still reflect a profundal community typical of nutrient-rich 

systems which now also includes Cryptochironomus (Free et al, 2006; Brooks et al, 2007; Moller 
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Pillot, 2009). High influx of littoral sub-fossils into the profundal may also be responsible for the 

low representation of H. marcidus-type following CAZ-1a, but given the almost complete 

absence of the taxon for the remainder of the profile this is attributed to an expected shift 

towards a profundal community typical of eutrophic lakes. From the onset of the 20th century 

additional taxa associated with oligotrophic and well-oxygenated aquatic systems including 

Psectrocladius sordidellus-type, T. chinyensis-type and Protanypus become infrequent. The 

decline in Heterotanytarsus from CAZ-2 onwards can result from either widespread reclamation 

of bogland for grazing during the early 20th century (Hall, 2011) or from increased lake nutrient 

loading.  

4.5.4 Late 20th century (108-60 cm; c. 1954 – 1991) – Agricultural modernization, lake 

deterioration and WWTP implementation  

From c. 1960 the pollen record reflects a vegetation structure reminiscent of contemporary local 

and catchment conditions with a predominant grassland component (Figure 4-1B), and remaining 

woody vegetation comprising introduced stands, conifer plantations, pockets of hazel scrub and 

wet (alder-willow) woodlands on lake margins (Foss and Crushell, 2012). In contrast to other 

NAPp, the high values of Poaceae pollen (Figure 4-5B), which are presumed to be dominated by 

the highly competitive and nitrophilous Lolium perenne, seem to reflect the lower species 

diversity and impoverishment of modern Irish pastures attributed to elevated soil fertilization 

(Sheridan, 2016).  Land-use statistics from 1960 – 2010 (Figure 4-3) suggest an almost complete 

cessation of arable farming. This is in contrast with distinctive peaks in the cereal-type curve in 

PAZ-4, which may indicate soil erosion and reworking of old pollen from disturbed soils (Huang 

and O’Connell, 2000). However, agricultural rotations still comprise a small proportion of land 

dedicated to cereal cultivation in the late 20th and 21st century (Figures 4-1B and 4-3C). By 1960 

pastures comprise 60% of productive land within the catchment. Despite contractions in the 

extent of grazing land following 1980, cattle abundance and density progressively increase 

(Figures 4-3D and 4-3E), accounting for a surge of > 120% in cattle numbers. Similarly, an 

increase of > 500% in sheep numbers is estimated from 1980 – 1991.  

Increasing livestock stocking rates and concomitant land fertilization are expected to gradually 

lead to higher inputs of nutrient-rich runoff into the lake (Kurz et al, 2006; Doody et al, 2010). 

The collapse of E. albipennis-type in CAZ-3 (c. 1957) provides the first indication of 
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macrophyte deterioration, resulting from a shift towards pelagic productivity and turbid water 

column conditions attributed to progressive eutrophication (Søndergaard et al, 2010). A typical 

response with a general decline in macrophyte abundance along with increased prevalence of 

taxa tolerant of higher nutrient concentrations (cf. Egertson et al, 2004; Penning et al, 2008) is 

discerned from pollen data with declines in Potamogeton, Isoetes, and L. uniflora and a higher 

representation of (emergent) nymphaeids Nuphar and Nymphaea (cf. PAZs 3c-4). Although 

percentage representation is low, nymphaeid records are construed as indicative of significant 

plant representation given the entomophilous nature of both Nymphaea/Nuphar, a large lake size, 

and a pollen signature with high AP values. At least temporally, this new configuration of the 

aquatic plant community and lake conditions seems to benefit P. nubeculosum, perhaps through 

associations with pervasive macrophyte stands such as Nuphar (Zbikowski et al, 2010).  

The effects of higher fertilizer/slurry land application during the 1970s are evidenced in 

increased records for Pediastrum. Although no attempt has been made to taxonomically refine 

the Pediastrum genus, accounting for its association with planktonic productivity in temperate 

nutrient-rich lakes (Komárek and Jankovská, 2001; Weckström et al, 2010) and available 

information on lake parameters (Table 4-1), suggesting a link between its abundance and higher 

levels of epilimnetic productivity and algal blooms is coherent. Botryococcus is unresponsive to 

higher nutrient concentrations, with an increase in water turbidity or deterioration in subaerial 

macrophytes possibly precluding its proliferation (Batten and Grenfell, 1996). The concentration 

in the top 1 m of the core (post-1960) of Filinia longiseta-type fossil remains (Figure 4-5B), an 

indicator of eutrophication benefiting from high algal crop (Basińska et al, 2010), supports 

observations of the zooplanktonic community which is overall dominated by filter-feeders 

(grazers) as expected from a productive system (Table 4-1). Levels of epilimnetic productivity, 

possibly in concert with increased delivery of allogenic particulate material from c. 1970, lead to 

a continuous rise in DMAR (Figure 4-2) with very high values in the top 1 m of the core. The 

stability of LOI (%) values from the onset of PAZ-4a (Figure 4-5C) may reflect high rates of 

water column biotic utilization, resulting in a steady supply of OM into the profundal. Allowing 

for sediment core cross-matching, the increase in algal pigments (and onset of anoxia as 

exchangeable P) reported by Douglas et al. (1978) at a depth of 25 cm would closely correspond 

(in core LM-II) to the 1970s and the peak in Pediastrum, considering an expected degree of 

sediment compaction and cotemporary DMAR values (i.e., top 25 cm = c. 8 years).  
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Manifestations of eutrophication including high planktonic biomass, eventual dominance of 

blue-green algae over diatoms, and enhanced periphyton growth (Davidson and Jeppesen, 2013) 

seem to be integrated by the chironomid community. By the early 1970s, blue-green algae 

dominates the planktonic assemblage during summer months and high microbial respiratory 

activity resulting in water column anoxia is reported in parts of the lake (Table 4-1). The decline 

of P. nubeculosum-type following 1972 likely results from progressive macrophyte deterioration 

and increased water turbidity (Brooks et al, 2001), but it may also involve reductions in diatom 

biomass as a food supply and lower oxygen levels (Tarkowska-Kukuryk, 2014; Moller Pillot, 

2009). The position of the taxon along among low Axis 1 values (Figure 4-7B) reflects its 

particular niche within a deteriorating lake environment. Infrequent records of D. nervosus-type 

also emphasize the poor state of macrophyte stands while high abundance of C. mancus-type in 

the latter half of the 20th century corresponds with high inputs of nutrient-laden runoff into the 

lake. Further evidence of impaired lake status at c. 1972 is provided by an increase in C. 

intersectus-type, a periphyton feeder prevalent in Irish agricultural catchments (Potito et al, 

2014) reported to exhibit higher abundance in systems dominated by blue-green algae (Moller 

Pillot, 2013).  

Low values and frequency of C. anthracinus-type in CAZ-3 (cf. CAZ-1) seem to indicate 

extirpation due to prolonged oxygen stress in the profundal (Jónasson, 1972) with the efficiency 

of aerobic metabolism of C. anthracinus-type reported to be compromised below 3 mg O2 l
-1 and 

its survival rate falling to 50% after two weeks under anoxic conditions (Hamburger et al, 2000). 

Conversely, Procladius benefits from these conditions and dominates the profundal as often 

observed in deep anoxic lakes (Little and Smol, 2001; Heiri and Lotter, 2003). Mobility may be 

an important factor with the sedentary tube-dwelling C. anthracinus-type restricted to the anoxic 

profundal and the readily mobile Procladius being able to migrate towards zones with higher 

oxygen concentration (Jónasson, 1972; Vallenduuk and Pillot, 2007). Even so, fluctuations in 

Procladius in conjunction with peaks in Pediastrum during c. 1970 and c. 1994 (92 and 52 cm) 

may reflect enhanced hypolimnetic oxygen stress in response to algal blooms and near complete 

extirpation of the profundal community (cf. Little et al, 2000). This feature can serve to highlight 

local benthic-pelagic coupling mechanisms (Brodersen and Lindegaard, 1999). Frequent records 

of C. plumosus-type and Microchironomus from c. 1972 complement a profundal assemblage 

characteristic of an anoxic and highly eutrophic lake (Brodersen et al, 2001; Free et al, 2006; 
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Brooks et al, 2007; Moller Pillot, 2009), highlighted by strong associations with the Pediastrum 

vector in the PCA bi-plot (Figure 4-7B), the second most important variable influencing 

chironomids in the RDA model.  

The chironomid community does not exhibit an immediate response to WWTP implementation 

(1983) beyond a small increase in Stempellina (Figure 4-6). Trends in CAZ-3 indicate 

progressive deterioration of the lake environment which is supported by available 

(palynological) macrophyte and documentary evidence. Eutrophic conditions have prevailed and 

no distinct change in trophic state is reported until 1996 (Table 4-1; Figure 4-4), coinciding with 

the onset of CZ-4. Factors precluding lake recovery following point-source abatement include 

internal nutrient loading in the form of sedimentary P release (Jordan and Rippey, 2003; Taylor 

et al, 2006a), a feature previously described from L. Muckno during periods of anoxia (Douglas 

et al, 1978), and a failure to limit diffuse nutrient sources (Jeppesen et al, 2005; Gulati et al, 

2008). This is highlighted by local findings at Milltown Lake with c. 80% of incoming P loads 

into the lake attributable to organic waste derived from grassland-based agriculture and only a 

minor percentage linked to anthropogenic sources (Carson et al, 2014). In all likelihood similar 

mechanisms operate at a wider catchment scale, with agricultural nutrient losses being the 

primary driver of the eutrophication process in L. Muckno. The results presented reflect the role 

of 20th century agricultural intensification in the post-1940 eutrophication of nutrient sensitive 

inter-drumlin lakes (Anderson, 1997; Jordan et al, 2002; O’Dwyer et al, 2013) and those located 

in other Irish catchment settings (Taylor et al, 2006a; Donohue et al, 2010; Dalton et al, 2014). 

4.5.5 Late 20th and 21st century (56-1 cm; c. 1991 – 2013) – Catchment nutrient 

management and discreet lake response  

Pediastrum representation is at its maximum during the 1990s (cf. PAZ-4b), coinciding with 

evidence indicating phytoplanktonic dominance of green algae, lower chlorophyll-a  and TP 

values, and a mesotrophic lake status classification in 1996-1997 (Table 4-1; Figure 4-4). Partial 

lake status recovery is attributed to catchment waste management strategies and restricted land 

fertilization from the early 1990s. Reductions in sedimentary P and nutrient loading at Milltown 

Lough c. 2002 – 2008 (Carson et al, 2014) indicate a similar trend. To an extent, this is 

incorporated by chironomid littoral taxa, with a decline in C. mancus-type (cf. CAZ-4) indicating 

a decrease in nutrient-rich runoff. Similarly, higher incidence of T. chinyensis-type, S. coracina-
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type and P. sordidellus-type may point to an improvement in trophic state. The mesotrophic 

taxon Stempellinella/Zavrelia also benefits from conditions in CAZ-4 exhibiting higher 

abundance. Partial recovery of macrophyte stands by c. 2005 may be interpreted from higher 

abundance of E. albipennis-type and P. nubeculosum-type. This contrasts with survey and 

palynological data which provide no evidence of improvement in macrophyte stands and a “bad” 

ecological status classification from 2007 until present (Table 4-1). Sub-fossil records may 

reflect localized recovery of contemporary littoral stands observed near to the coring location. 

Lake-level recovery of macrophyte assemblages, and in turn, a corresponding shift in chironomid 

community composition, will most likely be subject to long-term improvement in water column 

turbidity (Hilt et al, 2006). Higher abundance of C. anthracinus-type early in the zone may 

correspond to improved oxygen levels (Table 4-1), but soon after decrease with profundal taxa 

composition and abundance following trends recorded in CAZ-3. The association of C. 

anthracinus-type with vectors related to lower trophic state in the PCA bi-plot (Figure 4-7B) 

serves to demonstrate the adverse relationship of the taxon with the latest stages of 

eutrophication and hypolimnetic deoxygenation (Jónasson, 1972; Moller Pillot, 2009).  

Overall, only partial amelioration in lake conditions is inferred from a chironomid community 

still largely composed of meso-eutrophic taxa. This is chronologically exemplified in Figure 4-

7A showing a degree of chironomid community adaptation to lake improvement in the 21st 

century, but with conditions still far from comparable to the 19th century. Lake recovery 

following nutrient abatement measures often works at a decadal time-scale (Jeppesen et al, 

2005), and in the present case internal P loading and/or failure to limit external P sources 

potentially delay or preclude a positive lake response. The physical characteristics of the drumlin 

catchment and its distinctive flashiness are likely key factors influencing system resilience 

(Schulte et al, 2006; Doody et al, 2010). A complete evaluation of chironomid community 

adaptation to re-oligotrophication is constrained by the relatively short period following 

implementation of “efficient” nutrient mitigation strategies.   

4.5.6 Effects of temperature and other stressors 

It is possible that increased abundance of eutrophic indicators Microchironomus, Chironomus, C. 

mancus-type and the oligotrophic Stempellina, taxa which may also be thermophilic (cf. Brooks 

et al, 2007; Potito et al, 2014), is influenced by increasing temperatures following 1980. This is 
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shown by the temperature vector in Figure 4-7A corresponding to top-core samples. Summer 

temperature has been found to covariate with nutrient and oxygen concentrations in explaining 

chironomid community structure in deep stratified lakes (Verbruggen et al, 2011). However, in 

the case of L. Muckno, similar to the findings of McKeown and Potito (2016) in low-impacted 

catchments, the effects of temperature seem to be overridden by the substantial human imprint 

on the landscape, as is evident in forward-selected RDA variables. Increasing temperatures in the 

last c. 30 years also draws attention to the potential role of global warming in exacerbating lake 

eutrophication and limiting nutrient recovery (Davidson and Jeppesen, 2013). 

Today, L. Muckno contains a fish fauna dominated by non-native species including pike, bream, 

perch and roach (Kelly et al, 2013). Fish predation can have a direct impact on chironomid 

assemblages and influence different lake processes (Brodersen and Quinlan, 2006). Benthivorous 

bream can be an active agent in sediment resuspension increasing lake nutrient concentrations 

(Breukelaar et al, 1994). No precise date is available on their introduction given the haphazard 

nature of Irish fish introductions (Kelly et al, 2012), occurring within the last 700 years with 

most of these species already widespread by the 1900s (Champ et al, 2009). A regional increase 

in DOC has been linked to deteriorating macrophyte stands, mainly isoetids, in a number of lakes 

in the north of Ireland (McElarney et al, 2010). Here, stimulation of soil litter breakdown through 

N fertilization was tentatively suggested to result in greater DOC catchment export to lake 

systems. It is possible that DOC concentration increased along with farming modernization in L. 

Muckno, particularly considering correlations between topographical hydrological controls, 

limited soil drainage and higher DOC concentrations in Ireland (Liu et al, 2014). DOC was also 

found to be an important control for chironomids in western Ireland (Potito et al, 2014). 

However, higher DOC concentrations were not associated with allogenic inputs (i.e., agricultural 

land cover) in this training set, but were rather linked with shallow lakes, presumably deriving 

in-situ from prominent benthic macrophyte stands. In turn, DOC concentrations were lower and 

less relevant in deep lakes similar to L. Muckno lacking benthic macrophyte cover.   

Atmospheric pollution, primarily concerning nitrogen deposition and acidification, are not 

deemed to be major stressors in the lake. This is based on considerations of available literature 

(e.g., Aherne and Farrell, 2002; Leira et al, 2007) emphasizing the low impact of atmospheric 

pollution in the Irish Ecoregion in contrast to the wider regional context (e.g., western Britain; 
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Irwin et al, 2002). This stems from Ireland’s location along the Atlantic seaboard and influence 

of south-westerly and westerly airflow. Monitoring records indicate acidification has not been a 

local issue in the period following 1972. The lake is not included in the “acid sensitive” site 

classification scheme of the EPA. In the Irish Ecoregion, artificial acidification of water bodies is 

not widespread and acid sensitive sites only occur in areas with particular bedrock geology along 

the western seaboard and in the east in Co. Wicklow (see Flower et al, 1994; Leira et al, 2007). 

While locations in eastern Ireland may be more prone to acid atmospheric deposition, it is argued 

that the peak in SO2 emissions in Ireland corresponding to the late 1970s (Leira et al, 2007) 

would have been noted in local monitoring records of if it was an important stressor. 

4.6 Conclusion 

A high resolution multiproxy analysis enabled the characterization of chironomid community 

adaptation to progressive water quality deterioration from an initial meso-eutrophic lake state in 

a traditional agricultural setting (19th century) to a highly eutrophic system in a landscape 

dominated by modern pastoral farming (21st century). During the 20th century, events potentially 

resulting in key modifications in chironomid community structure comprise: (i) a shift from 

tillage- to livestock-oriented agriculture from c. 1900 and (ii) modernization of farming practices 

and increased land fertilization following c. 1950. The chironomid community seems to respond 

somewhat to amelioration of lake trophic status on two occasions: a decline in local agricultural 

activity during the Great Irish Famine (mid-19th century) and waste management along with 

reduced land fertilization following 1990. Topographical and edaphological conditions 

characterizing the local inter-drumlin catchment seem to be important factors precluding lake 

system recovery following nutrient mitigation. The seemingly strong chironomid response to 

increased pastoral activity, its effects on lake saprobity, trophic state and oxygenation, 

emphasizes their suitability in tracking past human impacts on lake systems. Taxa-specific 

behaviour to documented catchment events provides valuable information for future 

paleolimnological reconstructions. 

Incorporation of chironomid, pollen and NPPs analyses has a remarkable potential in providing 

insights into conditions and processes in different lake habitats (benthic, pelagic and littoral) 

despite being based on a single-core approach. Inferences made from chironomid community 

structure are enhanced by complementary information on the state of littoral macrophyte 
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assemblages provided by palynological data. This is of key relevance for chironomid-based 

reconstructions considering the influence of macrophytes on components of the chironomid 

community (Brodersen et al, 2001; Langdon et al, 2010). Further association between these two 

indicators is only precluded by the level of taxonomic refinement attainable from fossil 

identification. Supplementary analysis of aquatic plant macrofossil remains, attempted in this 

investigation but yielding no relevant outcome due to their general scarcity throughout the 

sediment core, is recommended in order to improve established links between chironomids and 

littoral macrophytes. The results also support the use of Pediastrum cell wall remains as a simple 

but convenient and efficient indicator of epilimnetic productivity and algal blooms in 

paleolimnological reconstructions. 

Comparison of chironomid community structure at the onset of the profile with WFD reference 

state guidelines (cf. Free et al, 2006) would suggest L. Muckno had already deviated from 

reference conditions by c. 1800. This is based on a profundal community dominated by 

Procladius, a high representation of Tanytarsus, and low abundance or frequency of key 

oligotrophic taxa (e.g., Protanypus, S. coracina-type). However, complications arise from the 

oversimplification of chironomid taxonomy necessary to produce a large dataset and issues with 

the application of lake typology become apparent. In this context, a distinct lake-specific 

chironomid structure is recorded at L. Muckno in which Chironomus species fail to dominate 

regardless of trophic state. The inferred lake status by the early 19th century finds correspondence 

with other Irish investigations (Anderson, 1997; Taylor et al, 2006a) in providing evidence of 

pre-20th century nutrient enrichment. Previous palynological analysis in L. Muckno (Chique et 

al, 2017) suggests an initial shift in chironomid community structure attributable to human 

influence can be potentially traced back to the latter half of the first millennium CE. This would 

have clear implications for the application of a temporal end-point for reference conditions and 

establishment of feasible water quality restoration goals in Ireland and other parts of Europe with 

historic trends of pronounced human activity. Overall, the results presented comprise a 

substantial contribution to the developing corpus of Irish chironomid research with potential for 

extrapolation elsewhere, including lake systems prone to eutrophication and those lacking 

supporting material of within-lake and catchment conditions/processes. Future chironomid 

research should continue bridging existing gaps in neo- and paleolimnology in order to improve 

interpretations made from paleolimnological reconstructions. 
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Chapter 5 – 

 

Modern chironomid sub-fossil distribution in the western basin of Lough Muckno – 

Potentials to enhance paleoecological interpretations 

5.1 Introduction  

Chironomids (Insecta: Diptera) are water quality indicators (Saether, 1979; Moller Pillot, 2009; 

2013) commonly used as paleolimnological proxies (Walker, 2001). Based on their stenotopic 

nature they are valued as robust indicators of past lake productivity and trophic state (Brodersen 

and Quinlan, 2006). In particular, profundal chironomid assemblages have great potential in 

providing insights into past hypolimnetic oxygen concentrations in deep lakes (Little and Smol, 

2001).  

Recently, a renewed interest has been placed on the implications of “intra-lake” chironomid sub-

fossil distribution in paleolimnological reconstructions. An underlying principle in 

paleolimnological analysis is that a sample retrieved from the deepest part of a lakes’ basin, and 

concurrently paleo-indicators contained within, will be representative of overall lake conditions 

(Birks and Birks, 2006). Accordingly, in the context of paleolimnological proxies which develop 

in situ, as most chironomid larvae, a deep lake sample should be expected to incorporate remains 

of different lake habitats. One of the potential advantages of obtaining deep cores for chironomid 

analysis is an integrated (sub-) littoral and profundal taxa record with uniform sedimentation 

processes reducing the risk of sediment mixing and sequence hiatuses (Luoto, 2010).  

However, a range of studies focusing on intra-lake sub-fossil (and living) larvae have highlighted 

the role of water depth in determining taxa distribution (Heiri, 2004; Luoto, 2009; 2010; 2012; 

Kurek and Cwynar, 2009ab; Engels and Cwynar, 2011; van Hardenbroek et al, 2011). This is 

expected, as individual chironomid taxa often have preferences for specific lake habitats (cf. 

Saether, 1979; Brooks et al, 2007), and depth has an overriding effect on multiple variables (e.g., 

oxygen concentrations, substrate type, macrophytes) shaping microhabitat characteristics (Engels 

and Cwynar, 2011). Thus, in a given lake system, a logical assumption would be that sub-fossil 

deposition will be strongly associated with the presence of living chironomid larvae (van 

Hardenbroek et al, 2011). However, lake morphology can exert a strong influence on sub-fossil 

taphonomy through controls on different in-lake physical processes which can lead to head-
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capsule resuspension, mixing, transport and redeposition to other lake habitats. For example, 

through gravitational effects basin slope orientation can determine the efficiency of down-slope 

head-capsule transport and redistribution (van Hardenbroek et al, 2011). In large lake systems, 

which are prone to wind-driven stress and experience higher levels of water turbulence and wave 

action, substantial head-capsule transport and redistribution can characterize the sub-fossil record 

(Iovino, 1975; Schmäh, 1993). Morphology will dictate the occurrence and location of the 

thermocline, with differential processes below and above it (e.g., currents, wave action) 

potentially influencing head-capsule distribution (Kurek and Cwynar, 2009a; van Hardenbroek et 

al, 2011). Head-capsule taphonomy can also be affected by incoming river currents via sediment 

focusing (Heiri, 2004). Feeder streams can determine both living and sub-fossil larvae 

distribution through direct head-capsule effluent delivery and/or due to lacustrine taxa preference 

for fast-flow environments provided by stream discharge (Luoto, 2010).  

In general, the influence of many of these in-lake processes on sub-fossil taphonomy is still 

poorly understood (Kurek and Cwynar, 2009b). Chironomid-based paleolimnological 

reconstructions are rarely supplemented by intra-lake data. This is unfortunate, as identifying the 

factors responsible for sub-fossil intra-lake distribution is fundamental to enhance and support 

the inferences made from chironomid-based paleolimnological reconstructions. This is 

applicable to either climate-based reconstructions or those oriented towards saprobity and 

anthropogenic impacts on lake systems. Within-lake datasets can also aid in the assessment of 

coring location suitability for paleolimnological reconstructions and provide new insights into 

taxa autecology (Luoto, 2012). For example, little is known about lake habitat preferences of the 

Tanytarsus genus, a group which has recently undergone substantial modifications in sub-fossil 

taxonomical systematics (Brooks et al, 2007; Engels and Cwynar, 2011). Indeed, a major issue 

limiting the bio-indicator potential of individual chironomid taxa is the poor knowledge of 

autecological traits at the genus and species levels (Serra et al, 2016). Recently, intra-lake sub-

fossil datasets have been developed as a tool for quantitative water depth reconstructions (e.g., 

Kurek and Cwynar, 2009a; Luoto, 2010; Engels and Cwynar, 2011). This approach has also been 

implemented in a regional multi-lake context (e.g., Korhola et al, 2000; Barley et al, 2006). In 

large systems, intra-lake sub-fossil analysis has been used to assess the spatial effects of multiple 

stressors on lake water quality and ecological processes (Cao et al, 2012).  
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Analysis of intra-lake midge fossil distribution is particularly applicable in the Irish Ecoregion 

which lacks such data. This is of key relevance given the growing number of chironomid-based 

paleolimnological reconstructions in the region (cf. McKeown and Potito, 2016; Taylor et al, 

2013; 2017; Chique et al, 2017a). The training-sets provided by Free et al. (2006) and Potito et 

al. (2014) comprise the extent of information available on modern Irish chironomid sub-fossil 

assemblages. These datasets are restricted to a single sample from a number of lake systems 

along a geographical/environmental gradient providing limited information on chironomid 

habitat distribution. Accordingly, Irish paleolimnological reconstructions must rely on 

chironomid taxa ecology from other geographical locations (cf. Brooks et al, 2007). This can be 

problematic as taxa autecological traits and habitat distribution can vary regionally and along 

latitudinal gradients (Brundin, 1949; Moller Pillot 2009; 2013; Engels and Cwynar, 2011; Luoto, 

2012). Chironomid taxa may even show lake-specific depth distribution (Kurek and Cwynar, 

2009b).  

This investigation provides the first account of intra-lake chironomid sub-fossil distribution in 

the Irish Ecoregion. The aim is to explore the potential factors controlling sub-fossil variability 

in a lake system while improving our understanding of autecological traits of Irish chironomid 

taxa. Accordingly, emphasis is given to individual taxa depth distribution and comparisons to 

information available in the literature. The lake system under investigation proves an ideal 

location for such endeavors, being a large and deep lake with substantial habitat heterogeneity. 

Additionally, the lake has been recently subject to combined pollen-chironomid 

paleolimnological analysis based on a long sediment core, allowing to test the performance of 

the intra-lake dataset in improving the interpretation of paleoecological data. The following 

specific questions are addressed in this study: (i) How uniform are chironomid assemblages in 

the basin of L. Muckno? (ii) Do individual chironomid taxa show preference for specific depth 

habitats? (iii) What are the local governing controls on the intra-lake distribution of chironomid 

sub-fossils? (iv) How representative of overall lake conditions is the long sediment core (Chique 

et al, 2017ab)? Can modern sub-fossil distribution be used to enhance previous 

paleolimnological reconstructions and help determine the suitability of coring location?   

5.2 Study Site 



206 
 

Lough Muckno is located in northeastern Ireland (Figure 5-1). The lake has a surface area of 

3.57 km2 comprising three main basins and is fed by six streams. River Fane is the lakes’ single 

outflow located in the easternmost basin. The lake has a mean depth of 5.4-m and maximum 

depth of 15-m in the western basin. It has a large catchment area (109 km2) with a geology of 

predominantly Silurian quartzite overlain by gleyed glacial till soils. The lake is located in the 

Irish inter-drumlin belt characterized by recurrent ovoid hills providing a local topographical 

setting with dynamic relief (Figure 5-1C). The lake system is located next to the town of 

Castleblayney. Recreational areas include a series golf courses in the southern shore of the basin. 

Grassland-based agriculture, mainly consisting of cattle grazing and sheep rearing, is widespread 

in the rest of the catchment area (Figure 5-1B).  

Horkan and Toner (1984) provide the only information available on the system’s mixing regime. 

The data suggest a monomictic mixing regime with water layers typically stratifying during 

summer months (May to October) and mixing during winter (November to March). However, 

both spatial and temporal variation in the depth and persistence of the thermocline was reported 

over a two year period. The lake has steep basin slopes with two deep sub-basins in the southern 

portion of the western basin (Figure 5-1C).   

L. Muckno is a lake system experiencing historical eutrophication (see Chique et al, 2017a). 

Eutrophication symptoms were first reported in the 1970s (An Foras Forbartha, 1973) with 

ensuing monitoring surveys leading to the implementation of a waste water treatment plant 

(WWTP) in Castleblayney (Figure 5-1C) in 1983, providing phosphorus (P) removal for urban 

discharges. However, eutrophic conditions have endured and the lake is classified as a nutrient 

“sensitive” water body in the context of the Water Framework Directive (WFD). In the latest 

monitoring report (c. 2012; Bradley, 2015), the lake was classified as eutrophic with a “bad” 

overall ecological status. In particular, several parameters including macrophytes, phytobenthos 

and phytoplankton were ranked as “bad” or “poor” although oxygenation was classified as 

“good”.  

Two recent paleolimnological reconstructions derive from a long sediment core obtained in the 

lake. These focus on different objectives spanning different time periods. Chique et al. (2017b) 

provide a palynological account of the core emphasizing local land-use change and vegetation 

dynamics from prehistoric to early historic cultural periods (c. 4000 BCE – 1200 CE). With a  
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Figure 5-1. (A) Location of L. Muckno in the Irish Ecoregion including the extent of the drumlin belt 

shaded in gray. (B) L. Muckno at the catchment scale including CORINE 2012 Land Cover Data (Lydon 

and Smith, 2014) and hydrology. The land cover category Agriculture/Vegetation refers to mixed 

agricultural land and natural vegetation. (C) Zoomed view of the western basin of L. Muckno including 

coring location at 15 m depth (), effluent of Castleblayney WWTP (●) and topography (m a.s.l.). 
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modern focus (c. 200 years), Chique et al. (2017a) incorporate documentary evidence with high-

resolution pollen and chironomid analysis to establish links among human activity, landscape 

processes and lake ecological conditions.  

5.3 Methodology 

5.3.1 Sediment core extrusion  

Parallel sediment cores (LM I-II; c. 9.5 m long) were obtained from the deepest part (15 m) of 

the western basin of the lake (Figure 5-1C) using a Usinger piston corer (Mingram et al, 2007). 

Sediment cores were split in half in the field and transported to the facilities of the 

Palaeoenvironmental Research Unit (PRU) for posterior analysis (see details in Chique et al, 

2017ab). All paleolimnological data presented in this investigation pertain to core LM-II.  

5.3.2 Transect station sampling  

On July 2015, a total of 36 sampling stations were established in the western basin of the lake. 

The sampling design is composed of three different transects and was intended to provide a good 

spatial coverage of the various embayments of the western lake basin including depth variation 

(Figures 5-2 and 5-3). At each station, water depth was determined using both a depth sounder 

and physical measurements, and a GPS device was used to log geographical coordinates. GPS 

measurements allowed calculation of the distance of each station to the nearest point in shore 

using measuring tools on an ArcGIS environment. A multi-parameter sensor (YSI Professional 

Plus 605790-x) was used to measure temperature (°C), conductivity (ppt), pH, dissolved oxygen 

(mg/l) and nitrate (mg NO3 l). Epilimnetic measurements were carried out by lowering the probe 

into surface water layers while hypolimnetic measurements were aided by the use of a 

messenger-operated water bottle. In Ireland, most NO3 in lake systems derives from artificial soil 

fertilization and industrial/domestic sewage (EPA, 2011). Accordingly, NO3 measurements can 

be used as spot measurements indicative of lake nutrient concentration and trophic state. 

Furthermore, a surface sediment sample was taken at each station using a Glew gravity corer 

(Glew, 1991). The top 2 cm, sectioned at 1 cm intervals, of each station core sample were 

retained in polythene bags and transported to the facilities of the PRU for further analysis.  

5.3.3 Pollen analysis 
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Figure 5-2. Surface sampling design including transects A, B and C and their corresponding 

stations in the western basin of L. Muckno. Lake bathymetry is based on Horkan and Toner 

(1984) and follows intervals of 3, 6, 9 and 15 m. LM-II core location at 15 m depth (), effluent 

of Castleblayney WWTP (●) and topography (m a.s.l.) are also included. 
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Figure 5-3. Zoomed-in image of individual transect A, B and C. Lake bathymetry is based on 

Horkan and Toner (1984) and follows intervals of 3, 6, 9 and 15 m. LM-II core location at 15 m 

depth () is also included. 
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A total of 195 sediment samples were analyzed for pollen and non-pollen palynomorphs (NPPs) 

remains from core LM-II (see Chique et al, 2017ab). Sediment samples of 1 cm3 were taken 

every 4-cm between 744-1 cm. The results presented here are restricted to depths 732-1 cm. 

Details on the methodology, pollen criteria and presentation layout is outlined in Chique et al. 

(2017b).  

5.3.4 Chironomid analysis  

Chironomid sub-fossil analysis involved a total of 123 sediment samples deriving from both 

transect stations and core LM-II.  

87 sediment samples were taken from LM-II at different resolutions. High resolution (4 cm) 

analysis focusing on the top section of the core (220-1 cm) are provided by Chique et al. (2017a). 

A resolution of 16 cm between depths 732-1 cm is presented here in order to assess general 

(long-term) chironomid trends.  

Sub-fossil analysis were carried out in each transect station (n = 36). Sediment samples were 

treated with KOH, sieved (90 μm mesh), suspended and sorted in a Bogorov plankton counting 

tray using a Motic SMZ Series scope at 10-40 X magnification (see details in Chique et al, 

2017a). Head-capsule identification was carried out using a Motic B3 Professional Series 

microscope at 100-400 X magnification. Head-capsule taxonomic identification is based on 

Wiederholm (1983), Rieradevall and Brooks (2001) and Brooks et al. (2007). A criterion of 

minimum 50 whole mentum equivalent (WME) (or head-capsules) per sample was used in 

accordance with statistical robustness guidelines (Laroque et al, 2001). Zoning was implemented 

on both transect and LM-II datasets. Establishment of statistically significant Transect Zones 

(TZs) and (sediment core) Chironomid Assemblage Zones (CAZs) was based on optimal 

splitting by sum-of-squares on Psimpoll ver 4.27. Given that intra-lake datasets can be ordered 

following a depth gradient, the use of optimal splitting by sum-of-squares is a recommended 

approach to determine depths at which important changes in chironomid sub-fossil distribution 

occur (Kurek and Cwynar, 2009a; Engels and Cwynar, 2011). Sub-fossil distribution with 

respect to depth was also assessed with abundance-depth scatterplots for individual taxa.  

In the two datasets, the combination of Microspectra insignilobus and Microspectra atrofasciata 

is based on the inability to taxonomically discriminate between the two morphotypes following 
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the guidelines provided by Brooks et al. (2007) (cf. Ruiz et al., 2006). Similarly, the combination 

of Stempellinella and Zavrelia is based on the lack of identifying features between the two 

morphotypes (Brooks et al, 2007). Eukiefferiella and Tvetenia are also combined on the same 

grounds (e.g., Heiri, 2004). Rheocricotopus effuses-type and Rheocricotopus fuscipes-type were 

combined based on similar autecology and to simplify the dataset. The distinct classification 

Tanytarsus (undifferentiated) is based on the lack of key morphological features (e.g., pedestals, 

post-occipital plate, mandibles) required for identification to lower taxonomic levels of many 

Tanytarsus specimens analyzed. 

5.3.5 Loss-on-ignition (%)  

Organic matter (OM) and calcium carbonate (CaCO3) content was determined using the loss-on-

ignition (LOI) % method (Heiri et al, 2001). In core LM-II, this involved taking samples (2 cm3) 

at two different resolutions: 1-cm (200-1 cm) and 4-cm (732-200 cm) intervals. Similarly, 2 cm3 

of sediment from each transect station were used to calculate LOI (%) of surface sediments.   

5.3.6 14C, 210Pb and age-depth modelling 

A combination of 14C and 210Pb analysis was implemented to establish a chronology in core LM-

II. The details of the 14C and 210Pb chronology are given in Chique et al. (2017ab). In the top 

section of the core, 25 samples were analyzed for 210Pb content by measuring the 210Pb decay 

product by isotope dilution alpha spectrometry in order to derive a radiometric age-depth model. 

An even sampling interval of 10 cm was implemented from 240-1 cm. The constant rate of 

supply (CRS) model (Appleby, 2013) was used to calculate age and sedimentation rates. 210Pb 

background levels were reached at a depth of 210 cm, with 210Pb content allowing an age-depth 

model to a depth of 190 cm. 8 14C dates were obtained from macrofossil remains (fruits, plant 

remains, charcoal) from different depths with two dates rejected on the grounds of reversals (cf. 

Chique et al, 2017b). The age-depth model in the lower section of the core was established using 

Bacon v. 2.2 Bayesian age-depth modelling software (Blaauw and Christen, 2011) utilizing 

IntCal13 (Reimer et al, 2013) embedded on R as an interface.  

5.3.7 Ordination and additional analysis  

The two datasets were subject to a series of ordination analyses. The aim was to determine the 

explanatory significance of a number of variables on chironomid assemblages. All ordination 
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analyses were performed using Canoco ver 5.0. Chironomid analysis involved square-root 

transformed percentages of common taxa (i.e., abundance ≥ 2% in at least one sample with 

presence in at least two samples; Quinlan and Smol, 2001). In both datasets, Detrended 

Correspondence Analysis (DCA) of species data was used to determine whether a linear or 

unimodal method should be implemented with linear recommended in the two instances (Birks, 

1995).  

For LM-II analysis, 11 environmental variables were individually tested for statistical 

significance (p ≤ 0.05) with chironomid assemblage data using Redundancy Analysis (RDA). 

Significant variables were also plotted passively using Principal Component Analysis (PCA) to 

investigate associations with chironomid community structure. Environmental variables include 

palynological data (as percentage values) which can provide insights into the status of aquatic 

plant communities (Potamogeton, Littorella uniflora, Isoetes, Nymphaea) and concentration of 

green algae (Pediastrum, Botryococcus). Poaceae, Plantago lanceolata and cereal-type pollen 

are key indicators reflective of the extent and intensity of pastoral and arable farming (Behre, 

1981). Calluna, a major component of Irish bog vegetation (Preston et al, 2002), was also 

included as representative of the presence/extent of bogland. LOI (%) is construed as a measure 

of profundal OM content. Only three variables showed a statistically significant relationship with 

chironomid assemblages (Poaceae, P. lanceolata and Cereal), with the remaining of the variables 

excluded from further analysis. Poaceae, P. lanceolata and Cereal were forward-selected in order 

of decreasing variance, with selection continuing as long as the additional variable remained a 

significant additional predictor (p ≤ 0.05) of chironomid data. The explanatory values of 

forward-selected variables, both individually and with covariables, were determined using partial 

RDAs. The same ordination approach was used in the transect station dataset. Potential 

explanatory variables included in RDA analysis consisted of the 9 physico-chemical parameters 

(hypolimnetic readings) measured at each station. Distance to shore (m), depth (m) and LOI (%) 

were the only variables showing statistical significance with respect to surface chironomid 

assemblages. The three variables were then forward-selected and plotted passively using PCA 

ordinations. Partial RDAs were used to identify the explanatory value of the three forward-

selected variables. RDAs using water depth as a single explanatory variable were also performed 

to further analyze taxa-depth associations through individual plots. Pearson’s correlation 

coefficients were calculated to establish the statistical significance (p < 0.05) of individual 
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chironomid taxa with increasing and decreasing water depth. Furthermore, in order to explore the 

relationship in chironomid species composition among surface and downcore samples, the Chi-

squared residual distance of LM-II samples was plotted passively with transect samples using 

Canonical Analysis (CA) (Birks and Birks, 1998).  

5.4 Results  

5.4.1 Transect Data 

Transect physico-chemical measurements    

Field measurements are provided in Supplementary Table 5-1 and Figures 5-4 and 5-5A. Little 

spatial variation was recorded in most parameters including temperature, DO, conductivity, pH 

and nitrate. Shallower samples (e.g., 1a, 2a) have a slightly higher conductivity which is 

expected from a higher suspended sediment load in the littoral of the lake. Nitrate concentrations 

are slightly higher in Transect B and lower in Transect C. Top-bottom variation was also 

negligible at most stations. LOI (%) values were relatively stable from 7-14 m depth with a 

degree of variability at lower depths, particularly in the shallowest stations. Low LOI (%) values 

in station 2c reflect the local presence of substrate with high minerogenic content, likely coarse 

gravel. Conversely, high LOI (%) values in stations 1a and 2a are attributed to of organic detritus 

associated with dense macrophyte stands in the littoral of Transect A. Bottom DO values are 

slightly lower in depths > 10 m (Figure 5-4).  

Transect chironomid sub-fossil distribution 

An average of 66 head-capsules were retrieved from surface transect samples. However, samples 

from stations 11b and 12b did not yield enough WME to meet minimum criteria with counts of 

38.5 and 30, respectively. 

Chironomid relative abundance by depth along with head-capsule concentration and taxon 

richness are presented in Figure 5-5A and 5-5B. Statistical zonation established only two distinct 

TZs (Zone 1 = 3-14 m; Zone 2 = 1-2 m) indicating the presence of a single threshold in 

chironomid community composition at 2-3 m. In TZ-2, Glyptotendipes pallens-type (c. 28%), 

Cricotopus intersectus-type (c. 12%), Microtendipes pedellus-type (c. 6%), Ablabesmyia (c. 3%) 

and Tanytarsus chinyensis-type (c. 2.3%) exhibit particular high abundance. In TZ-1,  
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Figure 5-4. Distance to shore (m), Temperature (°C) and dissolved oxygen (DO) (mg/l) recorded 

in each transect station plotted to water depth. Both top (solid black line) and bottom (dashed red 

line) water layer measurements of temperature and DO are provided. 
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Figure 5-5. (A) Relative chironomid percentage abundance of each transect sample plotted along water 

depth. LOI (%) values are also provided along statistically significant TZs. (B) Percentage abundance per 

transect sample of additional chironomid taxa (including potential rheophiles). Taxon richness and head-

capsule concentration (HCC) per ml of sediment used are also provided. Statistical significant TZs are 

provided on the right-hand side. 

B) 

A) 
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abundant/frequent taxa include Cladotanytarsus mancus-type (c. 10%), Procladius (c. 10%), 

Stempellina (c. 4.6%), M. insignilobus/atrofasciata (c. 3.7%), Stempellinella/Zavrelia (c. 3.5%), 

Chironomus anthracinus-type (c. 2.4%), Chironomus plumosus-type (c. 1.8%) and Tanytarsus 

lugens-type (c. 1.2%). In particular, C. anthracinus-type records suggest a positive relationship 

with increasing depth. Conversely, G. pallens-type remains are more abundant in shallow depths. 

Presence of certain taxa is also zone exclusive, but particularly in TZ-1. For example, C. 

anthracinus-type, Harnischia, Sergentia coracina-type, Heterotrissocladius marcidus-type and 

Heterotanytarsus only occur in TZ-1. In contrast, only Phaenospectra flavipes-type sub-fossils 

and rare taxa (Stictochironomus rosenschoeldi-type, Polypedilum nubifer-type, 

Parametriocnemus; 1 record each) are restricted to TZ-2. Overall, taxa richness is higher at 

intermediate depths 3-10 m, particularly between 6-10 m, with very low values at stations 1a and 

12a. Head-capsule concentration (HCC) shows a similar trend, with higher values from 3-9 m, 

and very low values below 10 m. The individual taxa-depth relationships are also shown in 

Figure 5-6.  

Transect ordination analyses  

PCA results are shown in Figure 5-7 and Table 5-1 and include passive plots of forward-selected 

variables determined through RDAs. RDAs bi-plots are given in Figure 5-8. These comprise, in 

order of (partial) explanatory significance, distance to shore (m) (adj. r2 = 6.2%), depth (m) (adj. 

r2 = 5.6%) and LOI (%) (adj. r2 = 2.2%) (Table 5-3). The stronger explanatory variance of the 

Distance variable is also emphasized by full RDA model statistics (Table 5-2). The fact that 

Depth and LOI (%) become stronger variables along with covariables (Table 5-3) emphasizes a 

degree of “co-variation” among variables. Essentially, the explanatory value of both Depth and 

LOI (%) increases once the residual effects of other covariables is factored out.  

Overall, PCA and RDA results reinforce observations on taxa distribution according to depth 

drawn from Figures 5-5 and 5-6 (e.g., C. anthracinus-type and G. pallens-type association with 

higher/lower depth). They also aid in visualizing the effects of sampling distance from the littoral 

on chironomid composition with C. mancus-type, Stempellina, Stempellinella/Zavrelia, T. 

lugens-type, M. insignilobus/atrofasciata and Procladius often exhibiting high abundance in 

offshore stations 3c, 9c, 11b and 12b (Figures 5-5 and 5-8). In Figure 5-8, higher axis scores of 

sample group 1a-2a vs. 2b-2c reflect the combined effects of LOI (%) values (either highly  
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Figure 5-6. Taxa abundance along water depth scatterplots. The individual plots are ordered by chironomid taxa RDA Axis 1 
scores. Individual plot arrangement follows taxa associations from higher to lower water depth. 
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Figure 5-7. Transect PCA bi-plots. (A) Trends in chironomid sample community structure plotted with three (RDA) forward-

selected environmental variables. (B) Distribution of chironomid taxa and passive associations with forward-selected 

environmental variables. Distance = distance to shore (m), Depth = water depth (m), LOI = LOI (%). Chironomid taxa are 

abbreviated as follows: SERG = Sergentia coracina-type; CHIP = Chironomus plumosus-type; CHIA = Chironomus 

anthracinus-type; CLAL = Cladopelma lateralis-type; CLAD = Cladopelma lacophila-type; CRYP = Cryptochironomus; DICR 

= Dicrotendipes nervosus-type; ENDA = Endochironomus albipennis-type; GLYP = Glyptotendipes pallens-type; GLYB = 

Glyptotendipes barbipes-type; HARN = Harnischia; HETE = Heterotanytarsus; MICR = Microchironomus; PARL = 

Paralauterborniella; MICP = Microtendipes pedellus-type; PVAR = Parachironomus varus-type; PAN = Paratendipes 

nusquidama-type; PHAN = Phaenospectra flavipes-type; POLC = Polypedilum convictum-type; POLN = Polypedilum 

nubeculosum-type; POLS = Polypedilum sordens-type; CLAM = Cladotanytarsus mancus-type; CRIN = Cricotopus intersectus-

type; CRCY = Cricotopus cilyndraceus-type; TAN = Tanytarsus (undifferentiated); PROC = Procladius; MAI = Microspectra 

atrofasciata/insignilobus; MICJ = Microspectra junci-type; PARA = Paratanytarsus; S/Z = Stempellinella/Zavrelia; STEM = 

Stempellina; TANC = Tanytarsus chinyensis-type; TANL = Tanytarsus lugens-type; TANM = Tanytarsus mendax-type; TANP = 

Tanytarsus pallidicornis-type; CRCY = Cricotopus cilyndraceus-type; PSEU = Pseudochironomus; PSOR = Psectrocladius 

sordidellus-type; ABLA = Ablabesmyia; COED = Corynoneura edwardsi-type; SIM = Simuliidae; OLI = Orthocladius oliveri-

type; EUKC = Eukiefferiella claripennis-type; HMA = Heterotrissocladius marcidus-type; LIMN = Limnophyes; PABA = 

Parakiefferiella bathophila-type; RHE = Rheocricotopus effuses-type; RHF = Rheocricotopus fuscipes-type; SMIF = Smitia 
folacea-type; SYNO = Synorthocladius.  

A) 

B) 
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Table 5-1. Transect PCA and RDA summary statistics. Canonical coefficients and t-values for 

forward selected variables are also provided. Significant t-values are shown in bold (* p < 0.05). 

 

 Axis 1 Axis 2 Axis 3 Axis 4 

PCA - Full Model     

Eigenvalue 0.1559 0.0860 0.0814 0.0752 

Cumulative explained variance (%) 15.59 24.19 32.33 39.85 

     

RDA - Full Model     

Eigenvalue 0.176 0.054 0.038 0.130 

Pseudo-canonical corr. 0.843 0.699 0.752 0.000 

Cumulative explained variance (%) 17.69 23.17 27.01 40.09 

     

Canonical coefficients     

Distance -0.6807 -0.3325 0.7147 - 

Depth -0.5241 0.0409 -0.9051 - 

LOI (%) 0.2980 -0.9579 -0.0842 - 

     

T-values     

Distance *5.7943 -1.7663 *4.4339 - 

Depth *-4.4394 *0.2160 *-5.5869 - 

LOI (%) 2.6244 *-5.2646 -0.5497 - 
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Table 5-2. RDA full model summary and performance statistics for significant environmental 

variables relating to surface transect chironomid community structure including the explanatory 

(%) variance of the three forward selected variables. 

Model Statistics  

Number of samples 36 

Number of common taxa 49 

  

RDA  

Sum of squares 7629 

R2 27% 

R2 (adj) 20.2% 

  

Distance 13.6% 

Depth 6.9% 

LOI (%)  6.5% 
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Table 5-3. Results of partial RDAs of the surface transect three forward selected variables 

(Distance; Depth; LOI %) on their own and with covariables. 

 

Variable Covariable λ1 λ1/λ2 adj. % variance 

Distance 
None 0.088 1.770 6.2 

Depth, LOI (%) 0.070 0.727 5.2 

Depth 
None 0.082 1.676 5.6 

Distance, LOI (%) 0.073 0.559 6.3 

LOI (%) 
None 0.049 0.327 2.2 

Distance, Depth  0.052 0.545 3.3 
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Figure 5-8. Transect RDA bi-plots. (A) Trends in chironomid sample community structure along 

the three forward-selected environmental variables. (B) Distribution of chironomid taxa along 

forward-selected environmental variables. Distance = distance to shore (m), Depth = water depth 

(m), LOI = LOI (%). See Figure 5-7 for chironomid taxa abbreviations. 

A) 

B) 
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organic or minerogenic substrate) and shallow depth on species composition. Here, Ablabesmyia, 

P. flavipes-type, M. pedellus-type, C. intersectus-type and Polypedilum sordens-type are 

abundant taxa. 

5.4.2 Sediment core (LM-II) stratigraphy  

Pollen-analytical data 

An overview of key pollen curves and selected chironomid taxa since c. 4200 BCE is given in 

Figures 5-9 and 5-10. Key pollen concentration curves are provided in preceding chapters 

(Figure 3-5 and Supplementary Figure 4-1). Pollen curves in Figure 5-9 reflect a changing local 

landscape and the intensity of agricultural activity through consecutive cultural periods. The 

cereal-type curve reflects the expansion of arable farming often reported in Irish pollen diagrams 

following the Iron Age (c. 500 CE) (McCormick, 2014). The Poaceae curve exhibits an almost 

continuous rise in values throughout, reaching high levels (> 40%) from the start of the 20th 

century until present. P. lanceolata values show a similar trend until 150 cm (c. 1920 CE) when 

they decline and stabilize (c. 2%). For most of the Mid-Late Holocene, pollen curves reflect the 

local expansion of agricultural practices and in particular pastoral farming.   

Figure 5-10 includes a set of aquatic palynological indicators including algal remains of 

Pediastrum and macrophyte pollen/spores (Isoetes, Potamogeton, Nymphaea and Littorella 

uniflora). The curve of bog taxa Calluna is also included in Figure 5-10. General trends include 

an expansion in all macrophyte curves from 360-200 cm (c. 600 – 1800 CE) and their subsequent 

decline. This is thought to represent the proliferation of (sub-) littoral macrophyte stands. 

Pediastrum values also increase in roughly the same section of the core (c. 3.3%), but also 

exhibit a major increase in the top 1 m (c. 20%). Overall, Pediastrum values likely reflect 

increased nutrient concentration with very high values in the recent past indicative of high 

epilimnetic productivity and algal blooms (Chique et al, 2017a). Calluna percentage values 

indicate initial bog establishment during the Neolithic (c. 2500 BCE). This is followed by further 

expansion in the Bronze Age (c. 1500 BCE) and Early Christian periods (c. 500 CE), reaching its 

maximum extent in the 19th century. Bog cover dissipates in the top 150 cm of the core (post-

1920 CE).  

Chironomid Assemblages  
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Figure 5-9. LM-II pollen and chironomid curves. Relative percentage abundance of key palynological agricultural indicators and chironomid 

taxa plotted by depth with age-scale. Statistical significant CAZs are also included. Approximate cultural/historical periods are shown on the right 

hand side and are colour coded according to the overall degree of (pollen) inferred agricultural activity in the catchment area of the lake: blue = 

undiscernible or limited; green = low; yellow = low-moderate; orange = moderate-high; red = high-very high. Cultural periods given are only 

intended to provide a general long-term overview and are partly based on Chique et al. (2017b).  
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Figure 5-10. LM-II additional pollen and chironomid curves. Relative percentage abundance of 

relevant pollen curves (macrophytes, Pediastrum and Calluna) and selected chironomid taxa 

(including potential macrophyte-dwellers) plotted by depth with age-scale. Statistical significant 

CAZs are also included on the right-hand side. 
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An average number of 60 head-capsules were obtained from LM-II samples all meeting 

minimum count criteria. A total of 3 CAZs were established through the zonation method (cf. 

Figures 5-9 and 5-10). The most relevant features of each CAZ are outlined below.  

CAZ-1 (732-532 cm; c. 4200 BCE – 1800 BCE): S. coracina-type dominates the chironomid 

community (c. 20%). Other prevalent taxa include Cladopelma lateralis-type (c. 2.1%), D. 

nervosus-type (4.1%), Tanytarsus (undifferentiated) (c. 12%), T. chinyensis-type (c. 3%), T. 

mendax-type (c. 6.8%), Ablabesmyia (c. 6%), Procladius (c. 5.4%), Corynoneura edwardsi-type 

(c. 4%) and Thienemannimyia (c. 3%).  

CAZ-2 (532-148 cm; c. 1800 BCE – 1920 CE): S. coracina gradually declines from the onset of 

the zone (c. 3.2%), becoming infrequent from 400 cm. Thienemannimyia (c. 1.1%), C. edwardsi-

type (c. 2.9%), D. nervosus-type (c. 3.8%) and C. lateralis-type (c. 0.8%) all eventually show 

reduced values and/or frequency. S. rosenschoeldi-type is not recorded in the remainder of the 

stratigraphy. Conversely, C. anthracinus-type values increase (c. 4.7%), particularly in the 

middle of the zone. Additional taxa exhibiting higher values/frequency include Tanytarsus 

(undifferentiated) (c. 15%), C. mancus-type (c. 4.1%), Stempellina (c. 4%), 

Stempellinella/Zavrelia (c. 2.7%), T. pallidocornis-type (c. 4.7%), Psectrocladius sordidellus (c. 

3.8%), Heterotanytarsus (c. 4.3%). Records of P. nubeculosum-type (c. 2.2%), C. artica (c. 

1.4%) and Synorthocladius (c. 3.8%) are more frequent and values are higher towards the end of 

the zone. M. insignilobus/atrofasciata (c. 1.5%) and H. marcidus-type (c. 1.2%) are first 

recorded with values of the former increasing from the middle of the zone.      

CAZ-3 (148-1 cm; c. 1920 – 2013 CE): S. coracina-type and P. sordidellus-type records 

become rare with very low percentage values. Similarly, C. anthracinus-type (c. 1.8%), D. 

nervosus-type (c. 1.6%), T. chinyensis-type (c. 0.5%), T. mendax-type (c. 2.2%) and 

Synorthocladius (c. 2.9%) representation declines. Ablabesmyia, H. marcidus-type and 

Heterotanytarsus are not recorded in the zone. Taxa showing higher incidence/values include E. 

albipennis-type (c. 3.4%), C. mancus-type (c. 12.6%) and Procladius (c. 7.7%). The 

representation of both C. intersectus-type (c. 6.7%) and P. nubeculosum-type (c. 7.7%) also 

increases, particularly early in the zone. Tanytarsus (undifferentiated) values reach profile 

maximum levels of c. 20%.   

Sediment Core (LM-II) Statistical Analysis    
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PCA and RDA results are provided in Figures 5-11 and 5-12, respectively (see also Tables 5-4, 

5-5 and 5-6). RDA forward-selection of variables established Poaceae, P. lanceolata and Cereal 

as the main variables driving chironomid composition (Table 5-6). Poaceae was identified as the 

strongest explanatory variable (adj. R2 = 21.5%) followed by Cereal (adj. R2 = 10.7%) and P. 

lanceolata (adj. R2 = 9.3%). Inflation factors for co-directional variables (cf. P. lanceolata and 

Cereal) are low (< 5). Figures 5-11 and 5-12 help contextualize change in chironomid species 

composition through the Mid-Late Holocene. Samples axis scores follow clockwise (Figure 5-

11A) and counterclockwise (Figure 5-12A) directions emphasizing change in chironomid 

assemblages along with landscape modification through time (CAZs 1-3).  

5.4.3 Transect – sediment core (LM-II) statistical analysis  

CA results are shown in Figure 5-13. Sediment core samples follow a clockwise direction from 

lower Axis 1 and 2 scores reflecting temporal change in chironomid species composition. With 

the exception of two outliers (1a and 12b), all transect samples have comparable axis scores to 

CAZ-3 (c. 1920– 2013 CE) sediment core samples suggesting similar chironomid species 

composition. Transect samples also show a degree of similarity with a number of sediment core 

samples from CAZ-2, particularly 172 cm (c. 1890 CE) and 156 cm (c. 1910 CE).  

5.5 Discussion  

5.5.1 Transect parameters and inferred lake conditions   

Vertical homogeneity in temperature and DO values at most stations indicate the lake was 

unstratified (holomictic) during field measurements (Figure 5-4). This contrasts to the general 

patterns observed by Horkan and Toner (1984), but it is interesting that they also report a degree 

of spatial variability in the occurrence and depth of the thermocline. It is unknown if the absence 

of stratification is related to excessive windiness resulting in summer mixing, but it is a 

possibility that L. Muckno is a weakly stratified lake. The stability of LOI (%) values from 

depths > 7 m likely reflects an expected homogeneous composition of substrate in deeper 

habitats (Luoto, 2010).  

DO values indicate thorough oxygenation of the water column in the western basin of the lake 

(note hypoxia threshold at ≤ 3 mg/l DO). Nitrate levels are relatively high (~ 11 mg NO3/l), 

particularly for summer months (July/August) when nitrate tends to be low (in contrast to winter)  
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Figure 5-11. LM-II PCA bi-plots. (A) Trends in chironomid sample community structure plotted with three (RDA) forward-selected 

environmental variables. (B) Distribution of chironomid taxa and passive associations with environmental variables. Chironomid taxa are 

abbreviated as follows: SERG = Sergentia coracina-type; ENDA = Endochironomus albipennis-type; POLN = Polypedilum 

nubeculosum-type; POLS = Polypedilum sordens-type; CLAM = Cladotanytarsus mancus-type; CRIN = Cricotopus intersectus-type; 

CRCY = Cricotopus cilyndraceus-type;TAN = Tanytarsus (undifferentiated); PROC = Procladius; CHIP = Chironomus plumosus-type; 

CHIA = Chironomus anthracinus-type; CLAL = Cladopelma lateralis-type; CRYP = Cryptochironomus; DICR = Dicrotendipes 

nervosus-type; DEMI = Demicryptochironomus; GLYP = Glyptotendipes pallens-type; HARN = Harnischia; HETE = Heterotanytarsus; 

DICR = Dicrotendipes nervosus-type; STEM = Stempellina; LAU = Lauterborniella; PARL = Paralauterborniella; MICP = 

Microtendipes pedellus-type; PAGA = Pagastiella; PVAR = Parachironomus varus-type; PAN = Paratendipes nusquidama-type; 

PHAN = Phaenospectra flavipes-type; STIR = Stictochironomus rosenschoeldi-type; XENO = Xenochironomus; MAI = Microspectra 

atrofasciata/insignilobus; MIRS = Microspectra radialis; PARA = Paratanytarsus; S/Z = Stempellinella/Zavrelia; TANC = Tanytarsus 

chinyensis-type; TANG = Tanytarsus glabrescens-type; TANL = Tanytarsus lactescens-type; TANP = Tanytarsus pallidicornis-type; 

PSEU = Pseudochironomus; PSOR = Psectrocladius sordidellus-type; ABLA = Ablabesmyia; PROC = Procladius; PMER = 

Paramerina; THIEN = Thienemannimyia; CHAD = Chaetocladius dentiforceps-type; CHAP = Chaetocladius piger-type; COAR = 

Corynoneura artica-type; COED = Corynoneura edwardsi-type; COCA = Corynoneura carriana-type; EUKC = Eukiefferiella 

claripennis-type; HMA = Heterotrissocladius marcidus-type; LIMN = Limnophyes; NANO = Nanocladius branchicolus-type; NANR = 

Nanocladius rectinervis-type; PABA = Parakiefferiella bathophila-type; PATR = Parakiefferiella triquetra-type; PMET = 

Parametriocnemus; SYNO = Synorthocladius. 

A) 

B) 
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Figure 5-12. LM-II RDA bi-plots. (A) Trends in chironomid sample community structure along 

the three forward-selected environmental variables. (B) Distribution of chironomid taxa along 

forward-selected environmental variables. See Figure 5-11 for chironomid taxa abbreviations.  

 

A) 

B) 
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Table 5-4. LM-II PCA and RDA summary statistics. Canonical coefficients and t-values for 

forward selected variables are also provided. Significant t-values are shown in bold (* p < 0.05). 

 

 Axis 1 Axis 2 Axis 3 Axis 4 

PCA - Full Model     

Eigenvalue 0.2456 0.1185 0.0519 0.0482 

Cumulative explained variance (%) 24.56 36.42 42.33 47.15 

     

RDA - Full Model     

Eigenvalue 0.3122 0.0823 0.0087 0.1379 

Pseudo-canonical corr. 0.9110 0.7871 0.5983 0.000 

Cumulative explained variance (%) 31.22 39.45 40.31 54.11 

     

Canonical coefficients     

Poaceae 0.6688 1.0835 0.0782 - 

Plantago  0.2572 -0.6972 0.9067 - 

Cereal 0.2618 -0.7224 -0.9531 - 

     

T-values     

Poaceae *7.5938 7.1059 0.3002 - 

Plantago  *3.1775 *-4.9755 *3.7873 - 

Cereal *3.0973 *-4.9365 *-3.8123 - 
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Table 5-5. RDA full model summary and performance statistics for significant environmental 

variables relating to LM-II chironomid community structure including the explanatory (%) 

variance of the three forward selected variables. 

 

Model Statistics  

Number of samples 47 

Number of common taxa 60 

  

RDA  

Sum of squares 16199 

R2 40.3% 

R2 (adj) 36.2% 

  

Poaceae 28.5% 

Plantago  7% 

Cereal  4.8% 
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Table 5-6. Results of partial RDAs of LM-II three forward selected variables (Poaceae; 

Plantago; Cereal) on their own and with covariables. 

 

Variable Covariable λ1 λ1/λ2 adj. % variance  

Poaceae 
None 0.215 1.724 21.5 

Plantago, Cereal 0.136 2 16.5 

Plantago 
None 0.112 1.622 9.3 

Poaceae, Cereal 0.039 0.586 3.3 

Cereal 
None 0.126 0.733 10.7 

Poaceae, Plantago  0.044 0.647 3.9 

 

 

 

 

 

 

 

 

 



234 
 

 

 

 

 

 

 

Figure 5-13. Surface transects – LM-II CA plot. Passively plotted chironomid assemblages from 

long sediment core (LM-II) and transecst A, B and C. 
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in Irish water bodies (EPA, 2011). Out of 75 lakes monitored in Ireland during 2008, Lough 

Muckno had one of the highest average NO3 concentrations (2.39 mg NO3/l) (Lucey, 2009), 

which is still far below the values recorded in the field. 95% of Irish lakes surveyed in the period 

2008 – 2011 had annual average concentrations of <2 mg NO3/l (EPA, 2012). While there are no 

set quality guidelines for nitrate levels in Irish waters, the concentrations recorded are 

substantially higher in comparison to reported trends (Lucey, 2009). Following EU Nitrate 

Directive guidelines (Anon, 1991), local slurry/fertilizer application would be restricted during 

winter and the high values recorded may reflect application during summer months. Through 

different hydrological pathways, concentration of P and N in aquatic systems can be strongly 

associated with the timing of fertilizer application, presence of grazing animals and rainfall 

events (Kurz et al, 2005). Land to water hydrological coupling also tends to be highly efficient in 

“flashy” inter-drumlin settings (Schulte et al, 2006; O’Dwyer et al, 2013). Accordingly, it is 

possible that spot measurements taken reflect specific events in time rather than average (e.g., 

monthly, annual) trends in the lake. High nitrate concentrations at all stations suggest that the 

entire western basin is subject to similar conditions. This is perhaps not surprising considering 

the large extent of land under pastoral management in the catchment area of the lake (Figure 5-

1B). However, higher nitrate values in Transect B may stem from (i) application of artificial 

fertilizer in the adjacent golf course and/or (ii) lotic influence from the southernmost feeder 

stream (Figure 5-2). Unfortunately, the southern stream is not part of EPA or WFD monitoring 

and therefore lacks an assigned water quality classification or track record of parameter data 

precluding further inferences to be made.  

5.5.2 Modern chironomid sub-fossil distribution and considerations of taxa ecology  

Deep water and sublittoral taxa  

The bulk of sub-fossils recorded, both in terms of abundance and taxon richness (Figure 5-5), 

derive from sublittoral and higher depths. Overall, based on reported taxa autecological traits, 

sub-fossil depth distribution seems to be indicative of efficient offshore transport and 

redistribution of (sub-) littoral taxa. It is also important to highlight the trophic conditions in L. 

Muckno and potential influence on taxa depth distribution. In contrast to intra-lake datasets 

considered (e.g., Kurek and Cwynar, 2009ab; Engels and Cwynar, 2011), L. Muckno is a highly 

impacted system. The lake is expected to have low water transparency limiting the extent of the 
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photic zone. This could lead to upward “shifts” in expected taxa distribution with conditions 

typical of profundal habitats occurring at shallower depths.   

Several profundal chironomid taxa can be identified in TZ-1 (Figure 5-5) including key meso-

eutrophic indicators C. anthracinus-type, C. plumosus-type, and Procladius. The abundance-

depth relationship of these taxa is also exemplified by the individual plots in Figure 5-6 and the 

depth vector in Figure 5-8. Remains of C. anthracinus-type show a clear affinity with deep water 

as often reported (e.g., Brooks et al, 2007; Engels and Cwynar, 2011), supporting its local use as 

a profundal indicator. While also showing a preference for deep water, remains of C. plumosus-

type are also abundant at shallow (2c) and intermediate depths (5a-5c) (Figure 5-5). In deep 

lakes, records of C. plumosus-type are often construed as a profundal indicator of highly 

eutrophic conditions and hypolimnetic anoxia (Brooks et al, 2007; Chique et al, 2017a). 

However, the taxon can also occur in the littoral of eutrophic lakes (Moller Pillot, 2009). 

Accordingly, local littoral and profundal occurrence can have implications for downcore 

reconstructions (cf. Chique et al, 2017a). As a substrate-dwelling taxa, C. plumosus-type is 

highly dependent on sediment properties with a clear preference towards muddy and organic 

substrate (Palmen and Aho, 1966; Johnson, 1984). This is in contrast with the high abundance 

recorded in sample 2c which is predominantly composed of mineral substrate (cf. LOI %; Figure 

5-5). A logical explanation for the high abundance observed here is head-capsule resuspension 

and reworking within the littoral. It is also a possibility that offshore-onshore transport 

mechanisms are active in the lake. However, this is unlikely considering (i) the location of 

station 2c and lake bathymetry (Figures 5-2 and 5-3) and (ii) overwhelming evidence of offshore 

transport provided by (sub-) littoral taxa (see below).  

The high abundance of Procladius irrespective of depth (particularly in TZ-1; Figure 5-5 and 5-

6) is also of key consideration for paleolimnological reconstructions. The taxon is commonly 

used as a key profundal indicator able to tolerate highly eutrophic conditions, and due to its 

mobility, survive periods of prolonged anoxia (Little et al, 2000; Heiri and Lotter, 2003; Clerk et 

al, 2004; Chique et al, 2017a). Widespread local sub-fossil distribution suggests the taxon is not 

restricted to deep water. The very low abundance in samples 2c-2ca may be associated with 

substrate characteristics inferred from LOI (%) values (Figure 5-5), with the genus reportedly 

preferring fine and silty substrate (Brooks et al, 2001; 2007). The depth distribution observed is 
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perhaps not surprising considering the large amount of European species in the genus (>60) and 

the lack of sub-fossil features allowing taxonomical discrimination among them (Brooks et al, 

2007). Accordingly, several Procladius species may be present in L. Muckno, which based on 

distinct autecological traits, can inhabit a range of habitats from shallow to deep water (cf. 

Vallenduuk and Moller Pillot, 2007). For example, sub-fossil distribution indicates a clear 

preference for shallow habitats in a number of lakes sampled by Kurek and Cwynar (2009a). 

Luoto (2009) also reports widespread sub-fossil depth distribution highlighting the mobility 

characterizing the genus as a potential explanation. Its mobility may explain its wide depth 

distribution and also its high abundance (c. 14%) in stations 3c and 12b, being able to colonize 

mid-lake habitats (Figures 5-2 and 5-5). However, lack of taxonomical refinement precludes 

further inferences to be made.  

Cryptochironomus and Microchironomus are additional taxa which are often construed a meso-

eutrophic profundal indicators (Free et al, 2006; Brooks et al, 2007; Chique et al, 2017a). The 

former is represented in shallow and deep water habitats resembling the trends reported by 

Engels and Cwynar (2011) (Figure 5-5 and 5-7). While information on Microchironomus depth 

habitat distribution is lacking, its preference for intermediate depths in the L. Muckno dataset 

concurs with autecological traits provided by Brooks et al (2007) and Moller Pillot (2009).  

Oligotrophic profundal indicators include H. marcidus-type and S. coracina-type, both 

infrequent in the dataset (Figure 5-5), which is expected considering the trophic state of the lake. 

H. marcidus-type is a common indicator of high oxygen availability (Brooks et al, 2007; Moller 

Pillot, 2013). Sub-fossil distribution seems to be mostly confined to intermediate depths as often 

reported (Kurek and Cwynar, 2009a; Engels and Cwynar, 2011; Luoto 2010; 2012). The 

abundance of S. coracina-type, a promising indicator of lower trophic state in Irish lakes (Free et 

al, 2006; Potito et al, 2014; Taylor et al, 2017), also corresponds with reported trends as a 

characteristic taxon of sublittoral and deep lake habitats (Saether, 1979; Brooks et al, 2007).  

Remains of most Tanytarsini are more abundant in sublittoral and deep water habitats (Figures 5-

5 and 5-6). Among the Tanytarsus genus, the oligotrophic T. lugens-type is present in shallow 

samples but has a higher incidence in deep water, supporting observations made in numerous 

sites (Brooks et al, 2007; Kurek and Cwynar, 2009a; Engels and Cwynar, 2011; Luoto, 2010; 

2012). Meso-eutrophic indicators include T. mendax-type and T. pallidicornis-type. The 
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abundance of T. mendax, common in shallow to intermediate depths (2-9 m), finds some 

agreement with the findings of Engels and Cwynar (2011), but in the L. Muckno dataset 

abundance tends to decrease with depth. T. mendax-type is reportedly eurytopic and the 

morphotype potentially includes several species (Brooks et al, 2007) which can make taxa 

categorization along depth complicated. The higher abundance of T. pallidicornis-type in 

sublittoral and intermediate depths parallels with trends reported by Engels and Cwynar (2011). 

Also, it is often found at similar depths representing the deepest parts of shallow lakes (Heiri, 

2004; Luoto, 2009). It must be noted that a large proportion of Tanytarsus specimens 

encountered lacked key identifying features such as mandibles (cf. Tanytarsus undifferentiated 

curve; Figure 5-5) affecting the trends discussed above. 

Ecological interpretations based on M. insignilobus/atrofasciata depth distribution are 

challenging due to taxonomic uncertainty. In L. Muckno, sub-fossils are widespread in the 

sublittoral and higher depths (Figures 5-5 and 5-6). Autecological information on M. 

atrofasciata-type is scarce with Wilson (1989) linking its presence with organic pollution in 

streams. However, it is unlikely that the morphotype is associated with feeder streams (see 

interpretation of lotic influence in section 5.5.4). In contrast, M. insignilobus-type is often 

encountered in the profundal of oligotrophic lakes (Saether, 1979; Brooks et al, 2007; Engels and 

Cwynar, 2011). However, its anomalous presence in lake systems experiencing eutrophication 

has led to suggestions that the morphotype represents M. atrofasciata-type instead (Ruiz et al, 

2006; Brooks et al, 2007; Chique et al, 2017a; Taylor et al, 2017). While this remains unclear 

due to taxonomic limitations, the morphotype seems to have a preference for deeper water. 

Stempellina and Stempellinella/Zavrelia show preference for intermediate and higher depths, 

respectively (Figures 5-5, 5-6 and 5-8). The two types have only been reported to inhabit (sub-) 

littoral habitats (Saether, 1979; Kurek and Cwynar, 2009a) which highlights the potential 

influence of offshore transport in the western basin of the lake. This is also reflected in records of 

C. mancus-type, common in the littoral taxa of productive lakes (Brooks et al, 2007; Luoto, 

2009) with high abundance throughout, but particularly from 3-6 m and 9-13 m.  

Similarly, D. nervous-type, E. albipennis-type, P. nubeculosum-type, P. convictum-type, and 

Pseudochironomus, littoral meso-eutrophic taxa linked with macrophyte stands (Brooks et al, 

2007; Moller Pillot, 2009; 2013), exhibit higher abundance at sublittoral to higher depths 
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(Figures 5-5, 5-6 and 5-8). In particular, P. nubeculosum-type sub-fossils are often observed at 

shallow depths with only low abundance in deep water (Kurek and Cwynar, 2009a; Luoto, 2009; 

Engels and Cwynar, 2011). P. sordidellus-type represents the only one morphotype of the littoral 

genus Psectrocladius encountered. P. sordidellus-type is also associated with macrophytes, but 

seems to prefer phosphorous poor waters (Moller Pillot, 2013). Sub-fossils are more frequent at 

higher depths, but were also recovered from shallow samples (Figure 5-5).  

Shallow Water Taxa 

Overall, few taxa had an affinity for shallow stations (1-2 m). As expected, these include species 

characteristic of (sub-) littoral habitats often associated with macrophytes including M. pedellus-

type, G. pallens-type, G. barbipes-type, P. flavipes-type and Ablabesmyia (Brooks et al, 2007; 

Moller Pillot, 2009; Vallenduuk and Pillot, 2007) (Figures 5-5 and 5-6). Similar results are 

reported in the intra-lake literature (Heiri, 2004; Luoto, 2009; Engels and Cwynar, 2011). 

Interestingly, Ablabesmyia shows higher abundance in the highly minerogenic sample 2c 

(Figures 5-5 and 5-8). Local presence seems unlikely as Ablabesmyia larva are typically absent 

from mineral substrate, preferring organic-rich microhabitats (Vallenduuk and Pillot, 2007). 

Head-capsule redistribution within the littoral is the most likely explanation. The high C. 

intersectus-type abundance in shallow depths (Figure 5-5 and 5-8) may reflect the periphyton 

feeding habit of the species, often thriving in the littoral of productive lakes (Moller Pillot, 

2013). However, offshore transport results in high sub-fossil frequency/abundance along the 

depth gradient. T. chinyensis-type is the only member of the Tanytarsus genus with a higher sub-

fossil abundance in shallow water (e.g., Engels and Cwynar, 2011). Excluding P. flavipes-type, 

head-capsules of all littoral taxa were also present in TZ-1, which again, highlights the local 

importance of sub-fossil redistribution. In contrast to other sites, it must be noted that the poor 

state of littoral macrophytes in L. Muckno may lead to an expected degree of 

underrepresentation in (sub-) littoral taxa, both in terms of head-capsule abundance and taxon of 

richness (Figure 5-5).  

Rheophilic Taxa 

Many of the chironomid taxa encountered in the intra-lake dataset are known to occur in both 

lotic and lentic systems, but certain taxa tend to have a stronger association with running water 

(cf. Heiri, 2004; Moller Pillot, 2009; 2013; Luoto, 2010). Identification of running water 
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chironomid taxa can provide useful information on the degree of contemporary lotic influence 

and sedimentation patterns of head-capsules on lake systems (Heiri, 2004), and can also be used 

to enhance paleolimnological reconstructions by providing insights into riverine influence 

through time (Luoto, 2010).   

Based on reported autecological traits, local chironomid taxa which are more likely to be 

rheophilic include Rheocricotopus (both R. effuses and R. fuscipes), Synorthocladius, 

Eukiefferiella/Tveneia and Limnophyes/Paralimnophyes. The presence of Rheocricotopus can be 

indicative of fluvial influence, although it can also occur in the littoral of large lakes (Brooks et 

al, 2007; Luoto, 2010). Moller Pillot (2013) describe R. effuses and R. fuscipes as ubiquitous taxa 

of running water habitats and only seldom found in lakes. The genus is also known for its 

resilience to high levels of organic pollution (Serra et al, 2016). In L. Muckno, Rheocricotopus 

sub-fossils were encountered in all transects, but were particularly prominent in transects A-B 

(note high values in Station 3b; Figure 5-5), with an affinity to stations close to the littoral 

regardless of depth (Figure 5-8). While it may be tempting to assume that Rheocricotopus sub-

fossils derive from the littoral, it is difficult to discard the potential influence of feeder stream 

discharge in the western basin. Limnophyes/Paralimnophyes has also been linked to running 

water habitats, lake littorals and macrophytes (Heiri, 2004; Brooks et al, 2007). Both 

Synorthocladius and Eukiefferiella/Tveneia have been associated with lotic systems and 

stony/sandy littorals in lakes (Brooks et al, 2007; Luoto, 2010; Moller Pillot, 2013). 

Synorthocladius has also been described as a pollution indicator in aquatic systems (Ruiz et al, 

2006; Raunio et al, 2007). The “plurality” or range of possible habitat niches coupled with the 

lack of (Irish) taxa-specific data presents a considerable challenge in understanding the variables 

determining the distribution of these taxa. However, the occurrence of simuliid remains may 

provide a solid supporting line of evidence. Simuliidae occur exclusively in running water 

habitats due to obligate autecological feeding traits dependent on water flow (Currie and Walker, 

1992), with sub-fossil occurrence described as a robust indicator of rheophilic influence in lake 

systems (Heiri, 2004). Although values are low, higher frequency in Transect B (Figure 5-5) 

highlights the potential influence of the feeder stream in the southern sub-basin (consider also 

nitrate results discussed above). By association, both Eukiefferiella/Tveneia and 

Limnophyes/Paralimnophyes, occurring almost exclusively in Transect B, may also reflect local 

fluvial influence. This is in contrast to remains of Rheocricotopus and Synorthocladius, taxa 
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widespread across the western basin, with a distribution potentially influenced by different 

factors including saprobity and trophic state.    

Heiri (2004) also reports an association between rheophilic taxa and higher water depth 

indicating strong influence of running water on lake profundal habitats. This might be partially 

reflected in L. Muckno, with potential running water taxa often found in deep samples 

irrespective of distance from lake tributaries (e.g., 8a, 10a, 12a; Figure 5-5). However, potential 

reophiles Synorthocladius and Rheocricotopus show a preference for intermediate depths, 

hinting at littoral provenance.  

5.5.3 Controlling factors on modern chironomid sub-fossil assemblages    

RDA results suggest a stronger influence of sample spatial location over water depth on 

chironomid sub-fossil distribution (Tables 5-2 and 5-3; Figure 5-8). In a way, this can be 

visualized in the “comparable” sub-fossil assemblage of mid-lake samples 3c, 9c, 11b and 12b. 

These represent the four stations furthest from shore (Figures 5-2 and 5-4), and while samples 

11b-12b have a somewhat different composition from the rest, both profundal and littoral taxa 

are well represented in all samples regardless of depth (Figures 5-5 and 5-8). This is attributed to 

head-capsule resuspension, offshore transport and redistribution. As described above, a degree of 

homogeneity in sub-fossil assemblages with respect to depth is observed in the lake with (sub-) 

littoral taxa sub-fossils often present in deep habitats attributable to redeposition. Considering the 

dimensions of the lake this taphonomic feature is not surprising. A number of factors, likely in 

collusion, including water turbulence, wind-driven currents and steep basin slopes, can be 

responsible for the pattern observed (Iovino, 1975; Cohen, 2003; van Hardenbroek et al, 2011). It 

is also a possibility that feeder streams create currents which facilitate transport of littoral head-

capsules into deep habitats (Heiri, 2004; Luoto, 2010). To varying degrees, homogeneity in 

chironomid sub-fossil distribution is often reported in intra-lake and paleolimnological studies 

(e.g., Iovino, 1975; Schmäh, 1993; Heiri, 2004; Holmes et al, 2009; Kurek and Cwynar, 2009a; 

van Hardenbroek et al, 2011).  

The importance of proximity to shore in determining sub-fossil composition is particularly 

exemplified by the location of littoral (e.g., 1a, 2a, 2c, 2b) and mid-lake stations (e.g., 11b and 

12b) with respect to the Distance vector in Figure 5-8. For example, shallow samples 1a, 2a, 2c 

and 2b have high abundance of the macrophyte-dweller G. pallens-type, which is rare in deep 
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samples (Figure 5-5). However, littoral taxa occurrence is far from being exclusive to shallow 

depths. Mid-lake station 11b exhibits the highest dataset abundance of the littoral taxon 

Stempellinella/Zavrelia (c. 14%), which halves (c. 7%) by station 12b along with increased 

distance to shore (Figure 5-5). At the same time, Procladius abundance increases from c. 8% 

(11b) to a dataset maximum of c. 17% (12b). These trends not only highlight the effects of 

offshore head-capsule redistribution in the lake, but also how increasing distance from the littoral 

can influence species composition. However, it is important to point out that the two mid-lake 

samples in Transect B failed to meet minimum count requirements (50 WME) and may not be 

wholly representative of species composition in this part of the lake. In contrast to other stations, 

sub-fossil specimens encountered in samples 11b and 12b showed remarkable signs of 

deterioration. Indeed, the low counts are partially attributed to many specimens lacking 

identifiable features due to extreme deterioration. This qualitative observation may reflect the 

effects of prolonged transport and substantial weathering of head-capsules. The fact that 

specimens in shallow mid-lake station 3c were well-preserved may indicate that sediment 

focusing into deep parts of the lake is an active and important process in L. Muckno, particularly 

in Transect B.  

A range of additional factors may be responsible for both the low head-capsule count and 

somewhat different species composition in stations 11b and 12b. These may include an expected 

distinct and uniform mid-lake profundal habitat with limited influence from littoral processes 

(e.g., particulate matter and head-capsule delivery). Hypolimnetic anoxia can also affect 

profundal chironomid assemblages, leading to low chironomid abundance, reduced species 

diversity and an overrepresentation of littoral taxa (e.g., Stempellina; Station 11b) (Eggermont 

and Heiri, 2012). Low hypolimnetic oxygen concentrations, likely a common feature in L. 

Muckno considering its trophic state, may also be an important factor affecting deep water 

assemblages in the western basin of the lake. However, the presence of C. anthracinus-type, 

which has an adverse association with low oxygen concentrations (Jónasson, 1972; Hamburger 

et al, 2000), suggests that widespread extirpation of the profundal community is not present in 

the lake. Even so, the lack of C. anthracinus-type records in samples 12b and 9c (Figure 5-5) 

could reflect pockets of localized profundal anoxia.  
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The higher taxon diversity and HCC recorded at intermediate to high depths (Figure 5-5) further 

emphasizes the importance sub-fossil transport. However, see also below for considerations of 

the potential role of the thermocline. Higher taxon richness and HCC from 3-10 m likely results 

from the combination of incoming littoral- and head-capsules from taxa which preferentially 

occur in deep water. In contrast to profundal habitats, a higher taxon/sub-fossil diversity is 

expected from enhanced habitat heterogeneity in the littoral, but offshore transport in the (often) 

steep basin seems to result in efficient redistribution to depths of 6-10 m (Figure 5-5). Here, the 

location of macrophyte stands is of crucial importance. For example, known components of local 

macrophyte stands (Potamogeton, Nuphar and Nymphaea) are usually found in water depths of 

0.5-2 m (cf. zone boundary; Figure 5-5), but in some cases have been found present at depths of 

up to c. 5 m (Preston and Croft, 1997). While detailed information on littoral macrophyte stand 

extent is not available, it is not surprising to find higher HCC and taxon richness below 3 m.  

Luoto (2010) reports similar trends in terms of taxon richness, but expects higher values in 

shallow samples resulting from enhanced littoral chironomid habitat/refugia in a largely 

heterogeneous dataset. In contrast, van Hardenbroek et al. (2011) attributes the same feature, i.e., 

homogenization of samples, to the influence of incoming littoral head-capsules. In deep mid-lake 

stations (11b and 12b; Figure 5-5), taxon richness is somewhat lower, perhaps reflecting an 

eventual reduction in head-capsule delivery towards the high end of the depth/distance gradient, 

although certain littoral taxa still exhibit high abundance. This contrasts to the high taxon 

richness of station 14a (adjacent to LM-II location), which is attributed to littoral proximity 

regardless of depth (Figures 5-3 and 5-5).   

While offshore sub-fossil transport seems to be a predominant feature in the lake, the results also 

indicate that extreme homogenization of samples (e.g., Holmes et al, 2009) is not inherent. 

Indeed, a fair proportion of the variability in sample species composition is also explained by 

depth, and the importance of LOI (%) is most relevant for highly organic samples 1a and 2a 

(Tables 5-2 and 5-3; Figures 5-5 and 5-8). Being locally intertwined to an extent, water depth 

and proximity to shore may also behave as RDAs supplementary variables as suggested by the 

higher explanatory variance of the Depth variable in conjunction with covariables (Table 5-3).  

Certain taxa show a clear preference for distinct depth threshold in the western basin (e.g., C. 

anthracinus-type and G. pallens-type). Water depth influences larvae development through 
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overriding effects on a range parameters, and is often a strong determining variable in intra-lake 

datasets (Kurek and Cwynar, 2009a; Luoto, 2010; Engels and Cwynar, 2011). However, 

assessments of the effects of sampling location in relation to the littoral, or similar variables, are 

seldom encountered in the literature. Evidently, the methodology implemented in intra-lake 

investigations is adapted to the lake systems under consideration. Within-lake datasets tend to 

focus on systems with a simplified morphology and bathymetry (e.g., Heiri, 2004; Kurek and 

Cwynar, 2009a; van Hardenbroek et al, 2011; Luoto, 2012) in which water depth and distance to 

shore will tend to be very collinear. Even so, focusing on a lake basin with a more complex 

bathymetry, Luoto (2010) implements a similar variable to assess intra-lake chironomid 

distribution, sampling distance from littoral vegetation. Here, the results also underline its 

importance among water depth and additional variables.  

Depth thresholds and the potential role of the thermocline   

Similar depth thresholds in fossil assemblage composition of 2 m, 10 m and 15 m have been 

observed in a range of lakes (Kurek and Cwynar, 2009a; Engels and Cwynar, 2011). L. Muckno 

is not deep enough to have a 15 m threshold, but the delineation of TZs at 2-3 m (Figure 5-5) 

suggest similar trends in assemblages’ preference at low water depths. This is most likely 

associated with the conditions provided by macrophyte habitat refugia and/or shallow water. 

Offshore transport and a degree of sub-fossil homogeneity precludes the identification of 

additional statistical thresholds. However, it is interesting that taxon richness and HCC tend to 

decrease below 9-10 m (Figure 5-5). At this depth, sub-fossils of typical profundal taxa also tend 

to increase (cf. C. anthracinus-type, C. plumosus-type, T. lugens-type, Procladius; Figure 5-5). It 

is possible that the 9-10 m mark represents the boundary of an additional faunal threshold which 

is obscured by the “smoothing” effect on taxa abundance curves produced by offshore head-

capsule transport. Here, the presence of the thermocline, which can be expected at depths of c. 9-

10 m based on measurements reported by Horkan and Toner (1984) (thermocline reported at 10 

m and 12 m), could also be a determining factor affecting chironomid taxa and sub-fossil 

distribution (note lower DO values > 10 m depth; Figure 5-4). Given that wind and wave action 

are weaker below the thermocline, chironomid sub-fossil concentration has been found to be 

higher just above it, effectively acting as a “trap” for head-capsules resulting in depth-specific 

accumulation (Iovino, 1975; van Hardenbroek et al, 2011). In L. Muckno, while HCC (see also 
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taxon richness) starts to decrease below this point, it is also much higher between 3-4 m (Figure 

5-5), which instead highlights the role of littoral influence in head-capsule accretion. The 

absence of stratification during fieldwork only allows for inferences to be made, but it is likely 

that the results presented reflect a weakly stratified lake lacking a prevailing thermocline.  

5.5.4 Sediment core (LM-II) chironomid sub-fossil considerations  

 

Long-term chironomid assemblage change and agricultural expansion  

 

All three forward-selected variables (Tables 5-5 and 5-6) are key palynological indicators 

reflecting the extent and intensity of past agricultural practices (cf. Behre, 1981; Molloy and 

O’Connell, 2004). In conjunction with other lines of evidence, high-resolution pollen analysis 

throughout core LM-II has demonstrated the central role these three variables play in gaining 

insights into past landscape change and evolution of the local agricultural component (Chique et 

al, 2017ab). Through different pathways, primarily concerning increasing inputs of P, N and 

nutrient-rich material, changes in land-use and agricultural expansion are expected to impact a 

range of lake properties (e.g., trophic state, macrophyte assemblages) with ensuing effects on 

chironomid community structure (Chique et al, 2017a). In Figure 5-12 higher samples Axis 1 and 

Axis 2 scores underline the temporal effects of landscape change and agricultural expansion, 

particularly grassland-based agriculture (cf. Poaceae), on chironomid assemblages (see also 

Figure 5-9). 

The importance of Poaceae in explaining variability in chironomid community structure (adj. R2 

= 28.5%) is supported by detailed analysis in the top 2 m of the core (adj. R2 = 14.6%; Chique et 

al, 2017a). Similarly, recent Irish paleolimnological reconstructions have demonstrated the 

importance of palynological data, mainly pastoral indicators (NAPp), as explanatory variables 

accountable for chironomid assemblage change (Taylor et al, 2016; 2017). In Figure 5-12, the 

affinity of P. lanceolata and Cereal towards higher Axis 1 values emphasizes their importance as 

explanatory variables of chironomid species composition during the first and second millennium 

CE (CAZ-2 samples). This is followed by a decline in both percentage values (Figure 5-9) and 

relative explanatory value during the last c. 100 years (see cluster of CAZ-3 samples; Figure 5-

12). Trends in these palynological variables are attributed to (i) a shift in Irish agriculture from 

cereal cultivation towards livestock production and (ii) the simplification of grassland species 

diversity resulting from elevated rates of artificial soil fertilization (Sheridan, 2016). In contrast 
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to the decline in P. lanceolata, the high values and strong explanatory potential of Poaceae 

following the 20th century (cf. CAZ-3 samples and Poaceae; Figure 5-12) is presumed to result 

from a large contribution of the pervasive and nitrophilous grassland species Lolium perenne to 

pollen counts (Chique et al, 2017a).  

CAZ-1 reflects the chironomid community of the lake in a largely wooded Neolithic landscape 

with limited agricultural activity (Figures 5-9 and 5-10). As expected, the oligotrophic indicator 

S. coracina-type predominates the chironomid assemblage while most meso-eutrophic taxa, for 

example profundal C. anthracinus-type and littoral C. mancus-type, exhibit low abundance. 

Conditions change in CAZ-2 as agricultural activity gradually intensifies during the Bronze Age 

(c. 2000 BCE), Iron Age (c. 600 BCE), Early Christian period (c. 400 CE) and towards the recent 

past (post-1500 CE). Tanytarsus dominates, which at the genus level is considered to be typical 

in impacted Irish lake systems (Free et al, 2006). Key meso-eutrophic taxa tend to increase (e.g., 

C. anthracinus-type; C. mancus-type) while the abundance/frequency of S. coracina-type 

abundance and other oligotrophic indicators (e.g., Thienemannimyia) is affected. Finally, CAZ-3 

is representative of the chironomid community in a post-19th century landscape dominated by a 

modern pastoral farming industry with prevalent taxa indicative of an impacted lake status 

(Tanytarsus, C. mancus-type, C. intersectus-type, P. nubeculosum-type, Procladius) (cf. Chique 

et al, 2017a).  

In contrast to sediment core RDAs, the results presented in Chique et al (2017a) (top 2 m of LM-

II) highlight the importance of Pediastrum and macrophyte palynological variables (e.g., 

Potamogeton) in explaining chironomid assemblage composition. The importance of Pediastrum 

is restricted to the period following 1970s (top 1 m of LM-II) and is attributed to the 

development of large algal blooms resulting from highly eutrophic conditions. Through the 

remainder of the timeframe under consideration, Pediastrum values tend to increase, likely 

reflecting a degree of nutrient enrichment. However, in comparison to the top 1 m of the core, 

values are low and seemingly not determinant for chironomid assemblages (Figure 5-10). 

Similarly, none of the macrophyte variables were found to be significant through long core 

RDAs. The presence and composition of macrophyte stands can be of key importance for 

chironomid taxa providing suitable refugia and influencing food-web dynamics (Langdon et al, 

2010). It is possible that a matching long core pollen-chironomid sampling resolution (i.e., 4 cm) 
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would have allowed for the establishment of long-term associations between macrophyte 

abundance and chironomid taxa. This may also result from the nature of changes on in-lake 

habitats within the distinct timescales under consideration. For example, it is logical to assume 

that macrophyte stands were subject to more “stress” and change during the last c. 200 years in 

contrast to the preceding long-term millennial scale. Hence, Potamogeton becomes statistically 

relevant only the top 2 m of the sediment core. Despite the lack of statistical associations in long-

core analysis, comparison of relevant chironomid taxa and macrophyte curves can still be used to 

explore tentative associations (see below).  

Calluna, representative of the extent of land under bogland, was not found to be an important 

variable influencing chironomid assemblages at the millennial scale (see also top-core analysis; 

Chique et al, 2017a). However, an interesting feature from the sediment core sequence is the 

apparent correspondence between Calluna and Heterotanytarsus abundance (Figure 5-10). Bog 

expansion may be associated with woodland clearance and availability of suitable habitat for bog 

taxa colonization (cf. Poaceae and Calluna curve; Figures 5-9 and 5-10). Calluna vulgaris is 

adept at expanding and establishing in newly available habitats (Preston et al, 2002) with the 

local post-glacial wet inter-drumlin landscape proving ideal for the formation of raised bogs. 

While the presence of Calluna is not solely restricted to bogland, as it can also occur in open 

woodland and exposed habitats, records of additional bog taxa (e.g., Potentilla, Sphagnum) (cf. 

Chique et al, 2017b) suggest local presence and expansion of bogland for much of the Mid-Late 

Holocene. Local historical records indicate the local presence of bogland during the 18th and 19th 

century (Burrows, 1773; Coote, 1801). Reduction in bog cover following 1920 CE (Figure 5-10) 

likely results from improved land drainage and higher grazing pressure in remaining areas of 

unimproved (rough) pasture (Hall, 2011; Preston et al, 2002). Local evidence of land drainage 

from noticeable lower water levels in a number of smaller lakes in the catchment and evidence 

from historical mapping (c. 1900s). The lake itself, however, does not show any appreciable 

change in its extent. Heterotanytarsus is acidophilic, often prominent in the littoral of 

oligotrophic humic (brown water) lakes and also in acidic streams (Brooks et al, 2007; Moller 

Pillot, 2013). In Ireland, it has been shown to have a clear association with lakes with high 

catchment bog cover (Potito et al, 2014). Accordingly, it is possible that the trends observed in 

Figure 5-10 reflect an association between bog presence close to the littoral, its effects on water 

properties, and abundance of Heterotanytarsus. If this assumption is correct, the bio-indicator 
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potential of Heterotanytarsus in the context of trophic status and/or saprobity (see classical 

classification scheme in Porinchu and McDonald, 2003) may be compromised in the Irish 

Ecoregion where bogland can be widespread.  

Long-term chironomid assemblage change and climatic change   

 

Chironomids are renowned indicators of climatic change, particularly air temperature (Walker, 

2001). Irish evidence suggests that summer air temperature can be an important variable 

affecting chironomid assemblages (Potito et al, 2014). Accordingly, a consideration of the 

potential effects of climate on the trends reported is necessary. In the last c. 200 years, local 

instrumental records of summer air temperature were not identified as a determinant (forward-

selected) variable influencing chironomid species composition (Chique et al, 2017a). However, 

on its own, the temperature variable was found to have a weak relationship with chironomid 

assemblages. Records of total annual rainfall and the North Atlantic Oscillation (NAO) 

periodicity index (Hurrell, 1995) were found to be statistically irrelevant. Therefore, and in 

contrast to distinguishable human influence, the effects of “regional” climatic controls on 

chironomid assemblages seem to be minimal in the last c. 200 years. As indicated throughout, 

the lake and its catchment area have undergone dramatic changes in the recent past which would 

have influenced a range of habitat properties of key importance for the presence of individual 

chironomid taxa. If the recent warming trend (post-1980 CE; Figure 4-8) has an effect on 

thermophilic chironomid taxa, this is likely being overridden by substantial human influence in 

the lake environment (Section 4.5.6). However, even at low-impacted Irish sites attempts at 

chironomid-based reconstructions of temperature in the last c. 200 years seem to be constrained 

by the anthropogenic imprint on the landscape (McKeown and Potito, 2016).  

The last two centuries represent a relatively small timeframe and a lack of reliable long-term 

temperature records precludes a thorough assessment of the role of climatic change in the 

remainder of the Mid-Late Holocene. However, the strong influence of the earliest forms of Irish 

agriculture on chironomid assemblages (Taylor et al, 2013; 2016; 2017) emphasizes their quick 

response to even minimal landscape change and primitive farming techniques. Most Holocene-

era temperature fluctuations tend to be small (1-2 °C) (Velle et al, 2005), with evidence 

suggesting subdued Holocene temperate ranges in the Irish Ecoregion (Swindles et al, 2013).  
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The summarized datasets from three small lakes in Co. Sligo provided by Taylor et al. (2017) 

show major changes in chironomid community composition corresponding to the onset of 

Neolithic farming. It is important to highlight that these changes do not precede the adoption of 

farming as demonstrated by NAPp. These large shifts in chironomid assemblages occur at c. 

3600 BCE in Lough Cooney and Lough Dargan and c. 3800 BCE at Lough Templevanny (see 

detailed information in Taylor et al. (2013; 2016; 2017)). Trends include increased abundance of 

meso-eutrophic taxa such as C. mancus-type, E. albipennis-type, Chironomus and Tanytarsus 

spp. in conjunction with declines in oligotrophic taxa including S. coracina-type. In these lakes 

chironomid assemblages seem to revert back to “pre-impacted” conditions during a lull in 

farming activity characterizing the latest stages of the Neolithic. A logical argument made by 

Taylor et al. (2017) is that these changes reflect human influence in the form of agricultural 

activity on these lakes. There is a strong statistical association between NAPp and chironomids. 

Even so, it can also be argued that these taxa show trophic state – temperature reciprocity with 

Chironomus and (often) Tanytarsus spp. being thermophilic and S. coracina-type a cold 

stenotherm (Brooks et al, 2007). Thus, it is possible that a warming event during the Neolithic as 

sometimes suggested (e.g., Bonsall et al, 2002; Stolze et al, 2012), is also responsible for the 

trends observed. See, however, the often contradictory nature of data presented for climatic shifts 

during early cultural periods in Western Europe (Schulting, 2010). However, an argument for 

climate being a major driver of chironomid composition during this period (at least in parts of the 

Irish Ecoregion) can be challenged with the evidence presented in this investigation.  

Very similar chironomid composition shifts begin to occur much later (from c. 2000 BCE) at L. 

Muckno (CAZ-2; Figure 5-9). These shifts follow local (palynological and archaeological) 

evidence of the onset of continuous agriculture during the Bronze Age which gradually increases 

in intensity from this point onwards (Figures 3-4, 4-5 and 5-9). If climate was indeed a governing 

variable on reported chironomid trends then a lag of more than 1500 years among lakes would 

not be expected. For the consideration of a “regional” environmental control such as climate 

(e.g., air temperature) these lakes are relatively close to each other (Figure 3-1) and as such a 

degree of synchronicity would be expected. This “lag” in faunal shifts is hypothesized to result 

from the combination of two main factors: (i) shorter (c. 270 years of high activity) and lower-

intensity Neolithic (see also Early Bronze Age) agricultural activity at L. Muckno in comparison 
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to the other lakes (Taylor et al, 2017) and (ii) the much larger dimensions of L. Muckno. The 

latter relates to the enhanced nutrient buffering capacity expected from a lake system with a large 

volume of water (Kalff, 2002). The relevance of both a large catchment area (improved water-

catching capacity) and a fixed outflow (River Fane) in reducing hydraulic water residence time 

and augmenting nutrient flushing rates should also be stressed. The logic here is that a higher 

degree of external “forcing” or stimuli, in this case anthropogenic activity, is required to impact 

the properties of larger lake systems in comparison to smaller ones. While L. Muckno is a 

nutrient “sensitive” system susceptible to local modifications in land-use (Chapter 4), these 

considerations certainly apply in the context of minor land-use changes and rudimentary farming 

techniques.  

 Beyond a potential warm period during the Neolithic, Swindles et al. (2013) presents evidence 

of additional key Holocene climatic shifts of relevance for the Irish Ecoregion (see however 

correspondence issues among proxies with these events). It is also important to note that a 

resolution of 16 cm is not ideal to identify a potential response to some of these “brief” climatic 

events. These include a cold/wet phase from c. 550 – 250 BCE which finds no conspicuous 

expression in the chironomid record of L. Muckno (Figure 5-9). At the time, C. anthracinus-type 

and Tanytarsus spp. are abundant and S. coracina-type is in clear decline. Taxa linked with 

macrophyte assemblages (e.g., Ablabesmyia) are well represented (see Section 5.5.4). Similarly, 

it is difficult to find any trends corresponding to a cold period associated with the Little Ice Age 

(c. 1300 CE). Arguments for a chironomid response to potential warm periods including the 

Roman Warm Period (c. 550 BCE – 350 CE) and the Medieval Warm Period (c. 950 – 1250 CE) 

are more plausible, but these also occur when local anthropogenic activity reaches high levels 

(Figures 3-4 and 5-9). 

Sediment core (LM-II) representativeness  

 

The correspondence among transect and CAZ-3 samples identified through CA (Figure 5-13) 

allows for the following observations. First, LM-II can be considered to be representative of 

overall lake conditions supporting the paleolimnological principle of the use of a single sediment 

core from the deepest part of a lake system (Heiri, 2004; Birks and Birks, 2006). LM-II 

integrates chironomid assemblages from shallow and deep water, an assumption which was 

previously made by Chique et al (2017a), but is now supported with intra-lake spatial data 
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(Figure 5-5). This stems from efficient head-capsule transport/redeposition and the close 

proximity of LM-II to the littoral. The results contrast with several investigations indicating 

heterogeneity in sub-fossil assemblages (e.g., Luoto, 2009; 2010; Kurek and Cwynar, 2009a; 

Engels and Cwynar, 2011) underlining lake-specific controls on sub-fossil distribution. The 

implications of the results presented for paleolimnological reconstructions would depend on the 

objectives established. For example, investigations focusing on the effects of land-use on lake 

properties and chironomids (e.g., Taylor et al, 2017; Chique et al, 2017a) would certainly benefit 

from a sub-fossil assemblage integrating different lake habitats. In contrast, investigations 

centered on profundal taxa, such as hypolimnetic oxygen reconstructions (e.g., Quinlan and 

Smol, 2001), might be constrained by the influx of littoral head-capsules and underrepresentation 

of the profundal assemblage. Indeed, this is a feature characterizing LM-II (Chique et al, 2017a) 

which is also apparent in additional deep-lake investigations (Little et al, 2000; Clerk et al, 

2004).  

Additional considerations of coring location suitability are exemplified by distinct outlier 

stations 1a and 12b (Figure 5-13). These two stations represent two extremes in terms of both 

depth and littoral proximity. Obtaining a core from a shallow location next to the littoral (1a) will 

clearly be a poor choice for most chironomid-based reconstructions as it will only yield littoral 

taxa. However, obtaining a deep center-lake core in the southernmost basin (12b), which concurs 

with the standard of obtaining samples from the deep habitats, will not be ideal either. To a 

degree, mid-lake station 12b (also 11b) is characterized by a distinct chironomid community with 

low head-capsule abundance, likely resulting from a uniform habitat with less influence from 

littoral processes, and fails to provide an integrated (lake-wide) sub-fossil record in contrast to 

other deep water habitats. Accordingly, proximity to the littoral, as demonstrated by RDA 

analysis, can be a crucial factor to consider along with water depth in determining coring 

location suitability.  

Sediment core (LM-II) enhanced interpretation 

The results presented here preclude a quantitative approach towards past lake depth 

reconstructions. This is in contrast to intra-lake datasets where water depth is a major influence 

on chironomid distribution and sub-fossil depth heterogeneity is the norm (e.g., Kurek and 

Cwynar, 2009ab; Luoto, 2009; Engels and Cwynar, 2011). Even if lake depth was a strong 
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explanatory variable in L. Muckno and sub-fossil distribution was heterogeneous, a fixed 

outflow (River Fane) would ensure that past water level fluctuations, especially higher water 

levels, were minimal which would limit their value (Engels and Cwynar, 2011). Furthermore, L. 

Muckno has undergone considerable changes in lake ecological conditions during the last c. 

4000 years which are presumed to result in the substantial modifications in chironomid species 

composition observed (Figure 5-9). This factor highlights potential issues regarding analogue 

compatibility between two datasets (e.g., Thienemannimyia; Microspectra radialis-type; Figures 

5-5 and 5-9) which can also constrain water depth reconstructions (Kurek and Cwynar, 2009b).    

In the case of L. Muckno, the value of transect data is best represented by individual taxon trends 

which can be used to qualitatively enhance downcore interpretations and identify potential 

limitations. For example, modern meso-eutrophic taxa associated with (sub-) littoral habitats can 

be used to shed light into past littoral conditions (Figures 5-5, 5-8, and 5-9). This is best 

exemplified by E. albipennis-type, P. nubeculosum-type, C. mancus-type, T. pallidicornis-type 

and C. intersectus-type, all of which tend to increase in CAZ-2, but particularly in CAZ-3, along 

littoral deterioration (Figure 5-9). This is also reflected in the low abundance/frequency of the 

oligotrophic indicator T. chinyensis-type in CAZ-3.  

In terms of taxa linked with aquatic plants, the higher abundance of Ablabesmyia in CAZ-2 may 

correspond to enhanced habitat availability provided by macrophyte stand expansion from c. 

1900 BCE – 1900 CE (Figure 5-10). The frequency/abundance of D. nervosus-type, M. pedellus-

type, C. edwardsi-type and P. sordidellus-type may suggest similar patterns, but to a lesser 

degree. The higher abundance of E. albipennis-type and G. pallens-type in CAZ-3 may 

correspond to shifts in the composition of the macrophyte community during the latest stages of 

lake eutrophication (Chique et al, 2017a). However, it is also important to point out that trends in 

these taxa may not be solely influenced by the status of macrophyte stands, but additional 

variables including changes in (sub-) littoral water quality and/or substrate properties (Langdon 

et al, 2006; Moller Pillot, 2009; 2013).  

The results also support the use of C. anthracinus-type as a eutrophic profundal indicator. 

Accordingly, its low representation in CAZ-3 can be construed as indicative of pre-impacted lake 

conditions (Figure 5-9). This is in contrast to the dominant S. coracina-type which is also 

thought to be a deep-water dweller. The increase in C. anthracinus-type frequency/abundance 
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alongside the intensity of agricultural activity in CAZ-2 seems to reflect the effects of nutrient 

enrichment in the hypolimnion (see concomitant decline in S. coracina-type). Its subsequent low 

abundance, particularly in CAZ-3, is thought to reflect its adverse association with low oxygen 

concentration resulting from high eutrophication in the recent past. Similarly, higher abundance 

and frequency of M. insignilobus/atrofasciata in CAZ-3 seems to mirror the effects of high 

trophic state on profundal habitats.  

The interpretation of additional “typical” eutrophic indicators C. plumosus-type and Procladius 

is more challenging. Both are present in littoral habitats, but seem to show preference for deep 

water. Procladius also exhibits good representation in CAZ-1 when the lake is in a pre-impacted 

state. As indicated above, Procladius is a eurytopic genus characterized by mobility with species 

indistinguishable through sub-fossil identification. Certainly, it can be argued that higher 

abundance in CAZ-3 is associated with an impacted lake state, but inferences made from its 

abundance in paleolimnological reconstructions, particularly in terms of hypolimnetic conditions 

(e.g., Chique et al, 2017a), should be approached with caution. The littoral presence of C. 

plumosus-type could reflect latitudinal differences in taxa habitat distribution (Brundin, 1949; 

Engels and Cwynar, 2011). C. plumosus-type is also present in CAZ-1 although at low values. 

Through higher resolution analysis in the top 2 m of the core, Chique et al (2017a) report 

increased frequency of C. plumosus-type with evidence of lake deterioration.  

Most potential rheophilic taxa did not exhibit high abundance throughout LM-II. Records of 

Rheocricotopus, Eukiefferiella/Tveneia and Limnophyes/Paralimnophyes are rare (not shown in 

Figures 5-9 and 5-10). In particular, not a single specimen of the key rheophilic indicator 

Simuliidae was recorded (also in high resolution analysis; Chique et al, 2017a). This may 

indicate limited lotic influence near the coring location throughout the Mid-Late Holocene. This 

contrasts to the high frequency/abundance of Synorthocladius towards the top of CAZ-2 (Figure 

5-9). These trends suggest that Synorthocladius is perhaps rather associated with lake littoral 

habitats. It is possible that its higher abundance in CAZ-2 reflects its particular niche in the lake 

eutrophication process which would support previous observations on its potential as a water 

quality indicator (Ruiz et al, 2006; Raunio et al, 2007).  

The implications of poor sub-fossil preservation, particularly within the Tanytarsus genus, also 

merit consideration. In contrast to other chironomid groups, Tanytarsus morphotypes are quite 
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similar, with identification of key features (e.g., mandibles, pedestals, post-occipital plate) 

required for taxonomic discrimination. Poor preservation of these features was observed in both 

LM-II and surface samples, but was more pronounced in the sediment core sequence. This led to 

the confinement of a large percentage of specimens of the genus into the Tanytarsus 

(undifferentiated) category (Figures 5-5 and 5-9). This limits the information that can be 

gathered in terms of taxon ecology and paleoenvironmental significance. This is unfortunate as 

differentiation within the genus in intra-lake datasets can provide valuable paleoecological 

information (Engels and Cwynar, 2011). A good example is T. lugens-type which was rarely 

encountered in core LM-II samples. Many specimens resembled the morphotype, but lacked key 

features (generally a preserved mandible) required for precise identification. In contrast, T. 

lugens-type was much more common in transect samples (Figure 5-5). Here, differential rates in 

sub-fossil preservation may be crucial. Advanced decomposition can be expected on downcore 

specimens in contrast to those in surface samples which were recently incorporated into the 

sediment. Based on its autecology, downcore trends in T. lugens-type would have been 

invaluable in measuring the effects of eutrophication in the lake profundal along with meso-

eutrophic indicators (cf. Chique et al, 2017a). As reported in other large lake systems (Schmäh, 

1993), preservation may be related to the high levels of water turbulence and sub-fossil 

weathering expected in L. Muckno. Accordingly, investigations in large lakes prone to water 

turbulence should account for the potential limitations resulting from poor sub-fossil 

preservation of the Tanytarsus genus.  

Comparisons of modern and past chironomid assemblages – Implications for lake ecological 

state   

The supplementary information provided by transect analysis also allows for a contextualization 

of the modern lake environment with respect to past conditions. In these terms, the CA results in 

Figure 5-13 are particularly effective in visualizing the state of the modern lake environment, 

which regardless of sub-basins or embayment, tends to be characterized by a chironomid 

community characteristic of an advanced stage in the eutrophication process (see detailed 

account in Chique et al, 2017a). The prevalence of pastoral land in the catchment area of the 

lake, widespread soil fertilization and efficient land-water linkages seem to have an 

overwhelming influence on the water quality of (at least) the western basin of the lake. The CA 
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results highlight the year 1890 as a “threshold” point for “similarity” in sample species 

composition (Figure 5-13) which is attributed to a radical shift in local agriculture towards 

livestock production and ensuing lake eutrophication (Chique et al, 2017a). The proximity of 

sample 284 cm (c. 1190 CE) to the main cluster of transect samples is also of key importance. 

This indicates that chironomid assemblages corresponding to the Early Christian/Medieval 

period, characterized by high levels of woodland clearance and agricultural activity (Chique et 

al, 2017b), are not too dissimilar from those observed in the 20th and 21st century when lake 

status significantly deteriorated.  

The findings are of key relevance in the context of the Water Framework Directive (WFD) and 

establishment of Irish reference conditions (Dalton et al, 2009). The results accentuate the 

potential limitations of the “core-top” and “core-bottom” approach (Smol, 2008) sometimes 

attempted in the establishment of baseline conditions (e.g., Taylor et al, 2006). Here, a general 

cut-off point (e.g., 1850 CE) is used as a baseline for reference conditions in a range of lake 

systems. Analysis of proxy composition in a sample at the cut-off point (core-bottom) is 

construed as indicative of a pre-impacted (or background) state, and comparison to the modern 

lake environment (core-top), constitutes the bulk of interpretations of deviation from that point. 

The same approach would be inadequate in a lake with the characteristics of L. Muckno, with a 

sample from the 19th century or even from the Early Christian/Medieval period not being 

representative of a pre-impacted state.  

5.6 Conclusion  

Homogeneity is a characterizing feature of the chironomid sub-fossil distribution of L. Muckno. 

Efficient transport and redeposition of head-capsules seems to be predominant in the lake. The 

assumption that sub-fossil deposition is strongly associated with living taxa is not always 

applicable. In this lake a large proportion of the water surface is exposed to the effects of wind 

stress which is thought to result in substantial wave and water current action leading to sub-fossil 

resuspension, transport and redistribution. This process is also likely to be facilitated by the 

gravitational effects associated with a steep lake bathymetry. The role of feeder stream discharge 

on lake hydrodynamics and head-capsule transport is difficult to identify. However, presence of 

simuliid remains suggests that stream flow via sediment focusing may be an important factor 

affecting sub-fossil distribution in parts of the basin, stressing the importance of incorporating 
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fast-flowing environments provided by effluents in intra-lake sampling designs (e.g., Luoto, 

2010). RDA results suggest a higher influence of sample (spatial) location over water depth on 

chironomid sub-fossil composition, but at the same time may reflect an expected degree of 

correlation between the two variables. This seems to indicate (i) habitat uniformity and reduced 

littoral influence in (deep) mid-lake locations, (ii) efficient head-capsule offshore deposition 

mechanisms and (iii) preference of certain taxa for particular water depth thresholds. Different 

factors may be responsible for the low abundance and advanced diagenesis characterizing 

chironomid assemblages in parts of the lake, which has clear implications in terms of coring 

location suitability. While ultimately dependent on the pre-determined aims of the investigation, 

a deep core obtained from a mid-lake location will tend to be unsatisfactory. In contrast, a core 

from a deep location close to the littoral can prove extremely useful through the integration of 

littoral and profundal fossil remains. CA results provide solid evidence to support the use of core 

LM-II as representative of general lake conditions, highlighting the benefits of integrating intra-

lake datasets with paleolimnological reconstructions.    

Well-represented taxa in the two datasets, which show association with specific water depth 

habitats, can be used to enhance and support interpretations of past paleolimnological 

reconstructions. This is best exemplified by C. anthracinus-type preference for profundal 

habitats. With few exceptions, general trends reported here concur with reported taxa depth 

niches. Thus, autecological information from other geographical locations may be often relevant 

and applicable in the Irish Ecoregion. Further analyses are necessary to evaluate intra-lake taxa 

variability in lakes with different basin morphology and water quality. This may enable the 

identification of any faunal depth “shifts” associated with trophic state, which would be of key 

relevance for the enhancement of paleoecological reconstructions. Expansion of intra-lake 

datasets is also necessary to evaluate the potential for developing multi-lake training sets for 

regional reconstructions of water depth.   
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Chapter 6 – 

Main Findings  

In chapters 3-5 all of the components of this investigation including the data generated and its 

interpretation were presented. This chapter seeks to incorporate and encapsulate the key findings 

of these different chapters.   

6.1 Palynological Data – Significance and Key Features of the Pollen Record of Lough 

Muckno 

 6.1.1 Applicability in reconstructing past cultural landscape change  

Abundance trends of key palynological indicators presented, particularly NAPp, in response to 

evident fluctuations in AP clearly reflect human influence on the vegetation mosaic, and in turn, 

the suitability of the pollen record of this large lake system in reconstructing past cultural 

landscape change. While there is clear tendency towards high AP representation, the pollen 

signature of the lake also incorporates NAP allowing inferences on the extent and intensity of 

agricultural activity and landscape change in sufficient detail. Coupled with high-resolution 

analysis, a detailed account of Mid-Late Holocene change was possible. Based on comparisons 

with Irish pollen data, the results provide fresh insights into land-use and vegetation dynamics 

with applications in both prehistoric and historic periods. The noted “stability” of pollen curves 

in the recent past provide interesting insights into modern agricultural change. This is primarily 

represented by the abundance of Poaceae and Plantago lanceolata seemingly reflective of a 

crucial shift in agriculture corresponding to the over-fertilization of grasslands and increased 

livestock numbers from 1970 CE. The products of this investigation provided the first evidence 

(at least published) for this palynological feature in the Irish Ecoregion. This may result from the 

pervasive nature of modern pastoral land in the region, but also from the enhanced lake NAP-

catching capacity resulting from efficient hydrological coupling in a large catchment area. The 

results presented suggest these type of systems may be ideal to evaluate the effects of large-scale 

landscape modifications through a whole-catchment approach towards vegetation 

reconstructions. This is in contrast to typical Irish pollen sites with a much smaller pollen source 

area which only serve to account for trends in localized NAP.  
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In terms of aquatic habitats, the use of palynological data to gain insights into the state of 

macrophyte stands proved essential not only for the sake of in-lake ecological state, but also for 

inferences based on individual chironomid taxa trends (e.g., Endochironomus albipennis-type 

and status of macrophyte stands). 

6.1.1 Issues with AP representation  

Even during the recent past when the landscape has been largely reduced to a mosaic of 

grassland and scrubland, AP is at very high levels (c. 40%) highlighting the effect of basin size 

in the pollen signature of the lake (Hellman et al, 2007). If a particular investigation is heavily 

dependent on localized NAP (e.g., pollen analysis with respect to a distinct archaeological 

feature) then a system with a smaller basin would be a better option. Given AP 

overrepresentation in this type of system, high pollen counts as implemented here are 

recommended to aid in reconstructing past cultural landscape change. This particularly concerns 

cereal-type pollen often underrepresented in pollen diagrams and which is key to suggest 

presence/absence of arable farming.   

6.1.2 Soil erosion and the effects of secondary pollen  

A degree of soil erosion and material reworking is evident in late cultural periods, which is 

expected considering the high degree of human influence on the landscape following c. 400 CE. 

However, there is sufficient evidence suggesting that the influence of secondary pollen is not 

substantial and that the local physical setting may actually suit pollen analysis focused in the 

recent past. Key examples include bog expansion and eventual contraction in addition to 

introduction of exotic vegetation in the recent past (e.g., Fagus, Picea and Acer). The gradual 

decline in AP towards the top of the core while pastoral farming and livestock numbers are 

continuously increasing is crucial to support this statement.  

6.2 Key Insights Derived from Secondary Proxies      

6.2.1 Application of NPPs  

The most useful applications derive from the Pediastrum curve, particularly from its quick and 

dramatic response to the implementation of industrial fertilization within the catchment (c. 1970 

CE). This is thought to reflect very high levels of epilimnetic productivity, and in terms of its 
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intensity, is a feature with no equivalent in the literature reviewed. Pediastrum was determined 

as a statistically significant variable influencing chironomid species composition in the top 

section of the core. Associations can then be made with increased abundance of particular 

chironomid taxa, for example Cricotopus intersectus-type, which thrives in lake littorals with 

high algal crop.  

6.2.2 Interpretation of LOI (%) values 

LOI (%) values can be subject to temporal variation resulting from the influence of multiple 

controls on the characteristics of profundal sediments (Shuman, 2003). This seems to be 

reflected in the sedimentary record of L. Muckno with LOI (%) differentially driven by the 

influence of both allochthonous material (core-bottom) and autochthonous productivity (core-

top) on sedimentary organic matter content. This is a factor which can complicate long-term 

interpretations. A potential shift in controlling variables of profundal organic matter as reported 

here likely relates to the high levels of lake eutrophication registered in the recent past. In 

contrast to its statistical relevance in the last c. 200 years, different controls on long-term LOI 

(%) values could be the cause of its lack of relevance in long-core statistical analysis.  

6.3 Past Chironomid Assemblage Change  

6.3.1 Identification of environmental controls   

Based on the considerations of “local” vs. “regional” environmental controls on chironomid 

assemblages (Brodersen and Quinlan, 2006) it is likely that a considerable proportion of the 

variance in chironomid composition observed is explained by local cultural controls inclusive of 

the effects of agriculture and land-use change on the lake system. This is based on associations 

with palynological variables related to farming activity (Poaceae, P. lanceolata, cereals), human-

induced changes in epilimnetic productivity (Pediastrum) and macrophyte assemblages 

(Potamogeton). This is applicable at both long-term (millennial) and short-term (c. last 200 

years) scales and relate to other Irish paleolimnological investigations focusing on historic and 

prehistoric periods (McKeown and Potito, 2016; Taylor et al, 2017). However, the evidence 

presented within provides a long-term (millennial) perspective linking prehistoric and historic 

periods. In an Irish context, this allows for unprecedented inferences to be made on temporal 
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changes in chironomid community structure and the potential influence of environmental 

controls.  

6.3.2 Environmental controls and temporal scales     

In contrast to long-term dynamics, evidence emphasizing the role of anthropogenic activity as an 

important driver of chironomid community structure is much stronger in the last c. 200 years. 

This partially stems from enhanced supplementary evidence available in the recent past inclusive 

of documentary information on land-use change, lake ecological status and climatic records. This 

may also result from the different resolutions implemented in this study (4 and 16 cm). It is also 

true that the most dramatic changes in land-use, and hence an expected “enhanced” chironomid 

response, are concentrated in the last c. 100 years. Local and independent records of Holocene-

era climatic change are necessary to properly evaluate the controls of climate vs. humans on 

chironomid assemblages throughout much of the Mid-Late Holocene. However, land-use change 

does exhibit a strong control on chironomid assemblages as shown by associations with 

palynological variables related to farming activity.  

6.3.3 Key indicator taxa  

Trends in key taxa are particularly useful in demonstrating the effects of land-use change and 

increased catchment agricultural activity on the lake environment. The most relevant examples 

include fluctuations in the representation of the profundal Chironomus anthracinus-type and is 

inferred response to oxygen concentrations. Littoral taxa E. albipennis-type, Ablabesmyia and 

Polypedilum nubeculosum-type, possibly linked to the status and composition of the macrophyte 

community, seem to be useful indicators of the different stages of the eutrophication process on 

shallow water habitats. Similarly, the proliferation of Cladotanytarsus mancus-type, 

Microspectra insignilobus/atrofasciata and C. intersectus-type throughout, but particularly 

following 1970 CE, provides solid evidence of a high degree of water quality deterioration in 

littoral lake habitats. The decline in Sergentia coracina-type abundance following the onset of 

“continuous” prehistoric agriculture (c. 2000 BCE) is also of key relevance based on its reported 

sensitivity to land-use type and higher trophic state on Irish datasets (Free et al, 2006; Potito et 

al, 2014). 

6.4 Analysis of Intra-lake Sub-fossil Distribution – Applications and Insights  
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6.4.1 The effects of water depth  

The results highlight the importance of water depth in influencing certain taxa although it is less 

relevant in comparison to the effects of distance from the lakeside. Overall, a degree of 

homogeneity characterizes chironomid sub-fossil distribution and is attributed to the effects of 

lake morphology and efficient offshore sub-fossil redistribution. Several taxa are prevalent along 

the depth gradient seemingly irrespective of depth. At times, this may result from eurytopic 

autecological traits (e.g., Procladius, Tanytarsus mendax-type), but in many cases this seems to 

be associated with head-capsule resuspension, transport and redistribution (e.g., Stempellina, 

Stempellinella/Zavrelia). Even so, significant thresholds demonstrate taxa depth preferences 

mostly applicable to shallow water habitats (e.g., Glyptotendipes pallens-type, Ablabesmyia). 

Conversely, identification of thresholds for deep water taxa are at times precluded by the even 

distribution of several taxa in depths > 3 m, but some show clear associations with higher depths 

(e.g., Chironomus anthracinus-type.; Tanytarsus lugens-type).  

6.4.2 Insights into contemporary lake ecological conditions  

Both the bio-indicator potential of chironomids and the value of the intra-lake dataset is reflected 

in the level of taxa heterogeneity observed among transects. The chironomid community in L. 

Muckno is dominated by meso-eutrophic taxa (e.g., C. mancus-type, C. intersectus-type, 

Tanytarsus mendax-type) with very low representation of key oligotrophic taxa (e.g., S. 

coracina-type, Heterotrissocladius marcidus-type). Similar assemblage composition in all 

embayments indicates that the entire western basin is subject to the same stressors, namely 

pervasive pastoral farming and associated soil fertilization, and under significant deterioration. 

The reported “poor” macrophyte state of the lake may be reflected in the overall low 

representation of several taxa including Ablabesmyia, Polypedilum convictum-type, Polypedilum 

sordens-type, Phaenospectra flavipes-type and Psectrocladius sordidellus-type. Of key 

importance is the identification of fluvial influence on the lake environment as demonstrated by 

rheophilic taxa, particularly simuliid remains, shedding light on the potential importance of 

stream flow on lacustrine processes. 

6.4.3 Applicability in paleolimnological reconstructions  
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Well-represented taxa in the two datasets (surface transects and LM-II core), which show 

association with specific habitats, can be best used to qualitatively enhance and support 

interpretations of past paleolimnological reconstructions. This not only relates to individual 

taxon preferences in terms of water depth and ecological niche, such as C. anthracinus-type 

preference for deep water habitats and meso-eutrophic conditions, but also highlights potential 

caveats in sediment core taxa interpretation (e.g., issues with the use of Chironomus plumosus-

type and Procladius). The results demonstrate that for the last c. 100 years the lake has had a 

similar chironomid assemblage associated with a deteriorated lake state. This not only relates to 

one specific location in the lake (LM-II core), but to the chironomid community of the entire 

western basin. The latter has possibly responded synchronously to major land-use change in the 

lake catchment considering assemblage uniformity in the intra-lake dataset. The spatial 

visualization of sub-fossil data also allows evaluation of the suitability of coring locations within 

the lake basin. Based on the value of the information obtained a strong case can be made for the 

supplementation of chironomid-based paleolimnological reconstructions with modern intra-lake 

data. 

6.5 Chironomids, Water Framework Directive (WFD) and establishment of “reference” 

conditions 

In the local scenario the evidence presented suggests that deviation from an original lake “state” 

preceded major shifts in catchment land-use during the 20th century. The results highlight the 

year c. 1190 CE and c. 1890 CE as key dates for significant changes in chironomid composition 

and potentially as a point in time at which baseline conditions could be established. However, if 

the literal concept of background conditions (sensu. Anon, 2000), i.e., a natural and unpolluted 

lake state, is taken into consideration in conjunction with available Irish guidelines (Free et al, 

2006), then even at c. 1190 CE the criteria will not be met. In this case, the best case scenario 

would be c. 2000 BCE preceding major shifts in “key” indicator taxa. Based on contemporary 

lake and catchment conditions, a more realistic argument can be made for reference conditions to 

be established at c. 1900 before the advent of large-scale industrial farming. This classification 

will, however, fall outside current WFD definitions and scope.    

 

. 
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Chapter 7 – 

Reflections and future directions 

Referring back to the aims and objectives established in Section 1.1, the following reflections 

can be made. First, the aim of producing a multi-proxy paleoecological assessment at a 

millennial timescale based on a sediment sequence from L. Muckno was successfully 

accomplished. Of key relevance is the level of detail obtained through high-resolution analysis 

allowing specific inferences of both past landscape and in-lake state through a range of cultural 

periods. The capacity of (most) proxies used to complement each other (pollen, NPPs, LOI % 

and chironomids) was also demonstrated. Similarly, the supplementary information obtained 

from historical accounts and documentary evidence, while time consuming to collect and 

synthesize, should be stressed. This provides an additional framework on which inferences made 

from paleoecological proxies can be expanded and supported.  

7.1 The Pollen Record and Reconstructions of Recent Landscape Change 

In Ireland, the recent past will tend to be characterized by high levels of human activity 

(certainly the local scenario), and thus often associated with substantial soil erosion and a 

constrained palynological record (Huang and O’Connell, 2000; Edwards and Whittington, 2001). 

The “stability” of pollen curves in the local diagram may then result from a reasonable degree of 

local landscape or catchment “stability” (viz. Brunsden, 2001). A priori, the undulating 

topography coupled with the distinctive flashiness attributed to inter-drumlin settings could be 

associated with high rates of local soil erosion. However, the waterlogged and heavy textured 

upper layer of drumlin gleys may actually preclude high rates of soil detachment through their 

“adhesive” properties (Burke et al, 1974). Indeed, the literature reviewed in this investigation on 

inter-drumlin landscapes does not highlight high rates of soil erosion, but rather hydrological 

efficiency (e.g., Jordan et al, 2002; Schulte et al, 2006; Doody et al, 2010; O’Dwyer et al, 2013). 

If this assumption is correct, limited reworking of old material in inter-drumlin settings may 

prove ideal for paleolimnological investigations focusing on the recent past (see also Jordan and 

Rippey, 2003; O’Dwyer et al, 2013; Carson et al, 2014). Geochemical analysis (e.g., O’Connell 

et al, 2014) and pollen preservation data should be implemented to better determine the role and 

influence of soil erosion in the sedimentary record of the lake.  



272 
 

7.2 Pollen Analysis and Aquatic Habitats 

Based on the importance of the inferences drawn in this investigation, it is argued that combined 

applications of aquatic pollen and chironomid analysis need to be explored further. This is 

certainly applicable to smaller lake systems where supplemental (sediment core) macrofossil 

analysis should enable more substantiated inferences to be made (Birks and Birks, 2006). In 

large lake systems such as L. Muckno prone to low profundal abundance of macrofossil remains, 

retrieval of a littoral core suitable for macrofossil analysis may prove useful. Ideally, if matching 

dating chronologies can be established, this would enable complementary aquatic pollen analysis 

from a profundal core with littoral macrofossil remains. If reconstructions of the state of 

macrophyte communities based on combined pollen-macrofossil analysis are possible, these may 

also prove useful in gaining insights into WFD-based restoration goals (Søndergaard et al, 2010).      

7.3 Chironomid Analysis and Past Lake Ecological State  

In the context of environmental influences on chironomid assemblages, the results presented 

support the use of midge sub-fossils as indicators of human-mediated change on L. Muckno and 

other Irish lakes. Coupled with the results presented by McKeown and Potito (2016) and Taylor 

et al. (2017) this is presumed to be the case in most Irish lakes except those with even moderate 

human activity in their catchments. Accordingly, in terms of the establishment of reference 

conditions, it is suggested that the guidelines provided by Free et al. (2006) are revised in light of 

recent paleoecological data. These guidelines will most certainly benefit from a lake-specific 

approach towards the establishment of restoration goals (see Bennion and Battarbee, 2007). 

While a robust association between human activity (farming activity) and chironomid change is 

made, the precise mechanisms responsible for these changes often remain ambiguous. Human 

activity can affect a multitude of in-lake parameters which will in turn influence chironomid 

larval assemblages. In L. Muckno, for example, this may have involved direct habitat 

modifications (substrate, macrophytes), changes in physico-chemical parameters (nutrient and 

oxygen concentrations, water column turbidity), saprobity and ecological structure and 

functioning (e.g., food-web dynamics). Water depth is also an important factor influencing 

chironomid distribution, and dynamics of the parameters listed above will vary according to 

depth which adds another level of complexity. A substantial body of literature and autecological 

information is available for certain key ecological taxa which allows for more decisive links 
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between human influence and taxa response to be established (e.g., Chironomus spp.). However, 

for many other taxa (e.g., Tanytarsus spp.) autecological traits and their bio-indicator value is 

often vague. Modern ecological observations often highlight the influence of multiple parameters 

(and potential stressors) on chironomid taxa abundance/distribution, and questions have been 

raised on the validity of some of the paleoecological inferences often made (Moller Pillot, 2009; 

2013).  

One approach to tackle this issue is to establish links between neo- and paleo-ecology. This was 

attempted in this investigation through intra-lake analysis of chironomid remains, which 

provided important insights into taxa habitat depth preferences and the overall community 

composition of a deteriorated lake system. Future investigation should aim to go further by 

integrating analysis of sub-fossil remains with living chironomid larvae. This would ideally 

involve (concomitant) benthic analysis of living larvae distribution (e.g., van Hardenbroek et al, 

2011), but general surveys of extant larvae (e.g., pupal exuviate method; Ruse, 2013) may also 

prove useful. Modern observations on chironomid larvae distribution should also incorporate in-

depth analysis of substrate type/quality (e.g., grain-size distribution) and detailed surveys of 

macrophyte communities (e.g., Cao et al, 2014; Tarkowska-Kukuryk, 2014). The incorporation 

of these elements is anticipated to provide a higher taxonomic resolution and taxa-specific 

information on microhabitat preference, which can then supplement interpretations obtained 

from sub-fossil remains. Integration of modern ecological observations and paleolimnological 

techniques is the key to improve chironomid-based reconstructions.  
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Supplementary Figure 2-1. Assembly of coring platform prior to coring in the lake shore.  
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Supplementary Figure 2-2. (Top) Transporting coring platform to coring location. (Bottom) 

Coring platform set on coring location. A sloping drumlin can be seen on the background.  
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Supplementary Figure 2-3. (Top) setting the driving rod on the corer barrel to begin a drive. 

(Bottom) assisted retrieval of driving rod with corer barrel after a drive.   
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Supplementary Figure 2-4. (Left) extruding a 2-m core segment on platform. (Right) using the 

extruder to retrieve the 2-m core segment in the lake shore. 
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Supplementary Figure 2-5. Examples of retrieved and split 1 m core sequences. (Left) Glacial 

clay – lake sediment transition (c. 9.5 m). (Right) Lake sediment sequence from 5.5 – 6.5 m. The 

intercalated lighter coloured banding can be seen in the picture.  
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Supplementary Figure 3-1. Percentage pollen diagram plotted to depth with matching age-scale in calibrated years BCE/CE (rounded to the 

nearest 10). Ecological groups are differentiated using colour coding. Zones/subzones are indicated on the right hand side. (A) Composite 

percentage pollen diagram. (B) Selected pollen percentage curves and pollen sum (x1000 grains). All curves are scaled x1 with low abundance 

curves presented with an exaggerated (x10) hatched background. Dots indicate very low values.  
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Supplementary Table 3-1. Output data from Bacon for the historical period (depths 284-392 

cm; PAZs 8-9). The table includes the (weighted) mean and age range (95% confidence range) of 

each sample-depth age determination (negative values indicate BCE).  All dates are rounded to 

nearest 10. 

 

Depth 

(cm) 

Weighted 
Mean 

Cal. Year 

BP 

Age Range (95% Confidence Range) 
Weighted Mean 

Cal. Year BCE/CE 

Age Range (95% Confidence 
Range) 

Minimum Maximum Minimum Maximum 

284 760 590 920 1190 1030 1360 

288 790 620 950 1160 1000 1330 

292 820 660 970 1140 980 1290 

296 859 690 1000 1110 950 1260 

300 870 720 1030 1080 920 1230 

304 900 760 1060 1050 890 1190 

308 930 800 1080 1020 870 1150 

312 960 840 1110 990 840 1110 

316 990 890 1130 960 820 1060 

320 1020 930 1160 930 790 1020 

324 1060 960 1190 890 760 990 

328 1080 990 1230 860 720 960 

332 1120 1010 1260 830 690 940 

336 1150 1030 1300 800 650 920 

340 1190 1050 1340 760 610 900 

344 1220 1090 1370 730 580 860 

348 1250 1120 1410 700 540 830 

352 1290 1150 1440 660 510 800 

356 1320 1180 1480 630 470 770 

360 1350 1210 1520 600 430 740 

364 1380 1240 1570 570 380 710 

368 1420 1280 1610 530 340 670 

372 1450 1320 1660 500 290 630 

376 1500 1360 1710 440 240 590 

380 1580 1400 1810 370 140 550 

384 1650 1450 1890 300 60 500 

388 1730 1510 1980 220 -30 440 

392 1800 1570 2060 150 -110 380 
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Supplementary Figure 4-1. Concentration curves of selected pollen taxa plotted to depth scale. 
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Supplementary Table 5-1. Physico-chemical parameters recorded in each transect stations. 

Conduc. (ppt) = Conductivity (ppt). * denotes top-bottom water column values were taken at the 

station. 

 

Station 
Distance 

(m) 
LOI 
(%) 

CaCO3 

(%) 

DO 
(mg/l)* 

Temp. 
(°C)* 

Conduc. 
(ppt)* pH* 

Nitrate (mg 
NO3 l)* 

1a 5.5 38.1 1.7 
7.7 15 193.2 7.6 12.2 

7.6 15 192.8 7.6 12.9 

2a 55.2 30.5 1.7 
8.8 15.1 185.8 7.8 11.4 

7.4 14.9 196 7.6 12.9 

3a 87 23.9 1.9 
9.2 15 180.3 7.9 11.9 

8.8 15 184 7.8 12.9 

4a 100 24.7 3.3 
9.1 14.9 174.7 7.9 12.4 

8.6 14.8 174.1 7.8 11.4 

5a 124.3 22.4 2.9 
9 14.9 174.4 7.9 11.6 

7.5 14.8 174.2 7.9 11.2 

6a 123.6 21.5 1.8 
9 14.9 174.5 7.9 11.9 

8 14.8 173.9 7.9 11.3 

7a 60.7 19.3 3.4 
8.8 14.9 174.6 7.9 10.3 

7.6 14.8 175 7.9 10.9 

8a 64 19.4 3.2 
8.3 14.9 173.4 7.8 10.2 

8.3 14.9 173.4 7.8 10.2 

9a 77.3 20.1 2.1 
9.1 14.9 174 7.9 10.1 

9 14.9 178 7.6 10 

10a 56 20.5 3.8 
7.3 14.7 175.2 7.7 10.3 

7.3 14.7 175.2 7.7 10.3 

11a 84.6 21.8 1.9 
7.9 15 175.1 9 10 

7.9 14.8 173.9 7.8 11.5 

12a 70 20.8 2.8 
8.9 15 175.2 7.9 9.9 

7.6 14.8 173.9 7.8 9.6 

13a 69 20.5 3.2 
8.8 15 175.2 7.9 9.9 

7.6 14.8 173.9 7.8 9.6 

14a 91.6 21.1 3.2 
9.1 15 175.4 7.9 10.7 

8.8 15 175.2 7.9 9.6 
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Station 
Distance 

(m) 
LOI 
(%) 

CaCO3 

(%) 

DO 
(mg/l)* 

Temp. 
(°C)* 

Conduc. 
(ppt)* pH* 

Nitrate (mg 
NO3 l)* 

2b 11.6 14.2 1.8 
9.7 15.2 176.1 7.9 15.2 

8.8 15.1 176.3 7.9 15.1 

3b 29.5 20.6 2.1 
9.2 15.2 175.9 7.9 14.9 

8.9 15.1 174.8 7.3 14.5 

4b 35.5 18.2 1.8 
8.8 15 174.7 7.9 12 

7.9 15 182.5 7.8 11.1 

5b 39.1 19.4 2.1 
9.1 15 174.6 7.9 11.8 

8 14.8 172.8 7.9 12.8 

6b 52.6 23.3 1.5 
9.2 15 175.1 7.8 14.7 

8.7 14.5 173 7.8 14 

7b 58.2 19.6 2.0 
8.8 15.1 174.9 7.9 14.4 

8.3 14.7 173.3 7.8 14 

8b 67.3 20.4 1.5 
8.7 15 174.5 7.9 11.2 

8.4 14.5 179.9 7.9 11.2 

9b 73.1 20.9 2.3 
8.8 15 174.9 7.8 14.1 

8.2 14.5 169.9 7.8 14.5 

10b 81.7 21.9 2.3 
9.1 15 174.8 7.8 13.7 

7.3 15 169.9 7.7 14.9 

11b 186.2 23.2 2.8 
9.1 14.6 174.7 7.9 11.6 

7.5 14.7 172.1 7.7 11 

12b 169.3 22.7 2.8 
9.1 15 174.7 7. 11.6 

7.2 14.5 172.1 7.7 14.7 
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Station 
Distance 

(m) 
LOI 
(%) 

CaCO3 

(%) 

DO 
(mg/l)* 

Temp. 
(°C)* 

Conduc. 
(ppt)* pH* 

Nitrate (mg 
NO3 l)* 

2c 16.3 3.2 1.2 
9.3 14.9 173.4 8.0 7.2 

9.1 14.9 173.5 8.0 7.8 

2ca 52.7 15.4 2.8 
9.4 14.9 173.1 8.0 8.5 

8.6 14.7 172.7 7.8 9.3 

3c 223.7 17.8 1.8 
9.2 14.9 174.4 7.9 8.8 

8.9 14.9 174.5 7.9 9.7 

3ca 79.2 13.4 2.3 
9.2 14.9 173.5 8 8.5 

9.2 14.9 173.8 8 8.8 

3cb 75.3 18 2.1 
9.4 14.9 173.2 8 9.6 

8.7 14.7 172.6 7.9 10 

4c 135 15.7 2.7 
9.1 14.9 174.7 7.9 8.3 

8.9 14.9 174.4 7.9 9 

4ca 99.8 16.9 2.2 
9.2 14.8 173.9 7.9 11.4 

8.8 14.7 172.6 7.8 10.5 

5c 136.2 17.2 3 
9.2 14.8 172.8 7.9 11.6 

8.6 14.5 170.1 7.9 11.2 

6c 118.3 17.6 2.3 
9.2 14.8 173.1 7.9 10.3 

9 14.6 172.4 7.8 9.3 

7c 143.8 17.7 2.3 
9.3 14.8 171.9 7.9 9.2 

8.4 14.7 173.4 7.9 8.8 

9c 167 19.4 3.0 
9.4 14.4 173.5 8 11.6 

8.4 14.6 173.2 7.9 12 
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