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ABSTRACT

This thesis describes a palaeolimnological investigation of lakewater acidity in peat catchments 

in Connemara, Ireland. The overall aim is to provide an explanation of why these surface 

waters are acidic and highly humic, with high measured dissolved organic carbon (DOC). This 

‘clean’ area constitutes the largest concentration of acid sensitive waters in the country, in a 

region of low acid deposition. The largest forestry plantation in Ireland was established here in 

1953. Palaeolimnology techniques using diatoms enable the reconstruction of historical lake 

water chemistry and are used here to evaluate the impacts of peat development and recent 

catchment afforestation on surface water acidity.

Twenty-two lakes were sampled seasonally and analysed for a range of chemical determinands 

to establish contemporary chemistry. The results demonstrate that afforested sites tend to be 

more acidic with elevated levels of organic acids, distinguishing the data-set from many other 

training-sets. DOC was identified as a significant influence on surface sediment diatom 

assemblage variation. A diatom model or transfer function was derived for DOC with 

moderate predictive powers (r2 = 0.44, RMSEP = 1.5 mg I' 1 DOC).

The model was then applied to fossil diatom data from a lake sediment core and the acidity 

history of the site reconstructed. A dynamically changing catchment responding to 

paludification of the soils and the development of blanket peat, promoted initially by climatic 

factors but exacerbated by anthropogenic influences was inferred from the palaeo- 

reconstruction. Past lake diatom inferred DOC indicates a history of dystrophication, however 

correlations between peat expansion and recent catchment afforestation were not established.

Overall, the results highlight important implications for the use of diatom-DOC models and 

palaeolimnological reconstructions including complex relationship between diatoms and DOC, 

the importance of species habitat, and the necessity for more critical use of DOC transfer 

functions in future research.
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CHAPTER 1 

Introduction

1.1 Background and Research Rationale

Acidic surface waters are a feature of unproductive upland lakes on base-poor geology. Their 

dilute nature means that they are often highly sensitive to environmental change. The supply of 

sulphur from atmospheric precipitation and its effect on the chemistry and biology of lakewaters 

was first identified in Scandinavia as an environmental problem, and subsequently in the UK in 

the late 1950s (Gorham, 1958). Long-range transport of industrial emissions of sulphur was 

suggested as the cause of increases in lake water acidity resulting in declines of fish populations. 

Monitoring programmes (e.g. Harriman & Morrison, 1982) showed the co-occurrence of fishless 

lakes, high sulphate levels in lakewaters and high anthropogenic sulphate deposition. Other 

hypotheses of possible causes included post-glacial natural acidification (Pennington, 1981) and 

land-use change (Rosenqvist, 1978). It was not until the application of palaeolimnological 

techniques using lake sediments that the timing of acidification histories was established 

(Battarbee, 1984; Battarbee et al., 1985a; Jones et al., 1986) leading to an acceptance by UK 

politicians that this phenomenon was caused by industrial emissions.

Over the last two decades there has also been considerable interest in the interactions between 

surface water acidity and forestry. Research has focused on streams draining forested and non

forested catchments and the acidification effects associated with conifer afforestation. Studies 

carried out in Wales (Stoner et al., 1984; Ormerod et al., 1991), Scotland (Harriman & 

Morrison, 1982; Miller et a l, 1990) and Sweden (Sverdrup & Warfvinge, 1990) have shown that 

afforestation is associated with higher levels of acidity and toxic aluminium. These studies have 

confirmed that the presence of forestry in a catchment has important implications for scavenging 

atmospheric pollutants; altering hydrological regimes; concentrating run-off solutes; and 

changing the chemistry of drainage waters.

Surface water acidification studies have highlighted an important area of under-developed 

research centring around the contribution of organic matter in acid systems (Kramer et a l, 1990; 

Kullberg et al., 1993). The importance of dissolved organic carbon (DOC) in terms of the 

sensitivity of surface waters to acidification has implications for a large number of catchments 

across wide geographical areas. The chemical and biological responses of peatlands to both 

natural and anthropogenic acidification is one example (Gorham et al., 1984). The role of DOC
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has largely been ignored due to its complex interactions in highly humic waters, and its 

significance underestimated. Examination of the role of DOC in terms of acidity status enables 

evaluation of its contribution to acidity and the determination of sensitivity to acidification. 

Current studies (e.g. Kullberg et al., 1993; Hemond, 1994) suggest that it is essential that more 

studies from a wider range of sites and vegetation types are conducted.

In October 1990, a group of Irish scientists came together to study the interaction between mature 

forestry and softwater streams (Allott et al., 1990). It was considered important to carry out 

these studies in an Irish context because of a number of notable differences from the Welsh and 

Scottish studies. First, Irish catchments, particularly in the west, are subject to lower pollutant 

inputs and therefore constitute a relatively unpolluted or ‘clean’ reference area. Secondly, other 

factors such as geology, soils and proximity to the ocean varied. The principal study sites were 

established in the extreme west of the country (Galway-Mayo region) to measure the effect of 

proximity to the Atlantic and in the east (Wicklow region) to determine the effect of proximity to 

sources of acidifying pollutants.

In the western region attention was focused on Connemara in County Galway as these catchments 

constitute the surface waters most at risk to acidification. South-east Connemara is dominated by 

base-poor granite geology, peaty soils and some podzolised mineral soils making drainage water 

vulnerable to acid episodes. The surface waters in this region occupy Ireland’s largest area of 

acid sensitive catchments and support some of the best salmon and sea trout fisheries in the 

country. The largest single forestry plantation in Ireland is located in this area, comprising 

several thousand hectares of maturing sitka spruce and lodgepole pine. Surface waters with very 

low pH and high concentrations of organic matter draining peaty catchments are a characteristic 

feature of the region.

An intensive two year sampling programme was conducted incorporating the chemistry of 

precipitation and throughfall (precipitation through the canopy) (Farrell et al., 1993), stream 

chemistry (Allott et al., 1990; Allott & Brennan, 1993) and biological studies (Reynolds & 

Cooke, 1993; Cooke & Reynolds, 1993). Forested and non-forested control sites were examined. 

Allott et al. (1990) and Allott & Brennan (1993) found that afforested stream sites in the 

Galway-Mayo region tend to be more acidic than non-forested counterparts, and three principal 

sources of acidity were identified: elevated levels of organic acids from catchment soils, non- 

marine sulphate (acid deposition) associated with weather systems from the east and the 

deposition of sea salts during storm events. The study concluded that forestry does increase the
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acidity of streams in poorly buffered catchments by scavenging pollutants or sea salts and 

increasing the levels of organic acids supporting the findings of the Welsh (e.g. Stoner et a l,

1984) and Scottish studies (e.g. Harriman & Morrison, 1982)

Following this study, limitations were recognised and research needs were identified in relation to 

the spatial and temporal variability of the study sites (N. Allott, pers. comm.). Preferential 

loading of sea salts to afforested catchment soils can have a profound effect on soils and surface 

waters complicating comparisons between forested and non-forested catchments. Selection of a 

matching pair of catchments for comparison of effects using average marine corrected calcium in 

surface water is limited by calcium retention in peat soils which is released slowly over time 

(Allott & Brennan, 1993). Therefore, assessment of surface water acidity through spatial 

analysis of contemporary water chemistry is subject to inherent variability due to geographical 

differences, loadings of Atlantic sea salts and the complications associated with peat soil in the 

catchments. The very low pH’s recorded at the study sites could not be accounted for by the 

presence of peat alone. Other sites in the western region with similar low ANC geology and 

peat in their catchments did not have such low lake water pH. The lack of historical chemical 

records further limits comprehensive interpretation.

A complementary approach using palaeoecological techniques has helped validate contemporary 

process studies and provides a temporal dimension through the use of stratigraphic fossil data. 

Palaeolimnological studies using diatoms have enabled historical reconstructions of pH in lake 

waters providing invaluable evidence of the causes of acidification (Battarbee et al., 1985a; 

Anderson et al., 1986; Charles et al., 1990; Whitehead et al., 1990) and role of afforestation 

(Flower et al., 1987; Fritz et a l, 1990; Kreiser et al., 1990). Flower et al. (1987) and Kreiser et 

al., (1990) examined acidity trends at forested and non-forested lake sites in Scotland. They 

; found that afforested sites were already acidifying before planting, however these studies were

j  conducted in areas of high and intermediate acid deposition and differ from the current research
i

i in this respect. Palaeolimnological studies have also been carried out to examine DOC change

! (in addition to pH) in order to support anthropogenic acidification histories (Davis et al., 1985;

[ Stevenson et a l, 1991; Kingston & Birks, 1990). Studies focusing on reconstructing DOC

I alone, however, have not been conducted and may be useful in terms of determining natural
i

| acidification histories.

A proposal to supplement existing knowledge and apply palaeolimnological techniques was 

adopted to ascertain pre-afforestation levels of acidity and the role of afforestation in
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acidification. The study area in Connemara was selected following research by Allot et al., 

(1990) which indicated high levels of stream water acidity and an acidification problem. The 

initial focus of the current research is to produce a temporal assessment of lake water acidity, in 

the absence of historical records. This ‘clean’ western Atlantic seaboard area with low acid 

deposition will potentially enable a unique reconstruction of acidity. The acid sensitive study 

area provides an opportunity to explore the influence of the development of organic peat soils and 

also the influence of recent catchment afforestation on lake water acidity.

The research objective is to provide an explanation of why these surface waters are highly acidic. 

Secondly, the importance of natural humic acidity with very high measurements of dissolved 

organic carbon (DOC) is explored. Two research hypotheses are developed to address these 

questions. The first hypothesis suggests that the study lakes in Connemara are naturally organically 

acid and that the organic acid status evolved with the development of blanket peat in the last 4-5,000 

years. The assumption is that these are naturally acidic waters associated with high concentrations of 

dissolved organic acids from natural build up of blanket peat through time. The second hypothesis 

suggests that the lakes have become acidic as a result of recent catchment afforestation. The 

assumption here is that accelerated or higher levels of organic matter are released as a result of 

drainage and clearfelling operations and/or with the build up humic acids in the soils with maturing 

forests. These hypotheses are explored in more detail in Chapter 5 following an examination of 

the chemical variation in these lake systems and their influential factors. The objective of this 

research is to: (i) evaluate modern-day lake water chemistry in south-east Connemara, (ii) 

examine the character of the relationship between lake water acidity and diatoms, (iii) develop a 

proxy indicator model using diatoms and iv) reconstruct historical water acidity using a lake 

sediment core.

Only a limited number of investigations of lake sediment history using diatom palaeolimnology 

techniques have been undertaken in Ireland (Cox & Murray 1991; Flower et al., 1992; Flower et 

al., 1994). These studies concentrated on recent sediments (post- AD 1800) and none were 

conducted in afforested catchments. The study by Rower et al., (1994) was a palaeoecological 

evaluation of the acidification status of four lakes in the west of Ireland. The only lake that was 

examined in Connemara was shown to be unacidified. Lake water sensitivity to acidification is 

thought to have been diminished due to basic intrusions in the granite geology, and was concluded 

to reflect local rather than regional characteristics. There have been no attempts to explore 

longer time-scales of lake sediment histories in Ireland using diatoms. Palaeoecological studies
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based on pollen are more prevalent (e.g. O’Connell et al., 1988; O ’Connell, 1990; Huang & 

O’Connell, 1992; Fossit, 1994).

1.2 Thesis Structure

To provide a context for the study, Chapter 2 reviews the evidence for surface water acidity and 

acidification and the ecological consequences of acidification. The contribution of

palaeolimnological techniques to acid waters research is subsequently examined. Chapter 3 

introduces the study area and the research methodology is described in Chapter 4. Chapter 5 

explores the water chemistry of the study lakes and major chemical gradients are examined. The 

chapter focuses on lakes from afforested and non-forested sites across a range of altitudes to 

ascertain if the trends apparent in an intensive stream sampling programme (Allott et a l,  1991) 

are evident in the lake systems. This exploratory analysis allows the development of specific 

research hypotheses. Chapter 6  explores variation in surface sediment diatom assemblages. The 

chemistry and diatom data are subsequently amalgamated to generate a modem diatom-chemistry 

training set for the region, thus constituting a modem analogue for palaeo-reconstructions. The 

chapter concludes with the identification of the most important environmental variables that 

explain diatom species variation. A number of calibration models are generated in Chapter 7 and the 

most robust model to predict chemistry based on the composition of diatom communities is identified. 

The predictive model is applied to sediment core fossil diatom data to reconstruct historical acidity 

in Chapter 8 . Finally, a summary of the findings is contained in Chapter 9 along with an assessment of 

the research hypotheses, the implications of the results and suggestions for future work.
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CHAPTER 2 

Surface Water Acidity and Palaeolimnology

2.1 Introduction

This chapter examines the characteristics of acidic and acidified waters, their environmental 

controls and the processes that govern their occurrence. Particular emphasis is given to more 

sensitive upland humic surface waters with peat soils in their catchments. The causes of 

acidification are subsequently explored and the relative importance of each assessed. Finally, the 

role of diatoms as indicators of the acidity status of surface waters and the use of 

palaeolimnological reconstructions in elucidating the timing and causes of acidification are 

introduced.

2.2 Surface Water Acidity

Freshwaters can be sub-divided into two categories; acidic and non-acidic (Hemond, 1994) 

(Figure 2.1). A solution with excess Fl+ ions over OH' ions is recognised as acid. Acidity is the 

measurement of the concentration of ET ions logarithimically expressed as pH units (Flanagan, 

1990). Acidic waters are often defined as those where pH at a given pressure is lower than pH

5.6 (i.e. distilled water equilibrated to the same pressure) (Hemond, 1994). The pH scale ranges 

from 0 (very acid) to 14 (very alkaline). The natural range of pH in freshwater is from about 4.5, 

in peaty upland waters, to over 10 in eutrophic soft waters (Flanagan, 1990). The most 

frequently encountered range for naturally acid systems is pH 5.5 to 6.9 (Battarbee, 1994). Non 

acidic waters have pH ^ 7.0.

Freshwater

non-acidicdieac:

non-acidic prior to acidic
industrialisation pre-industrialisation

acidic due to acidic due to natural
industrial pollution processesx\  ‘Anthropogenically 

Acidified’

Figure 2.1: A hierarchy of acidic waters (from Hemond, 1994:104)
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In regions where poorly weathered rocks and thin or peaty soils are a feature, unproductive acidic 

lake ecosystems predominate (Ormerod et a l, 1987a; Fritz et al., 1990; Bowman, 1991). 

Unproductive lakes are described as chemically dilute with low base cation concentrations 

(alkalinity < 20 mg C aC 03 I'1; Ca2+ < 50 peq I'1) and low mean pH (< 5.0) (Battarbee et a l, 

1988; Whitehead et al., 1990; Jones et a l, 1993). Their trophic status has been defined as 

oligotrophic (< 8 pg I 1 P and <2.1 pg I*1 chlorophyll a) (OECD, 1982).

Water is only ever pure immediately following evaporation. From that moment it collects 

terrestrial dust and marine components. Rainwater reacts with C 0 2 in the atmosphere to form a 

weak carbonic acid (H2C 0 3) and has a natural pH of c. 5.6 (Moss, 1980). Following deposition 

as rainfall or snow this percolating weak acid solution reacts with geology, vegetation and soils. 

Acidic waters are generated through internal production in a catchment or deposited as 

atmospheric deposition. Major ions in ffeshwaters include Na+, K+, Mg2+, Ca2+, S 0 42+, Al3*, Cl' 

and HCO3' while key nutrients include phosphates, nitrate, ammonium and silicate (Wetzel & 

Likens, 1979).

The chemical make-up of surface waters depends on two important sources of ions: weathering 

of geology and soils and atmospheric deposition of dust, marine salts and anthropogenic 

pollutants. Their route from source to surface waters is governed by of a number of 

environmental controls associated with geology, soils, hydrological pathways and land-use. 

Many of the chemical processes (e.g. ion exchange, retention, adsorption, precipitation, reduction 

and oxidation reactions) are common to these different environmental controls which all serve to 

maintain electron-neutrality in surface waters (i.e. a balance in the generation and consumption of 

hydrogen ions).

(i) Role o f Geology

Chemical weathering is a key property in the acid neutralising capacity (ANC) of catchment

geology through the solution and hydrolysis of carbonate and silicate minerals. ANC, or the 

generation of alkalinity, is achieved through (a) the production of inorganic carbon or H2C0 3 

which, when dissociated in soil solution, forms H+ and H C 03\  Hydrogen ions are then 

exchanged for Ca2+ in the soils (see below) producing C aC 03 or alkalinity and thus absorbing the 

free acidity due to H+. The concentration of carbonate depends on the rock type. The ability to 

balance or buffer an acidic input therefore, is primarily a function of the solution of carbonate
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minerals and ion exchange. Lakes which have acidified are usually in catchments which have 

base-poor geology and low weathering rates (Schnoor & Stumm, 1985). Buffering is also 

achieved through the hydrolysis of silicate minerals (b).

{a) 2H+ + CaC 03 ->  H20  + C 0 2 + Ca2+

H+ + HCCV—>H20  + C 0 2 

(b) 2H+ + 2KAlSi30 8 + 9H20  -> 2K+Al2(0H )4Si20 5 + 4Si(OH)4

The hydrological path through bedrock geology is important in terms of residence time for 

neutralisation. Hydrological paths include deep throughflow at soil and rock contact zones, 

groundwater flow, overland flow and throughflow in permeable strata (Bird et a l,  1990). Deep 

throughflow has, potentially, greater contact time compared to overland surface flow and 

therefore has a greater capacity to neutralise acidity. However, this depends on the rock type. 

Massive rocks such as granite, for example, will have limited contact area and so lower 

neutralisation time.

Sensitive rock types include; granite, quartzite, gneiss and sandstones containing few weatherable 

base cations. Acid neutralising capacity classifications, based on known relationships between 

rock types and carbonate and silicate content, have enabled predictions of low ionic strength 

surface waters that are sensitive to acidification (Homung et al., 1990).

(ii) Role o f Soils

The buffering capacity of soils is also determined by carbonate and weatherable silicate and can 

likewise have a considerable influence on surface water chemistry. Calcareous mineral soils can 

have almost infinite buffering capacity for acid drainage waters and thus maintain chemical 

equilibrium, whereas areas with naturally acid soils are particularly vulnerable to acidification 

(Homung et al., 1990). Soil chemical processes such as ion exchange are integral to the 

formation of acidic drainage waters (Reuss et al., 1987; Homung et a l, 1990). This is the 

exchange of H+ ions for base cations occurring at negatively charged clay or organic matter 

surfaces (c). This has a neutralising effect on the soil solution with consequences for catchment 

run-off.

(c) 2H+ + Soil Ca—» Soil H2 + Ca2+
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The cation exchange capacity (CEC) is the sum of positive charges of the exchanged cations that 

a soil can absorb at a given pH. Exchange sites are occupied by base cations in alkaline or 

neutral soils and by H+ and Al species in acid soils, the relative amount of which determine the 

acidity of a soil. The removal of base cations in alkaline or slightly acid soils is possible in the 

presence of a mobile anion (e.g. sulphate) to maintain electron-neutrality. Increasing 

concentrations of anions in solution will increase the potential for base cation leaching. The 

weathering and leaching history of a soil, therefore, will have important implications for its 

buffering capacity (Cresser & Edwards, 1987). The process of adsorption is another important 

buffering feature of soils. For example sulphate can be adsorbed through fixing by aluminium or 

hydroxides. This results in the removal of a strong acid anion and a decrease in the acidity of the 

surrounding soil waters.

Hydrological pathways, soil weatherability (carbonate and weatherable silicate mineral content) 

and CEC capacity (base saturation) are determined by the soil parent material and these 

determine the capacity of a soil to buffer acid waters. Naturally acid soils occur once 

geochemical weathering is no longer capable of offsetting leaching losses at an adequate rate and 

base saturation falls to a new equilibrium (Cresser & Edwards, 1987). Sensitive soil types are 

therefore poor buffers having lost all their base cations over time to maintain equilibrium, and so 

incoming FT ions pass through them to catchment surface waters, thereby increasing acidity. 

Shallow throughflow or pipeflow in soils results in limited residence time for neutralisation and 

can result in a transfer of acidity from terrestrial to aquatic environments (Bird et a l, 1990). 

This is especially important when the proportion of stormflow is greater than saturated baseflow.

The present study is concerned with catchments containing peat soils. Peaty podzolic soils on 

base-poor parent material are classed as ‘acidic’ and are highly vulnerable to rapid acidification 

because they have little bicarbonate buffering (Homung et a l, 1990). Buffering in peat soils is 

primarily a function of (Al) cation-exchange with peat surfaces (Reynolds & Ormerod, 1993), 

microbial reduction processes (e.g. sulphate to sulphide) at and below the water table and 

interaction with water soluble organic matter (DOC) (Gorham et a l, 1984). On the other hand, 

during periods of drought, sulphur oxidisation in peats produces sulphate which can have 

acidifying effects. Uptake of nutrients (e.g. nitrogen) and reduction processes were proposed as 

the two most important processes in peat environments in mitigating increases in acidity (Gorham 

et a l, 1984). In drainage waters from peat catchments with pH < 5.0, almost all the bicarbonate 

is in the form of H2C 0 3 and C 0 3 (Moss, 1980) and organic carbon can become an important
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buffer taking precedence over the inorganic carbonate system (Kullberg et al., 1993). Dissolved 

organic carbon ameliorates against changes in pH through the presence of carboxylic and 

phenolic acid surfaces, which can complex toxic metals (e.g. Al) and also through organic anion 

protonation which provide a pH buffer (Kullberg et al., 1993; Driscoll et al., 1994). The 

dissociation of H* from organic matter is controlled by the type and number of these organic acid 

groups and the ambient water chemistry (Driscoll et a l, 1994).

2.2.1 Humic W aters

Peatlands can modify the chemistry of their drainage waters and are considered in more detail 

here as they form a major component of upland soils. One of the most significant effects of peat 

soils is that they produce large amounts of organic acids through decomposition of organic matter 

and so contribute a source of acidity in receiving waters (Oliver et al., 1983). The relative 

importance of this contribution, however, is still the subject of investigation.

Surface waters draining peat environments constitute ‘naturally’ acidic waters (Figure 2.1). In 

humic lake waters the organic source material is generally catchment derived and the lakes are 

classed as dystrophic (Wetzel, 1975; Clymo; 1984; Thurman, 1985) (Table 2.1). Organic matter 

consists of plants, animals and their products in various states of decomposition. All natural 

waters contain both particulate and dissolved organic substances and these can be autochthonous 

(produced within the water column) or allochthonous (terrestrial or catchment derived) (Wetzel, 

1975). This latter group of terrestrial origin is largely composed of more persistent humic 

substances, and is the primary source of organic matter in less productive oligotrophic lakes 

(Thurman, 1985). Natural organic acids play a significant role in low ionic strength surface 

waters where there are well weathered, old soil horizons with minimum weathering cation 

exchange potential, significant areas of wetlands in the catchment (e.g. waterlogged peat bog), 

storm driven hydrology and minimum contact of surface waters with soil minerals (Fiebig et a l, 

1990; Kramer et al., 1990).

Table 2.1: DOC of lakes of various trophic state (cf. T hurm an, 1985)
Trophic State M ean DOC 

mg/1
Range

Dystrophic 30 20-50
Oligotrophic 2 1-3
Mesotrophic 3 2-4
Eutrophic 10 3-34
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Both total organic carbon (TOC) and DOC may include variable amounts of acidic, neutral and 

basic compounds, and can complex metal cations, making chemical characterisation difficult 

(Petersen, 1990; Cronan, 1990). DOC can therefore affect the acidity, acid buffering capacity (by 

protonation) and the species form of some elements in surface waters, through chelating. The 

presence of high levels of organic matter therefore has important implications for determining the acid 

neutralising capacity of a water body. DOC, on one hand, can effectively make an aquatic system more 

sensitive to acidification and on the other, help counteract decreases in pH by providing a buffer effect 

(Kullberg et al, 1993). This dual role is exemplified in waters with different levels of organic acidity, 

exhibiting zero ANC but having a difference in pH of as much as 1-1.5 pH units (Driscoll et al, 1994; 

Hemond, 1994; Harriman & Christie, 1995).

Of particular concern is the ecological significance of DOC. The transfer of organic matter from 

the terrestrial to the aquatic system is an inherent part of terrestrial ecology and the reactive 

chemistry of DOC makes it highly important in the ecology of an aquatic system. The ecological 

importance of DOC in acidified waters is not fully understood. Directly toxic effects of high 

levels of DOC have been attributed to changes in cell membranes affecting ion uptake, causing 

osmotic stress and through alteration of metabolic processes (Petersen 1990; Kullberg et al., 

1993). Indirect effects including complexation of metals (e.g. H*, Fe+ and Al all depend on DOC 

for mobility) and alteration of pH (Cantrell et al, 1990) have already been mentioned. The 

tendency of DOC to form complexes with aluminium is of particular importance. The proportion 

of aluminium tied up in this way depends on the amount of humus present, its ionic strength and 

pH (Cantrell et al, 1990). These complex binding mechanisms related to pH can mean that 

organic acids occur in dissociated and non-dissociated forms. In addition, concentration of DOC 

is important as one of the main radiation-absorbing agents in the water column has implications 

for the penetration of light and the habitable area for plankton and periphyton (Leavitt et a l, 

1999). The relative importance of these factors associated with DOC are difficult to quantify. 

These complex interactions between pH, DOC and light have important implications for 

understanding the ecological response in lake systems.

Measurement of the contribution of organic matter to natural waters is complicated by the 

diversity of its properties, temporal changes, hydrological pathways and operationally measurable 

forms (Hemond, 1990; Kramer et a l, 1990; Petersen, 1990). Organic matter may be represented 

as dissolved organic carbon (DOC) (that passes through a 0.45 pm filter), total organic carbon 

concentration (TOC) and non-carbonate alkalinity (Cook et a l, 1987). Research has mainly
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focused on the significance of the chemical structure and fractionation of organic matter 

(McKnight et ah, 1985; Kramer et al., 1990; Kullberg et al., 1993). The determination of 

organic carbon in surface waters by classic combustion methods is costly and not widespread 

(Flanagan, 1990) and many studies use surrogate absorbance measures for DOC (Stevenson et 

al., 1991; Bennet & Drikas, 1993). DOC, in turn, has often been used as a surrogate 

measurement of organic acidity (e.g. Oliver et a l, 1983; Gorham et a l, 1986; Kortlanien, 1992; 

Allott & Brennan, 1993). True measurements of the contribution of organic acid levels to the 

acidity of surface waters is therefore limited. Contemporary process based studies have also 

highlighted the lack of a standard methodology for the measurement of organic acidity and the 

difficulties inherent in comparing the results from different studies (Oliver et a l,  1983; Kramer et 

a l, 1990; Boyle, 1991; Bennett & Drikas, 1993).

Only a brief examination of the fundamental concepts and processes of acidic waters is presented 

here. More detail on limnology are found in Wetzel (1975), on acidification of freshwaters in 

Cresser & Edwards (1987), the governing chemical processes in Reuss et al. (1987) and the role 

of geology and soils in Homung et a l, (1990).

2.3 Acidification

Catchments with acidic soils and oligotrophic surface waters are unable to prevent rapid change 

in H+ concentration through ion-exchange mechanisms and therefore are very sensitive to external 

influences. Surface water acidification is of major importance in these regions (e.g. remote 

upland areas) in already unproductive systems (Moss, 1980). Acidification of a lake occurs, for 

example, when a catchment area receives acid loading at levels such that the natural buffering 

capacity is exceeded or when the chemical equilibrium is altered as a result of progressive 

leaching of base cations (Cresser & Edwards, 1987) (Figure 2.1). The deposition of acidic 

species results in an increase in exchange acidity and a decrease in exchangeable bases. When a 

lake cannot fully neutralise increasing acidity there is a net increase of FT ions. This process is 

know as acidification and the surface waters are termed ‘acidified’ (Figure 2.1). Acidification is 

often associated with clearwater lakes in areas of high acid deposition (Davis et al., 1985; 

Kullberg et a l,  1993) and many studies have confirmed increased water transparency (associated 

with declines in DOC) with increases in surface water acidity (Davis et al., 1985; Steinberg & 

Kiihnel, 1987; Gjessing, 1992).

The importance of aluminium has been referred to in terms of CEC in acid soils, buffer potential 

in peat soils and complexation with DOC. Aluminium plays a vital role in acid soils and can be



biologically toxic at certain pH levels in drainage waters. The proportion of aluminium 

complexed depends on pH levels, its ionic strength and the amount of humus present (Ormerod et 

al., 1987b). At high pH, more Al3+ is complexed due to greater ionisation of carbon compounds 

(Ormerod et al., 1987b; Kullberg et al., 1993) and this is non-toxic to aquatic life (non-labile). 

At low pH, on the other hand, a greater proportion of Al3+ is soluble and thus more is toxic 

(labile). For example, with an increase in sulphur acid deposition H* and Al3+ are exchanged for 

S 0 42+ and released into surface waters. At low pH (< 4.0-4.5) mineral soils contain toxic levels 

of soluble aluminium. Aluminium is most toxic to fish at c. pH 5 (Turnpenny et a l, 1987).

2.3.1 Biological Response to Acidification

Investigations of the biological responses to acidification demonstrate harmful effects in the 

ecology of surface waters (Stoner et al., 1984; Ormerod et al., 1987b; Ormerod & Wade, 1990; 

Schindler, 1994). Acidified lakes are found to have clearer waters, lower nutrient concentrations 

and reduced species diversity compared to their unacidified counterparts (Davis et al., 1985; 

Ormerod & Wade, 1990; Schindler, 1994). Changes in these systems include; reduced 

decomposition (Schindler, 1994), alterations in algal community assemblages and changes in the 

predation regime (Ormerod & Wade, 1990), diversity decreases (Stoner et al., 1984; Ormerod et 

a l, 1987b) and indirect effects on semi-aquatic organisms such as otters and birds. Biological 

effects are generally accepted to appear when the pH reaches 5.5 or below. These effects are 

caused mainly through the influence of H+ and Al species.

During acidification microbial processes are affected with a reduction in decomposition 

(Schindler, 1994). Accumulation of non-decomposed organic detrital material can cover mineral 

sediment and reduce nutrient availability. Certain benthic invertebrates prefer pre-conditioned 

(colonised by micro-organisms) detrital material. Inhibition of microbial decomposition would 

therefore have a direct effect on invertebrate communities.

At low pH biomass and productivity do not generally decrease but declines are apparent in 

species richness, in algae and other macro-flora (Ormerod et al., 1987b). Filamentous 

cholorophytes Ulothrix, Microspora and Muogeotia were common in low pH waters while 

Lemanea was scarce (Ormerod et al., 1987a). Structural changes identified in plant 

communities include excessive growth in macrophytes and alteration of the food base for grazers 

(Ormerod & Wade, 1990). Aquatic bryophyte assemblages also differ markedly according to pH 

(Ormerod & Wade, 1990; Dalton, 1993). Nardia compressa and Scapania undulata 

characterise the more acid waters.
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Benthic invertebrates are directly affected by declines in pH or as a consequence of change in the 

food base and loss of major predators (Ormerod & Wade, 1990). Groups of insects that are 

sparsely distributed as a result of acidification include larvae of mayflies (Ephereropterans), 

caddis flies (Trichopterans), molluscs and crustaceans. Physiological effects of low pH include: 

delays in moulting, failure in ionic regulation, reproductive impairment and inhibition of 

parthenogenesis.

Recruitment problems and the disappearance of fish stocks is the most dramatic effect of 

acidification. Salmonids are particularly susceptible to low pH and are most vulnerable because 

their spawning grounds are typically in the upper reaches of streams. Directly toxic effects to 

fish result from interference with fish egg hatching (Harvey, 1989). Increases in H* or toxic 

aluminium species concentrations are thought to cause the breakdown of ion regulation 

mechanisms, accumulation of toxic metals in fish tissue, impaired physiological condition and 

reduced recruitment (Turnpenny et al., 1987; Ormerod et a l, 1987a).

Indirect effects on vertebrates other than fish are also attributed to acidification. Damaging 

effects have been observed in amphibians, as well as some species of riverine birds and otters 

(Ormerod & Wade, 1990). The dipper (Cinclus cinclis) feeds almost exclusively on benthic 

invertebrates and fish. Alteration of this food base due to acidification has been correlated with a 

sharp fall in the dipper population. Reduction in fish populations is also thought to exert and 

influence on otter populations.

2.4 Causes of Acidification

Acidification of lake waters has been attributed to a number of causes: i) natural acidification 

with the leaching of base cations from catchment soils over periods of thousands of years; ii) the 

acidification of rain by release of anthropogenic air pollutants into the atmosphere; iii) human 

modification of catchment soils and vegetation. With the realisation that more and more lakes 

were becoming acidified in upland areas of Europe and North America (Flower & Battarbee, 

1983; Brakke et a l , 1987; Fritz et al., 1990; Charles et al., 1990), many research projects were 

undertaken to ascertain the sources of acidity and causes of acidification (Rosenqvist, 1981; 

Battarbee et al., 1985a; Gorham et al., 1986; Birks et al., 1990; Kreiser et al., 1990; Kaufmann 

et al., 1992). These three potential causes are now considered in more detail before the relative 

importance of each is assessed.
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2.4.1 Natural Acidification

Natural acidification of lakes in former glaciated regions has been shown to have occurred where 

there are base-poor soil forming materials derived from acid bedrock with low weathering rates 

(Atkinson & Haworth, 1990; Renberg, 1990; Whitehead et al., 1990; Renberg et a l ,  1993a; 

Korsman & Segerstrom, 1998; Pienitz et al., 1999). During soil formation in the early Holocene, 

parent rock was broken down by weathering to form clay minerals which have an overall negative 

charge, balanced by adsorbed base cations. Decomposition of organic materials formed organic 

acids which dissociate in water to give protons (H+) and a net negative charge. Acidification of 

soils occurred when the proportion of the exchange complex occupied by base cations decreased 

and were not replaced through further weathering. Progressive leaching and loss of base cations 

from the soils, leading to soil acidification and runoff to surface waters during the post-glacial 

contributed to the natural acidification process in Sweden (e.g. Renberg et al., 1993a) and the 

Adirondacks, North America (Whitehead et al., 1990). Changes in the terrestrial ecosystem with 

long term alkalinity losses were also hypothesised to have caused recent surface water 

acidification as lakes became more sensitive to acid deposition (Krug & Frink, 1983)

Natural acidification has been linked with post-glacial evolution of catchment vegetation 

(Whitehead et al., 1990; Steinberg et al., 1991; Huvane & Whitehead, 1996; Korsman & 

Segerstrom, 1998). The development of non-deciduous woodland in cool temperate climates was 

postulated to have acidifying effects through processes such as nutrient uptake during forest growth, 

decreases in soil base saturation and accumulation of humic materials in the soil. Accelerated 

leaching and loss of base cations, humus build-up, lowered soil pH and increased availability of 

organic acids associated with development of conifer woodlands led to an acidifying effect in the late- 

glacial/early Holocene in the Adirondacks (Whitehead et al., 1990). Increases in soil and lake acidity 

were found following changes in the composition of catchment vegetation, for example the expansion 

of hemlock (Whitehead et al., 1990; Huvane & Whitehead, 1996) and the arrival of spruce 

(Salomaa & Alhonen, 1983; Engstrom & Hansen, 1984; Whitehead et al., 1990). Decreases in 

acidity have also been found with catchment disturbance such as forest fires (Huvane & 

Whitehead, 1996; Korsman & Segerstrom, 1998) while changes in catchment vegetation have 

also resulted in no change in the acid status of lake waters (Korsman et al., 1994).

Paludification (waterlogging) of catchment soils associated with high precipitation and impermeable 

soils has been reported in studies coincident with acidification effects (e.g. Round, 1957; Huttunen et 

a l, 1978; Engstrom & Hansen, 1984; Renberg, 1990; Renberg et a l ,  1993b; Korsman & 

Segerstrom, 1998). This has generally been attributed to a deterioration in climate with increased



rainfall and decreases in effective evapotranspiration in association with leaching of bases from 

catchment soils, development of a hard pan (deposition of iron compounds to form an impervious 

layer) leading to waterlogging of soils and the development of peatbogs. This leads to natural 

acidification effects in soils and is accelerated with increased humus development (and associated 

organic acidity) (e.g. Korsman & Segerstrom, 1998). Natural acidification effects dominated by 

organic acids occurred in tandem with peat development in the Lake District (NE England) 

around 7,500 BP (Round, 1957). Accumulation of peat above the water table can have the effect 

of isolating minerotrophic inputs from ground water causing acidification in the absence of 

buffering (Gorham et a l, 1984). Acidification in Finland was also demonstrated in conjunction 

with hydroserai development - a transition from extensive open water to a vegetation-dominated 

semi-terrestrial ecosystem and the emergence of a peat environment (Korhola, 1992).

Within the context of natural acidification, the influence of organic acidity is an important 

contributing factor. However the contribution of organic matter to the acidity status of surface 

waters is still poorly understood. Many lakes and streams in areas sensitive to acidification also 

have waters with very high concentrations of dissolved organic matter, with a considerable humic 

acid contribution (Brakke et al., 1987; Kaufmann et a l, 1992; Kortelainen, 1992). Organic acids 

have been known to decrease lakewater pH by 0.5-2.5 pH units in waters with very low ANC (0- 

50 fig I'1) (Driscoll et al., 1994). In the Adirondacks organic acidity contributes over 90% of the 

hydrogen ions in 41% of the study lakes (Driscoll et al., 1994). Brakke et a l  (1987) concluded 

that organic acids make lakes more sensitive to acid deposition but have not been a primary cause 

of pH declines. Gorham et a l, (1985 & 1986) found that organic acids were responsible for low 

pH values in unpolluted bog waters and demonstrated that organic acids act as important sources 

of acidity in aquatic environments in Nova Scotia, causing acidification of naturally acid surface 

waters but only in the presence of acid deposition. Kaufmann et a l  (1992) attempted to evaluate 

the importance of organic acidity in acid deposition-dominated waters. They found substantial 

organic acidity where organic anion concentrations were 20-45% of the sum of the ratio of 

organic anions to strong acid anions (e.g. S 0 42'and NO3').

Although pH has been considered of primary importance in surface water acidification, DOC and 

organic acids can have substantial ecological impacts in aquatic systems. The poor 

understanding of the role of organic acids and their chemical properties with regard to the 

acidification of freshwaters has meant that humic waters have often been omitted in empirical 

critical load models (Henriksen et a l,  1992; Battarbee et al., 1996). The dual role of humic
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substances complicates our understanding of their contribution to aquatic ecology and 

necessitates further study of DOC in different environments.

2.4.2 Acid Deposition

The response of surface waters to acid deposition is well documented (Aimer et al., 1974; 

Gorham et a l,  1984 & 1986; Schnoor & Stumm, 1985; Ormerod & Wade, 1990). The threat of 

‘acid rain’ (first coined in Air and Rain, by Angus Smith (1852)) was highlighted in the 1960’s. 

The Swedish scientist Svante Oden published river and precipitation data in a newspaper article 

with widespread evidence of acidification of surface waters in acid sensitive areas. The scale of 

the phenomenon was quickly realised (Charles et al., 1990; Kaufmann et al., 1992). The acidic 

components of acid deposition include SO2, NOx (oxides of nitrogen) and small amounts of 

hydrochloric acid, all by-products of industrial processes which are released in the atmosphere 

(Cresser & Edwards, 1987). Other anthropogenic sources include agriculture, domestic fires and 

NOx from motorised vehicles. Sulphur and to a lesser extent nitrogen derived from natural 

sources can be a component of precipitation in low acid deposition areas (Moss, 1980). Sources 

of sulphur sources include biogenic origins (e.g. the reduction of sulphur by marine algae), sea- 

spray and geothermal (volcanic) activity and nitrogen is derived from ecosystems losses through 

biological processes (Davison & Hewitt, 1992). In maritime regions open water and mudflat 

algal activity produces dimethyl sulphide (DMS) and can account for a significant proportion of 

sulphur in precipitation affecting the equilibrium pH of rain (Turner & Liss, 1983; Farrell et a l ,  

1993).

The acceptance by UK politicians that surface water acidification was caused by industrial 

emissions has resulted in protocols for reductions in sulphur emissions, declines in deposition in 

the 1980s with a degree of recovery in freshwaters (Allott et a l, 1992; Allott et al., 1995a). 

However, this decline in sulphur deposition has been coupled with increasing nitrogen emissions 

and an increase in the importance of nitrogen as an acidifying input to surface waters (Allott et 

al., 1995b). Sources of nitrogen are mainly associated with increased vehicular traffic and 

transport emissions. Nitrate export from catchments has become an important component of 

episodic surface water acidification associated with stormflows and snowmelt, whereas sulphate 

is generally a more important component in chronic acidification. Nitrogen emissions have now 

replaced (in terms of importance) sulphur in critical load prediction models (Allott et al., 1995b).

Physical and chemical transformation of these emissions in the atmosphere through the 

interactions with oxidising species and ammonia (from domestic animals) produce strong
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sulphuric and nitric acid compounds. These transformations can occur in both dry and aqueous 

phases and typically fall from the atmosphere as wet, dry or occult (mist, fog) deposition 

(Schnoor & Stumm 1985). The relative contribution from these different sources has important 

consequences for transportation from source, chemical state and uptake.

Acid deposition is modified by a number of chemical processes as it passes through catchment 

vegetation, soils and geology, before reaching surface waters. These processes have already been 

outlined in section 2.2. Most important is the degree to which anthropogenic sulphate is involved 

in cation exchange processes and retained in the catchment soils. The accompanying cation, Ca2+ 

in well buffered systems or H7A13* in poorly buffered systems, is of vital importance. The length 

of time in contact with catchment surfaces has important implications for uptake or chemical or 

physico-chemical reactions such as ion exchange. Waters acidified by acid deposition have 

elevated sulphate which is exchanged for H* and Al3* in soils and the mobile anion (S 042r) 

accompanies H* in the drainage water. Alkalinity is lowered as base cations are used up to 

counteract the increase in H* concentrations. This reduction in alkalinity and lowered pH levels 

has the further effect of increasing concentrations of metal cationic species (e.g. aluminium) 

(Cresser & Edwards, 1987). Waters in sensitive regions without acid deposition are generally 

calcium-magnesium-bicarbonate dominated waters, whereas areas subject to acid deposition 

commonly have sulphate dominated waters, with high levels of aluminium and pH < 5.5 (Reuss et 

al., 1987; Kaufmann etal., 1992).

2.4.2.1 Deposition of Marine Salts

An important natural deposition influence in the acidity status of surface waters close to coastal 

areas is the ‘sea salt effect’. Maritime influences are best seen in oligotrophic unpolluted 

environments where surface waters are dominated by sodium and chloride ions (Gorham et al., 

1986; Farrell et al., 1993). These ions are derived almost entirely from marine origins and are 

not influenced by catchment processes, therefore their measurement in surface waters enables 

estimation of the marine influence. Sea spray can play an important role in determining the 

overall ionic composition of surface waters.

Deposition of neutral sea salts on catchment soils can result in a cation exchange reaction with 

sodium displacing hydrogen ions (Wicklander, 1975). This exchange reaction reduces the acidity 

of the soil but increases the acidity of the soil solution which can, in turn, contribute to runoff to 

streams. Episodic inputs of sea salt rich precipitation to acid soils can cause acidification of 

runoff. During periods of high rainfall catchment discharge (drainage) is known to cause pH
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declines and disturbances to base cation equilibria, and the influence is accentuated when forestry 

is present in a catchment (Langan, 1989; Allott & Brennan, 1993; Farrell et al., 1993). Hence 

storm events are very important in terms of annual deposition variation and the base cation 

contribution. The episodic nature of these acidification events complicate the acidity status of 

naturally acid waters, and is under-represented in the literature (Hemond, 1994). These events, 

however, are not thought to account for any long term acidifying effects, although recovery can 

take from days to weeks (Wright et al., 1988).

It is known that unusual conditions are found in lakes near to the west coast of the UK where the 

influence of large marine inputs on sensitive systems is a matter of concern (D. Monteith, pers. 

comm.). These inputs may interfere with ionic equilibria and influence surface water acidity in 

ways which invalidate some assumptions implicit in predictive models (Flower et al., 1994). Sea 

salt calcium corrections are necessary to predict the occurrence of acidified waters more 

accurately. In addition to known episodic processes (Wicklander, 1975; Langan, 1989) cyclical 

changes over longer periods associated with marine ion concentrations could also be affecting 

changes in non-marine ions in these catchments.

The relative contribution of marine [and pollutant] inputs therefore, from wet, dry and occult 

deposition, is important in the overall acidification effect (Allott & Brennan, 1993). In forested 

catchments the marine contribution will vary over the period of forest growth with increasing 

evapotranspiration as the forest matures. Climate deterioration with increased rainfall also has 

implications for marine influence on surface water acidity with increases in the frequency of sea 

salt loadings on catchments.

2.43 Human Modification of Catchment Soils and Vegetation

The importance of soil type in determining the acid neutralising capacity of catchments was 

introduced in section 2.2. Land-use change may alter relationships between soils and drainage 

waters and therefore has important consequences. In upland areas, two land-use changes have 

particular implications for surface water acidity; (i) improvement of marginal land for agriculture 

with the addition of fertilisers and lime and (ii) plantation forestry. A national strategy of liming 

upland catchments to ameliorate acidification was adopted in Sweden but is not widely practised 

in the UK (cf. Underwood et al, 1987) and is not considered in any detail in the current research. 

Land improvements in the form of drainage operations and addition of fertiliser have affected 

base status of soils, acid neutralisation capacity and water residence time. In the long term these 

changes have altered the soil chemistry and soil-water interactions (Homung et al., 1990) with
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consequences for soil biogeochemical cycles (Reynolds & Ormerod, 1993). Both acidification 

(Merilainen et al., 1982; Anderson & Korsman, 1990) and alkalisation effects (Renberg et al., 

1993b) have been attributed to anthropogenic land-use changes.

The increase in the development of plantation forestry in Britain and Ireland has coincided with 

the discovery of widespread surface water acidification and has been implicitly linked with the 

debate on causes of acidification. Studies of drainage waters draining forested catchments have 

indicated that afforestation has an exacerbating effect on surface water acidification (Harriman & 

Morrison, 1982; Stoner et a l, 1984; Miller et al., 1990; Sverdrup & Warfvinge, 1990; Ormerod 

et al., 1991). Planting rates of 30,000 hectares per year are estimated for Ireland with much of 

this on unproductive upland mineral and peatland soils (Allott & Brennan, 1993). Similarly, in 

Wales, about 11% of the hill grazing land in areas with acid soils is afforested (Reynolds & 

Ormerod, 1993). This expansion of forestry has meant that many upland streams and lakes now 

receive drainage waters from wholly or partly forested catchments.

The effects of afforestation on the ecology of surface waters include physical changes (land 

modifications, flow pattern changes and erosion) (Feger, 1994), chemical changes through 

fertiliser input and canopy and soil modifications of pH, Ca2+ and Al3* (Ormerod et al., 1991) 

and biological effects (heat and light, reduced diversity) (Harriman et al., 1994). The acidifying 

role of forestry has been attributed to a number of mechanisms (Harriman & Morrison, 1982; 

Ormerod et al., 1991):

- canopy interception of pollutants from the atmosphere

- canopy interception of neutral sea salts

- evapotranspiration and increased canopy solute concentration

- soil acidification with base cation uptake by trees

- improved drainage and reduced neutralisation contact time in soil

- increased oxidation of organic matter.

All vegetation acts as a filter to incoming precipitation. Rainfall contains atmospheric aerosols, 

marine salts and pollutants and these are intercepted by vegetation. Vegetation also collects 

aerosols and pollutants between periods of rainfall as dry deposition. Different types of 

vegetation vary in their effect, with taller vegetation scavenging atmospheric pollutants more 

effectively due to their greater surface area (Harriman & Morrison, 1982). These solutes are 

concentrated by evaporation from the canopy and then brought into solution during precipitation,
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as wet deposition (Ormerod et al., 1991). Canopy throughfall and stemflow, therefore, may have 

a considerably higher concentration of solutes than bulk precipitation (Homung et al., 1990; 

Farrell et al., 1993). Trees also remove base cations and water from the soil by means of the root 

system and concentrate solutes in the surrounding soil. Increased levels of evapotranspiration can 

affect runoff levels and, in turn, reduce baseflow. The proportion of well buffered baseflow in 

streams, therefore, is potentially diminished. Additionally, the drainage channels created in 

plantation forestry can also act as conduits for acidic run-off, by-passing the buffering processes 

of the soil system (Harriman et al., 1994).

The increase in plantation forestry in upland areas has meant widespread cultivation of peatland. 

Afforestation of blanket bog with alien species has important implications for alterations of the 

hydrological balance (Heathwaite, 1993). Preparation for planting of peat soils requires 

substantial drainage operations and deep ploughing. The soil becomes drier with drainage and 

results in the aeration and decomposition of organic matter. The release and transport of DOC 

and organic acidity from forested ecosystems has been examined in a range of studies (Cronan & 

Aiken, 1985; Moore, 1989; Miller et al., 1990). These confirm that DOC is an important factor 

in the acid/base chemistry of some surface waters, with different management practices affecting 

DOC fluxes, with short term acidifying effects. Cronan (1990) identifies tree type, season, 

chemistry of canopy throughfall and drainage pathways as influencing factors in the relationship 

between DOC concentration and afforestation. In general the contribution o f H* from dissociated 

organic acidity to free acidity in runoff to surface waters has been found to be greater in 

afforested catchments, but greatly reduced in the presence of high acid deposition (Westling, 

1990). Drainage operations also mean potential loss of an important peatland habitat which has 

important implications in terms of climate change (Heathwaite, 1993).

Natural variability, long-term acidification, anthropogenic land-use change and acid deposition 

have all been hypothesised to explain the causes of acidification observed in upland waters in 

recent decades. Interest in the relative importance of each of these possible causes led to many 

studies (e.g. Jones et al., 1986; Atkinson & Haworth, 1990; Renberg, 1990; Steinberg et a l, 

1991; Renberg et al., 1993a) which considered the merits of different hypotheses for recent 

acidification. The results confirmed that anthropogenic acid pollutant deposition is the primary 

cause of acidification in recent decades. Many of these studies used palaeolimnology and diatom 

analysis to test these different hypotheses.
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2.5 Diatoms and Surface Water Acidity

Diatoms are a form of unicellular (and colonial) algae in the class Bacillariophyceae (Lee, 1980). 

They may be distinguished from other algae by the presence of silica in their cell walls. This 

class is highly diverse and its species inhabit both marine and freshwater environments. Round & 

Sims (1981) estimate that approximately 70% of diatom genera are marine, 17% freshwater with 

the remainder occupying both habitats. A wealth of information on species type and habitat 

description was collected in the nineteenth and twentieth centuries by amateur naturalists and this 

led to interest in distribution ecology. However, it was not until the early 1900’s that diatoms 

came to the attention of Limnologists and the potential use of diatoms as indicators of water 

quality was realised. The relationship between diatoms and acidity was first quantified by 

Hustedt (1937-1939). The Hustedt pH classification system is based on the modem diatom flora 

of Java, Sumatra and Bali. The diatoms are divided into five different categories of pH 

tolerances (Table 2.2). The classification system became well established with many species 

exhibiting well defined pH optima and tolerances. Diatoms are now widely used as biological 

indicators of the acid status of surface waters and are used in historical reconstructions of lake 

water chemistry (Battarbee, 1984; Ronkko & Simola, 1986; Anderson (N.J.) et al., 1986; 

Stevenson et a l, 1991; Dixit et al., 1993).

Many modifications have been made to the classification system over the years but it still is 

generally accepted and commonly used by diatomists world-wide (Battarbee, 1984). Other 

diatom classifications for ecological indicator values (e.g. salinity, trophic state, nitrogen, 

saprobity) have been developed to enable interpretations of surface water quality from 

contemporary diatom assemblages (e.g. Denys, 1992; van Dam et al., 1994). The indicator 

values for the individual taxa are based on published observations over wide geographical areas. 

This spatial information on contemporary ecological conditions for diatoms can therefore act as a 

modem analogue for fossil diatoms contained in stratigraphic data and enable historical 

reconstruction of past conditions.

Table 2.2: Hustedt pH classification system
1. alkalibiontic - exclusively occurring at pH > 7

2 . alkaliphilous - mainly occurring at pH > 7

3. indifferent - occurring equally on both sides of pH 7

4. acidophilous - mainly occurring at pH < 7

5. acidobiontic - optimal occurrence at pH <5.5
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Interpretation of diatom assemblages and surface-water chemistry requires a modem calibration 

or training-set of diatom assemblages. These modem diatom assemblages can be related to 

different chemical determinands and subsequently modelled. The modelled responses are then 

used for data-set calibration to infer the environmental variables from the diatom assemblages 

preserved in the lake sediments. The first procedure involving a ‘transfer or calibration function’ 

for quantitative reconstruction of past environmental variables from fossil species assemblages 

was devised by Imbrie & Kipp (1971). They worked on marine foraminifera as proxy-data for 

ocean surface temperatures and salinity. Since then different regression and calibration 

techniques have been developed for different types of data. Increasing interest in lake 

acidification was the driving influence in the development of models for pH calibration functions. 

The most popular technique for modelling the diatom pH relationship has been the weighted 

averaging (WA) regression and calibration method (ter Braak, 1987) where average species 

optima and tolerance in relation to pH are weighted by species abundance. WA has been applied 

in many studies (e.g. Birks et al, 1990; Huttunen & Turkia, 1990; Hall & Smol, 1992; Pienitz & 

Smol, 1993; Odland et al., 1995). Whole assemblages are used in training-set calibrations with 

the assumption that the species composition of a surface sediment sample accurately represents 

the composition of the whole lake diatom community (cf. Jones & Rower, 1986). Calibration 

data-sets, therefore, include species with both narrow and wide ecological ranges.

Two types of diatom-chemistry training-sets have been formulated. The first consists of data 

based on a limited geographical area with similar regional conditions such as climate, soil type, 

geology, vegetation, and anthropogenic impacts, to enable comparison between different chemical 

conditions. Examples of small training-sets include 35 lakes in Canada (Dixit et al., 1988), 33 

lakes in south-west Scotland (Rower, 1986), 22 lakes in Canada (Pientiz & Smol, 1993) and 31 

lakes in south-east England (Bennion, 1993). These data-sets potentially provide surface 

sediment diatom assemblages of comparable taxonomy, preservation quality and similar 

sedimentary environments. Local data-sets are highly influenced by local conditions and may 

have limited application to other sites outside the immediate region (Birks, 1995). The second 

type of data-set consists of much more widespread data spanning different regions. The 

production of national or international data-sets (or amalgamation and harmonisation of local 

data-sets) has enabled the production of calibrations with more easily transferable application. 

National and international training-sets include the ‘Paleoecological Investigation of Recent Lake 

Acidification’ (PIRLA) II data-set incorporating 146 lakes across the US (Kingston & Birks,

1990) and the ‘Surface Water Acidification Programme’ (SWAP) training-set of 179 sites from 

Ireland, the UK, Norway and Sweden (Stevenson et a l, 1991).
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2.5.1 Palaeolimnology

Lakes lie at the lowest point in their catchment and as a result act as a collecting point for 

materials washed down through the catchment and material produced within the lake itself 

(Wetzel, 1975). In ideal conditions the sediment provides a chronological record of sediment 

deposits. A small part of lake sediments consist of littoral detritus, planktonic and zooplanktonic 

remains, diatoms and pollen. Analysis of these materials can act as a source of information on 

lake development, catchment processes and anthropogenic influences (Hakanson & Jansson, 

1983). The close relationship between lake communities and their physico-chemical environment 

and fossil remains forms the basis of the development of ‘palaeolimnology’ as a science. Frey 

(1988) defines palaeolimnology as “the interpretation of past limnology from changes that 

occurred in the ecosystem of the lake, and their probable causes” (p: 8 ). Signals or markers of 

these changes accumulate in the lake sediment record and the study of this record involves 

sediment coring, sediment dating and the analysis of the physical, chemical and biological 

stratigraphy of sediment cores (Battarbee, 1991).

Many lake sediments contain rich and varied fossil assemblages in different stages of 

preservation. These groups include diatoms, pollen, algae, cladocera and chironomids (Moss, 

1980). The high concentrations, diversity, observed sensitive response to changes in water 

quality and degree of preservation of diatoms in lake sediments has ensured their popularity in 

palaeolimnological reconstructions (Battarbee, 1991). Siliceous cell walls ensure the cells are 

rigid and, more importantly from a palaeolimnological point of view, allows preservation of 

diatoms as fossils in sediments and enables taxonomic characterisation of fossil remains (Lee, 

1980).

The state of preservation of fossil diatoms has implications for inferring chemistry from diatom 

assemblages (Rower, 1993). Taphonomic studies encapsulate all the processes that modify 

diatom frustules after death as well as transport processes to the sediment (Cameron, 1995). 

Frustule corrosion or dissolution is generally not a major issue in acidic waters and is more often 

associated with high pH and salinity when diatom frustules appear to dissolve (Flower, 1993). In 

some instances frustules dissolution can lead to significant sample losses, gaps in the diatom 

record and bias in favour of more robust species (Ryves, 1994). No sedimentary assemblage is 

unaffected by dissolution. Periods of higher biological productivity, however, may be associated 

with dissolutional phases and differential dissolution can occur between species and sites. Causes 

of dissolution are not well understood and may result from a number of factors including
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sedimentation processes, ionic composition, pH, turbidity, temperature and sediment mixing 

(Ryves, 1994).

Fragmentation of frustules or particles too small to be counted can also present problems for 

assemblage interpretation. This can occur at any stage during the life-cycle or during 

incorporation into the sediment. Differential preservation can also be a problem with a few 

robust, or highly silicified, species being over represented and thin walled diatoms such as 

Synedra and Fragilaria found in lesser quantities. Biological and physical factors in the 

sediments can be a major influencing factor in the representivity of the diatom assemblage. 

Sediment mixing due to biological (bottom living fauna and microbes) and physical factors 

(currents) could potentially have the effect of masking any diatom response to chemical changes 

in the water column. Bias can occur with certain species that are easy to identify and are over

represented in assemblage enumeration. Basin morphometry may also have implications with 

under-representation of littoral species where there is low littoral area to lake volume ratio.

The use of diatom species data as bio-indicators or proxy-data for environmental variables has 

enabled quantitative reconstruction of past environmental variables such as lake water pH 

(Battarbee, 1984; Jones et al., 1986; Patrick & Stevenson, 1990; Anderson & Korsman, 1990), 

salinity (Fritz et al., 1991; Wilson et al., 1996; Reed, 1998), phosphorous (Hall & Smol, 1992; 

Bennion, 1993) surface water temperature (Pienitz et al., 1995) and DOC (Davis et al., 1985; 

Stevenson et al., 1991; Kingston & Birks, 1990; Pienitz & Smol, 1993; Pienitz et al., 1999). 

Interpretation of diatom fossil assemblages and reconstruction of past surface-water chemistry 

requires modem calibration data (training-set) along with diatom counts from dated depths in lake 

sediment cores (Battarbee, 1986).

Interpretation of diatom biostratigraphy must include some form of dating. A sediment 

chronology helps support the sequence of events determined in any palaeo-environmental 

research. The naturally occurring radionuclide 210Pb is routinely used for dating recent lake 

sediments (c. last 150 years) and can be validated using artificial radionuclide records from 

Chernobyl (1986) and weapons test fallout (1963) (Oldfield & Appleby, 1984). Older sediments 

are dated using the radiocarbon (14C) method (Goh, 1991) to provide a general framework to 

understand the long term evolution and history of sediments in the lake.

Palaeolimnological studies have expanded rapidly in the last twenty years and the number of 

lakes cored is increasing (Battarbee, 1991a). A variety of themes have been investigated using



palaeolimnological techniques including species and assemblage persistence, species and 

assemblage antiquity, rates and directions of change in lake productivity, rates and directions of 

change in lake acidity, change in lake salinity and changes in lake basin morphometry (Anderson 

& Battarbee, 1994).

2.6 Palaeolimnology and Surface W ater Acidification

Research on recent lake acidification has been facilitated by the use of palaeolimnological 

techniques and palaeo-investigations have been particularly prominent in the debate on causes of 

acidification (Charles & Whitehead, 1986; Flower et a l., 1987; Kreiser et a l ,  1990; Fritz et al., 

1990; Anderson, 1993). Investigations have been based on the hypotheses of surface water 

acidification [the mechanisms of which were introduced in section 2.4] natural acidification, land- 

use management and change and anthropogenic acid deposition. Information on the onset of 

acidification, trends, magnitude and intensity of the signal was compared to sediment dates, 

documentary and historical sources of land-use, forestry and air quality records to enable 

determination of possible causes (Battarbee, 1992).

A time-trend graph by Charles et al., (1994) encapsulates the results of palaeolimnological 

investigations into the causes of acidification (see Figure 2.2). This illustrates a generalised 

historical trend in acidity for currently Clearwater, low pH glacially-formed lakes in the northern 

temperate zone, from a region receiving acid deposition and influenced by anthropogenic land-use 

change.

Acidity

acidic deposition

land-use change

natural

10,000 yrs. BP present

Time (years)

Figure 2.2: Generalised time-trend in acidity (based on palaeolimnological data) (from 
Charles et al., 1994:119)
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Palaeolimnological techniques have been used to study gradual long-term natural acidification 

associated with evolution of catchment soils and vegetation (e.g. Huttunen et a l, 1978; Pennington, 

1984 Atkinson & Haworth, 1990; Renberg, 1990; Korsman & Segerstrom, 1998). Declines in 

pH over 1,000’s of years are generally inferred with the replacement of alkaliphilous diatoms by 

acidophilous diatoms. A period of natural acidification was inferred for Lake Makkassjon in 

Sweden (Korsman & Segerstrom, 1998) with declines from pH 6.9 to 5.6 over 3,000 years (post

6,000 years BP). A switch in species dominance from Cymbella/Navicula spp. to acidophilous 

Pinnularia biceps, Eunotia incisa and Frustulia rhomboides var. saxonica underpins the 

diatom-inferred increases in acidity at this site. Postglacial accumulation of organic matter and 

highly oligotrophic lake conditions represented by Frustulia rhomboides var. saxonica were 

hypothesised to represent natural acidification in Lake Hakojarvi in Finland (Huttunen et a l, 

1978). Soil and lake acidification occurred following deglaciation at Lilia Oresjon in Sweden 

with diatom inferred pH declines from 6.0 to 5.2 (Renberg, 1990). Further declines in inferred pH 

were experienced with deterioration in climate and paludification of catchment soils. The onset of 

peat formation at Loch Sionascaig in Scotland c. 4,000 BP (Atkinson & Haworth, 1990) was 

reflected by gradual declines in alkaliphilous diatom assemblages. An important point here is the 

time-scale over which natural acidification occurs. Renberg (1990) describes a slow process of 

increasing acidity between 7,800 and 2,300 BP as determined by the diatom record. Whitehead 

et a l, (1993) describe natural acidification occurring over 4,000 to 6,000 years, while Steinberg 

et a l, (1991) chart a natural acidification period over the entire Holocene period. These studies 

all emphasise the slow rate of natural acidification, typically c. 0.1 pH units per 1,000 years 

(Figure 2.3).

Palaeoecological studies have also demonstrated natural changes in catchment vegetation 

resulting in changes in surface water acidity. Pollen records from a northern Swedish boreal lake 

show progression from a deciduous woodland to pine forest consistent with diatom inferred 

declines in pH (Korsman & Segerstrom, 1998). These events suggest a lowering of base 

saturation in soils and an accumulation of acid humus. The transition from tundra to boreal 

forest (characterised by conifers) in eastern Labrador saw a progressive deterioration of soil 

conditions with gradual build-up of waterlogged forest peat (Engstrom & Hansen, 1984). The 

influence of natural immigration of spruce in Sweden saw highly significant changes in diatom 

assemblages, suggesting increases in DOC concentrations (Korsman et al., 1994), but no 

acidification effects were inferred from the assemblage composition. Expansion of hemlock
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(Tsuga) in western Massachusetts, saw an increase in dystrophic taxa with a decline in levels of 

inferred pH and higher DOC levels in lakewaters (Huvane & Whitehead, 1996).

Recent acidification due to land-use change and land management as a primary cause has not 

been supported by palaeolimnological reconstructions. Many studies show acidification where no 

land use change has occurred (Flower et al., 1987; Fritz et al., 1989). Palaeolimnological 

investigations suggest that diatom-inferred pH can decline with changes in land-use, but these 

trends are not strong enough to cause significant acidification (Battarbee, 1984; Jones et a l, 

1986; Patrick & Stevenson, 1990; Anderson & Korsman, 1990). Flower & Battarbee (1983) 

suggest that a decline in Cyclotella around AD 1600 in a Scottish Loch indicate an increase in 

acidity associated with land-use or climatic change. In one unusual example, agricultural 

activities and drainage of peatlands in a coastal Swedish catchment resulted in re-oxidation of 

sulphur (normally reduced in anoxic conditions) and the formation of sulphuric acid, causing 

severe acidification (Renberg, 1986). However, it is generally accepted that alterations to land- 

use in a catchment are not thought to be the sole cause of lake acidification but it can be a 

contributing factor. There is also evidence to suggest that agricultural and grazing influences can 

increase base saturation and pH of soils with effects in surface waters (Renberg et a l , 1993a). A 

change from acidophilous to alkaliphilous diatom species occurred between 2,300-1,000 BP in Sweden 

and is interpreted as ‘cultural alkalization’ associated with land-use change (Renberg et a l, 1993b).

In the context of the impact of recent conifer afforestation on surface water acidity, 

palaeolimnological investigations have provided important data (Flower et a l ,  1987; Fritz et a l,  

1990; Kreiser et a l,  1990). Flower et a l  (1987) examined acidity trends at forested and non

forested lake sites in Galloway, Scotland. They found that afforested sites were already 

acidifying before planting, however, two periods of maximum acidity were found at Loch 

Grannoch, coinciding with phases of catchment afforestation. Inwash of catchment diatoms from 

ploughing operations confused the afforestation signal in the diatom record. Kreiser et a l  (1990) 

examined forested and non-forested sites in a region of high and a region of intermediate acid 

deposition in Scotland. Acidification occurred at all sites since the mid-nineteenth century 

suggesting that anthropogenic industrial activity is the source of acidity. Acceleration of 

acidification, however, is linked to the planting of conifers in the catchment of Loch Chon, 

located in the high deposition region. Kreiser’s work is paralleled by Fritz et a l  (1990) in North 

Wales. The results of Fritz’s research support the acidifying effect (identified in Scotland) on the 

chemistry of waters draining afforested catchments, but not as a primary cause. These results 

confirmed that an afforestation effect per se is not the cause of acidification, but that
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afforestation has a coincidental or synergistic effect with acid deposition. This effect is via 

increased scavenging of atmospheric pollutants by the canopy with a transfer of acidity to lake 

waters.

Within the context of humic waters, surface-water organic matter concentrations have been 

studied from a historical perspective (Huttunen et al., 1978; Huttunen et al., 1988; Renberg et 

al., 1993a; Steinberg et al., 1991; Korsman et al., 1994; Reinikainen & Hyvarinen, 1997; Pienitz 

et al., 1999). Huttunen & Merilainen (1986) recognised the importance of organic content in water 

and the difficulties in interpreting past changes of humic matter. They observed organic matter 

influencing the illumination zone, the energy flow and also the whole biology of a lake. 

Palaeolimnological reconstructions of DOC have contributed information to the investigation of 

the causes of acidification, particularly with regard to the debate of the role of natural versus 

anthropogenic acidification (Steinberg et al., 1991; Anderson, 1993). Two distinct phases in 

reconstructed DOC histories have been detected. First, is the natural phase with postglacial 

development of soils and vegetation in the catchment where organic acids are the main cause of 

increasing acidity (e.g. Steinberg et al., 1991; Korsman & Segerstrom, 1998). Second, is the 

anthropogenic phase with mineral acid deposition where organic carbon decreases with declines 

in pH (Davis et al., 1985; Kingston & Birks, 1990).

Convincing evidence links acid deposition with surface water acidification (Charles & Whitehead, 

1986; Flower et al., 1987; Kreiser et a l, 1990; Fritz et a l,  1990). Declines in lakewater pH are 

inferred to occur with increases in acidobiontic species (Eunotia exigua and Tabellaria 

quadriseptata) and declines in circumneutral (Achnanth.es minutissima and Brachysira vitrea) 

and acidophilous taxa. The rate of change in these studies is rapid, occurring over the last few 

hundred years, and coincident with the industrial revolution (Figure 2.3). Increases in acidity of 

the order of 1-2 pH units have been inferred from changes in diatom assemblages (Flower & 

Battarbee, 1983). From the many lakes studied, the results indicate that recent acidification is 

clearly evident in most upland areas as a result of the increased deposition of atmospheric 

pollutants (Charles et al., 1990; Whitehead et al., 1990; Jones et al., 1993).

2.7 Summary

This chapter has examined the various factors that influence surface water acidity, the possible 

causes of acidification, and the use of diatoms and palaeolimnological techniques to elucidate 

historical events. The role of sensitive geology and catchment soils such as peat was highlighted 

with their limited acid buffering capacity and the resultant transfer of acidity from terrestrial to
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aquatic environments. Particular attention was focused on humic waters draining peatland 

catchments and the chemical and ecological significance of high levels of DOC. The use of 

palaeoecological data has helped confirm distinct phases of acidification, but not at all sites. 

Factors such as catchment geology, soils, vegetation and hydrology all have influential roles in the 

susceptibility of lakewaters to environmental change. A slow rate of natural post-glacial 

acidification occurred in some lakes with landscape evolution between 10,000 and 3,000 years 

BP. Alternating acidification/alkalization periods associated with land-use change have occurred 

in some lakes over the past 2 ,0 0 0  years and finally more rapid widespread acidification has 

occurred with mineral acid deposition in the last 2 0 0  years.

This review provides a basis for the application of palaeolimnological techniques in the Irish 

context. The objective of this thesis (as outlined in Chapter 1) is to produce a temporal 

assessment of surface water acidity, in the absence of historical records. Chapter 3 now 

introduces the study area in more detail.
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CHAPTER 3 

The Study Area

3.1 Introduction

This chapter provides a description of the Connemara study region. Included is a brief account of 

the physical geography, geology and soils, climate and vegetation. This provides a general 

context for the study sites. The chapter concludes with a description of the study site selection 

criteria and their geographical characteristics.

3.2 Geography

Connemara is situated in western Ireland in Co. Galway (Figure 3.1). The current research 

encompasses a region in south-east Connemara south of the granite-limestone boundary 

delineated by the Galway-Oughterard road and spreads across the granite lowlands to the sea at 

Galway Bay. The name Connemara is derived from an ancient tribe that lived in this western 

region (Whilde, 1994). The area is renowned for its mountains, bogs and sparsely populated 

landscape (Figure 3.2). Iar Connacht or southern Connemara does not have the spectacular 

mountain scenery of the north but is readily identified by its low relief topography, extensive 

blanket bogs, an expansive network of lakes and streams and a small rural population that is 

mainly coastal. There is a very low population density in the region. The closest centre of 

population is Galway (24 km to the east) with approximately 100,000 people and no heavy 

industry. Present day land-use in south Connemara includes extensive sheep grazing, turbary 

(peat cutting by hand) (Figure 3.3) and coniferous plantation forestry (Figure 3.7).

The region’s lake and stream systems support an internationally renowned salmon and sea trout 

fishery. Only five recorded species of fish occur in freshwaters in Connemara reflecting their 

infertility; European eel, Atlantic salmon, Arctic char, brown trout (non-migratory) and sea trout 

(migratory). Declines in fish catches in recent years have led to concern over the state of the 

fisheries and possible adverse influences include surface water acidification as well as sea lice 

infestation, predation, overfishing and disease (Whilde, 1994). Low fish densities are 

encountered throughout the conifer afforested areas, although trout (Salmo trutta) has been 

observed spawning below pH 4.5 (Cooke & Reynolds, 1993). This implies that an indigenous 

fish stock with a high tolerance to acidity are resident in the forested catchment waters.
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Figure 3.2: Connem ara a) north, b) south
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Figure 3.3: Cutaway blanket peat bog, south Connemara 

3.3 Geology and Soils

The study area lies in the centre of a granite outcrop (Figure 3.4). The Galway Granite batholith 

occupies 1,000 km2 of south Connemara (Whittow, 1974). The batholith contains several 

plutons totalling five major granite varieties differentiated on the basis of geochemistry (e.g. S i0 2, 

A120 3, F e 0 3, K20 ,  Ba, Ce, Zr). Granodiorite predominates in the pluton (B. Leake, pers. 

comm.). Permo-carboniferous dykes occur within these granites (O ’Connell & Warren, 1988). 

Granitic rock is slow weathering and poor in base cations. A classification of rock groups in 

Connemara according to their acid neutralising capacity was carried out by Allott et al., (1990) 

and was used to predict the occurrence of waters sensitive to acidification (Table 3.1). The 

granite region in southeast Connemara constitutes the largest area of acid sensitive catchments 

(Group 2, low ANC) in the country according to this study (Allott et al., 1990).

Table 3.1: Classification of rock groups in Connemara according to their acid neutralising
capacity (ANC) (from Allott et al., 1990)
Group ANC Rock Types
1 Very low Quartzite and high quartzite sediments
2 Low Granite, Gneiss, Sedimentary Dalradian, Sedimentary
3 Medium Igneous basic, Sedimentaiy, Volcanic
4 High Marble
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Figure 3.4: Geology map of Connemara (source: W hilde, 1994)

Connemara is a glacial landscape with expansive stretches o f bare ice-striated rock, roche 

moutonees and drumlins. All glacial deposits are thought to be from the last glaciation and none 

are attributed to glacial-interglacial sequences (O’Connell & W arren, 1988). Glacial erosion had 

a severe scouring action and has resulted in this low relief landscape with rounded hills, largely 

devoid of drift and scattered with many enormous glacial erratic blocks. Only one hill 

(Shannawona) tops the 1,000 ft contour (346 m). A number of drumlins occur on high ground 

between Moycullen and Spiddle. Samples taken from these drumlins indicated that the 

constituent materials were 59% granitoid, 33% limestone and chert and 8% metamorphic 

(O’Connell & Warren, 1988). This suggests that the glacial movement was north to south as the 

closest source of metamorphic and limestone rock is immediately to the north.

Glacial deposits, where they exist, are thin and difficult to recognise because they are covered in 

postglacial peats. The high rainfall, poor mineralogical status of the underlying geology, low 

permeability and the development of the iron pan have contributed to the widespread development 

of blanket peat (Whittow, 1974; Doyle, 1982). This peat bog is classed as maritime peatland 

(Doyle, 1982) with pools of open water (Figure 3.5). M aritime bogs are ombotrophic, receiving 

their mineral supply from atmospheric deposition as there are limited mineral soils to supply 

minerogenic input via percolating waters (Gorham et al., 1985). Bog waters are naturally 

strongly acid with pH < 4.5. Decomposition is restricted because of the exclusion o f air and acid 

conditions are generated. This provides the ideal habitat for Sphagnum  which in turn increases



the acidity through ion-exchange mechanisms (Clymo, 1984). Blanket peat is the principle soil 

throughout Connemara. It is generally shallower on hill slopes (1-4 m depths were randomly 

recorded during this research) and very deep on flat ground where it overlies basins and hollows. 

In these latter areas depths of greater than 7 m have been recorded (P.J. M urray, pers. comm.). 

The peat cover is broken only by acid lithosols and podzolised soils on the coastal fringe 

(O’Connell & Warren, 1988). The growth of blanket peat is generally thought to have been 

initiated at a time of climatic deterioration and forest clearance about 4,000 years ago (O ’Connell 

et al., 1988; O ’Connell, 1990) and presently covers hills and flat ground (W hilde, 1994). The 

poor quality o f these soils have determined the limited land use categories in Connemara 

(extensive sheep grazing, conifer afforestation and peat harvesting).

Figure 3.5: Bog pool in blanket peat bog, south Connemara 

3.4 Climate

Connemara has a temperate oceanic climate. Precipitation levels reach 2,000 mm annually in the 

mountains north of the study area and decrease towards the coast. The high humidity and high 

rate of rainfall compared to low rates of evaporation is an important feature in maintaining 

blanket bog (Doyle, 1982). Connemara’s mild winters and cool summers are reflected in an 

average January temperature of 6°C and July temperature of 15°C (Whilde, 1994). Snowfalls are 

infrequent and, when they do occur, only stay on the ground for a few days. Ice rarely forms on 

lakes and rivers and groundfrost is more common inland. Annual surface water temperatures 

average between 8-10°C.
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3.4.1 Precipitation

The mean annual rainfall in the study region is 1,200 mm by the coast and 1,200-1,600 inland 

over the Galway granites (Whilde, 1994). The number of rain days ranges from 175 to 225 per 

year. The prevailing winds are south, south-west and westerly in direction carrying moist 

Atlantic air often laden with sea salts, but some from the south and east bring acidifying 

pollutants from industrialised areas (Farrell et a l, 1993). Precipitation is greatly influenced by 

airborne salts and it is generally accepted that 50% of the sulphate in rainfall is of marine origin, 

compared to just 30% on the east coast of Ireland (Bowman, 1991). The mean (volume 

weighted) pH of rainfall in 1991 was 4.88 (Farrell et al., 1993) and is indicative of an 

atmospheric input of acidifying pollutants to surface waters in the region. Sulphate deposition in 

the area is low, ranging from 0.12-0.37 g S m2 yr' 1 (Farrell et al., 1993) (Figure 3.6). This 

compares to 1.6 g S m2 yr' 1 for southwest Scotland and 1.2 g S m2 yr ' 1 for mid-Wales (Bowman,

1991). Table 3.2 illustrates ionic concentration, water fluxes and pH in precipitation in the 

region for 1991-1992 as well as results for forest canopy throughfall and stemflow (Farrell et al.,

1993). The canopy effect results in a concentration of ions and a reduction in pH. The high 

frequency of rainfall in western Ireland and the very variable meteorological conditions make 

identification of seasonal patterns of ionic concentration difficult (Bowman, 1991).

Table 3.2: Ionic concentrations (pmolcL1), water fluxes (mm) and pH in precipitation, 
forest throughfall and stemflow at Cloosh Forest, 1991-92 (Farrell et a l 1993: 26)_________

ur.n u+ vnjT/f+ Mrv r>o2+ m«+ r r  cr»H20
mm

PH IT NH4+ n o 3 Ca2+
pmolcL'1

Mg2+ K+ Na+ cr S 042'

Precipitation 1502 4.85 14 11 8.2 16 53 5.7 273 302 49
Forest throughfall 816 4.64 23 10 12 74 165 48 735 856 145
Stemflow 353 4.10 79 5.2 8.9 157 300 90 1033 1416 267

3.5 Vegetation

The present-day landscape is a conjunction of lake, bog and rock outcrops with the flora 

represented by Phragmites australis, Cladium mariscus, Carex limnosa, C. panicea, Schoenus 

nigricans, Eriophorum angustifolium, E. vaginatum, Calluna vulgaris and Molinia caerulea 

(Praeger, 1934; Doyle, 1982; Whilde, 1994). The peatland is characterised by the presence of 

black bog rush (Schoenus nigricans) as well as purple moorgrass (Molinia caerulea), bog cotton 

(Eriophorum angustifolium and E. vaginatum) and heathers Calluna vulgaris and Erica tetralix.

Its nutrient poor status is characterised by bog myrtle (Myrica gale) and bog asphodel 

(Narthecium ossifragum). The occurrence of Phragmites australis and Cladium mariscus in 

places suggest hydroserai succession where former lakes have gradually been filled in by peatbog

54



9

Figure 3.6: Sulphur deposition map of Ireland (g S n r 2 yr-l) (source: Jo rdan  1990)



(Praeger, 1934; Whilde, 1994). In these wetter areas Rhynchospora alba, Schoenus nigricans 

and Sphagnum  species predominate.

The region’s lake systems are considered impoverished with regard to aquatic plant life (Whilde, 

1994; van Groenendael et al., 1996). The growth of peatbog has meant that many lakes are 

surrounded by peat shorelines with little suitable substrate for macrophyte development (Figure 

3.7). The poor nutrient status of the surface waters and high acidity all contribute to a poor 

aquatic flora. Aquatic vegetation is represented by Juncus bulbosus, J. ejfusus, Potamogeton 

coloratus, Lobelia dortmanna, Phragmites australis, Cladium mariscus, Scirpus caespitosus, 

Jsoetes lacustris, Nymphaea alba, Nuphar lutea, Equisetum fluviatile, Menyanthes trifoliata  

and the bryophytes Fontinalis antipyretica and Scapania undulata. A survey of aquatic 

bryophytes in headwater streams indicated that the acid bryophyte Scapania undulata was highly 

dominant throughout catchments in afforested areas while Fontinalis squamosa was present in 

streams o f higher pH (Dalton, 1993).

Figure 3.7; Lake shoreline of peat

Palynological studies in Connemara have indicated that the retreat of ice began some 13,000 

years ago and tundra vegetation prevailed 10,000 years BP (O ’Connell et al., 1988; O ’Connell, 

1990). By 8,600 years BP a boreal-primeval woodland with Pinus, Quercus, Ulmus, Betula, 

Alnus, and Corylus was established. Podzilisation of the soils over the granites in the south-east 

was underway by 6,700 BP (O ’Connell, 1990). Between 6,000 and 4,000 years BP the climate 

became warm and wet and this was reflected by woodland decline and Mesolithic woodland
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clearance. The first evidence of humans is represented by Neolithic farming activity dated to 

5,100 BP, and this may account for much of the forest clearance during this period (O’Connell et 

al., 1988). The last of the natural woodland disappeared around 4,000 BP and peat bog 

development was well established by this time. The climate became drier during the Bronze Age 

period around 2,000 years ago with further deterioration during the Iron Age to present day 

‘warm wet’ conditions (Whilde, 1994). Some historical records indicate that woodlands existed 

in this region in the seventeenth century, but all these woods had disappeared prior to the 

introduction of government plantations in the 20th century (Whittow, 1974).

The only deciduous woodland to be found in the study region, Shannawoneen Wood, lies just 

north of Spiddle (Figure 3.1) and is thought to have only developed in the last 200 years (Whilde,

1994). The main canopy species is sessile oak (Quercus petraea) and some Betula penaula  with 

an understorey of Sorbus aucuparia, Corylus avellana and Fagus sylvatica

3.5.1 Plantation Forestry

In 1993, the state forestry company Coillte owned 16,520 hectares (39,648 acres) of forested 

land in the Connemara region (Whilde, 1994). Most of the plantations have been established on 

blanket bog or on poorer soils on the lower mountain slopes. The Cloosh forest plantation, in the 

study region, is part of the largest single area of conifer forest in Ireland (Figure 3.8). The forest 

consists of sitka spruce (Picea sitchensis) inter-mixed with lodgepole pine (Pinus contorta). 

Stocking densities are in the region of 4,000 trees per hectare. The forest has virtually no ground 

vegetation primarily due to lack of light and also due to the presence of a substantial acid litter 

layer. The forest was planted from 1953 onwards by the state forest service. Drainage channels 

up to 1 m in depth were created in the peat soils (P.J. Murray, pers. comm.).

3.6 Site Selection

Four river systems in south Connemara were selected for this study, the Cashla, Corrib, Crumlin 

and Owenboliska (Figure 3.9a & b). These rivers and their catchments were identified as acid 

sensitive in a study of streams in the region (Allott et a l, 1990; Allott et al., 1993). From these 

river systems 22 lakes were selected according to research criteria outlined below. Table 3.3 

shows basic site information (site names, site codes, river system, fishery and Grid Reference).

The lakes were selected to establish chemical variation in the region and to form the basis for a 

calibration or training-set for palaeolimnological reconstruction. The sites were initially chosen 

based on an earlier study of the inflow and outflow chemistry (Allott et a l, 1990; Allott et a l,
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Figure 3.8: Images of Cloosh Forest
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1993). Twenty-four lakes were chosen for study after a preliminary visit to the area in May 

1994. The study lakes occur on granite geology. Conifer afforestation is the major land-use in 

the area. For comparative purposes 10 lakes were chosen with non-forested catchments and the 

other 12  were in catchments with differing levels of afforestation (Table 3.4). Forest cover was 

based on percentage of the catchment planted with conifers. Information for each catchment was 

collected from 1:50,000 Ordnance Maps, Coillte forestry maps and the results of GIS work in the 

area (Allott et al., 1993). Maturity of a forest is known to be an important factor in the influence 

of afforestation on water chemistry (Feger, 1994), however information on age of the different 

stands was not available. While this factor is known to be important in detailed studies of 

contemporary water quality it was considered beyond the scope of the current palaeolimnological 

study. Additionally no lake occurred within the only mature stand of trees (> 30 years old) and 

therefore the full gradient of influence of canopy development could not be measured. It was 

decided to proceed with just percentage forest in the catchment as the variable of potential 

influence.

Other catchment variables measured to help determine possible effects on surface waters included: 

distance from the sea, maximum altitude in the catchment, lake altitude, water depth and lake and 

catchment area (Table 4.2). The altitude gradient was comparatively small with lake elevation 

ranging from 57 to 245 m above sea level. The low relief topography of the study area is further 

illustrated by average catchment relief of 96 m and maximum catchment altitude of 346 m (Table 

4.2). Altitude was measured to ascertain if there were factors associated with lake elevation 

which might cause variation in lake water chemistry. Chemical gradients were found to be 

related to altitude in other studies (Stevenson et al, 1991; Pienitz & Smol, 1993). Distance to the 

sea was measured to explore marine influences (cf. Flower & Nicholson, 1987; Anderson et al., 

1993; van Groenendael et al, 1996). All sites are less than 20 km from the sea, the site nearest the 

sea being Lough Uggamore, situated 4 km inland. Water chemistry has been known to vary with 

lake depth (Wetzel, 1975; Moss, 1980) therefore this was measured along with lake area to 

represent morphometric characteristics. The lakes are shallow with an average water depth of 2.5 

m (range 0.5-16.5 m). Only three lakes (Lettercraffroe, Lough Namoraleen and Shannawona 

Lough) have depths greater than 10 m. Lake size varies from 0.01-0.81 km2 (1.2-80.9 ha). 

Finally catchment area has been known to influence drainage waters, with increased ground-water 

baseflow, residence time and increases in pH with larger catchments (Bird et al., 1990), therefore 

catchment area was calculated. Catchment size averaged around 3.4 km2 (excluding Boliska) 

(range 0.15-11.8 km2) with one large catchment (Boliska Lough) of 73.9 km2.
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Table 3.3: Site names, site codes, river system, fishery and National grid references for the 
study sites
Lake Site Code River

System
Fishery G rid

Reference
un-named ABCD Owenboliska Owenboliska M 077362
Lough Aclogher ACLO Cashla Costello-Fermoyle M 037374
Loughaunierin AUNI Cashla Costello-Fermoyle M 022388
Bealnambrack BEAL Owenboliska Owenboliska M 092312
Boliska Lough BLSK Owenboliska Owenboliska M 103206
Bovroughaun Lough BOVR Cashla Costello-Fermoyle M 036300
Ergood ERGO Crumlin Crumlin M 064286
Lough Fiddaunnavnaghlee FIDD Cashla Costello-Fermoyle M 046295
Lough Glenn GLEN Owenboliska Owenboliska M 114357
Lough Lettercraffroe LETT Corrib Corrib M 056377
Loughaunayella LYEL Owenboliska Owenboliska M 100306
Lough Nagilty NAGI Corrib Corrib M 077387
Lough Namoraleen NAMO Corrib Corrib M 073386
Navreaghley NAVR Cashla Cashla M 044301
Lough Naweelin NAWL(L) Owenboliska Owenboliska M 128331
Lough Naweelin Little NAWL(S) Owenboliska Owenboliska M 123338
Lough Oughter OUGH Owenboliska Owenboliska M 105325
Seecon Lough SEEC Owenboliska Owenboliska M  087353
Shannawona Lough SHAW Cashla Costello-Fermoyle M 035398
Shandullaghaun SHDL Cashla Costello-Fermoyle M 045387
Tullynashoey Lough TUSH Crumlin Crumlin M 060293
Lough Uggamore UGGA Crumlin Crumlin M 048250
Uggool Lough GOOL Owenboliska Owenboliska M 105352
Lough Fada FADA Owenboliska Owenboliska M 131335

Site selection was also based on accessibility and suitability for lake sediment coring. Most of 

the lakes were accessible via forest roads or tracks. Three sites (SHDL, AUNI & SHAW) were 

only accessible by foot across 4 km of peatbog. Of the 24 sites, 14 lakes comprised drainage 

lakes (permanent inlets and outlets) and 10 headwater lakes (outlet but no inlet). During the 

study one lake was eliminated after the autumn sampling run due to inaccessibility (GOOL) and a 

further site (FADA) was dropped when loss of a sample meant the full compliment of 

determinands could not be measured. The final data-set therefore contains the twenty-two lakes 

listed in Table 3.3.

The lakes all occur within the granite pluton and were selected in an effort to keep geochemical 

variation constant. However, preliminary examination of nominal variables for granite types, 

according to mineralogy, were examined (not reported). These explorations confirmed that they did not 

explain significant variation in the water chemistry data. Granite type, therefore, was not considered
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a significant influence on water chemistry due to the small geochemical differences (B. Leake, 

pers. comm.).

Similarly variation due to soil type was minimised with the selection o f lakes with widespread 

peat cover in their catchments. However, it was not possible to measure peat volume or peat 

depth which could potentially lower pH in drainage waters. This influence on surface water 

acidity, therefore, is unknown for these sites. It must also be noted that a number of catchments 

are subject to peat harvesting. These include BOVR, NAVR, FIDD, TUSH, ERGO and UGGA 

in both the Crumlin and Cashla river catchments. These sites all have exposed peat cuttings up 

to several metres in depth which may represent an influential disturbance factor.

Table 3.4: Lake catchment characteristics collected from 1:50,000 O rdnance M aps,
forestry m aps and the results of GIS work in the area (Allott et al. , 1990 & 1993) _________
Site Code Distance 

from sea 
(km)

Catchment
area
(km2)

Lake
area
(km2)

Catchment 
Altitude 

max. (m)

Lake
altitude

(m)

Lake
Depth
(max.)

Forestry
%

Cover
ABCD 16.0 2.35 0.05 276 148 2.5 5
ACLO 17.0 11.78 0.28 346 107 1 1 .0 5
AUNI 18.5 1.43 0.15 346 215 5.0 0

BEAL 9.5 7.51 0.09 2 2 0 81 1 .2 50
BLSK 5.0 73.9 0.62 346 57 9.1 30
BOVR 9.0 1.30 0.17 146 90 4.0 0

ERGO 7.5 1.03 0.16 118 94 2.3 0

FIDD 8.5 0.15 0.03 1 1 0 96 3.5 0

GLEN 14.0 2 .2 0 0.04 291 94 1 .6 0

LETT 17.5 3.49 0.81 280 158 16.5 50
LYEL 9.0 10.07 0 .1 2 2 2 0 90 3.2 60
NAGI 18.5 0.40 0 .0 1 288 245 4.8 10 0

NAMO 18.5 0.63 0.06 261 240 10.5 30
NAVR 9.0 0.58 0.08 1 1 0 96 1.8 0

NAWL(L) 11.5 4.77 0.15 227 74 8.5 35
NAWL(S) 1 2 .0 0.48 0 .0 2 90 75 0.5 1 0 0

OUGH 1 1 .0 0.15 0 .0 2 114 85 1 .0 100

SEEC 15.0 7.42 0.25 276 105 2 .8 25
SHAW 19.5 3.37 0 .1 2 346 185 16.0 0

SHDL 18.5 0.37 0 .0 2 228 166 1 .0 0

TUSH 9.0 1.78 0.15 134 1 0 0 2 .0 0

UGGA 4.0 8.34 0.17 118 67 2.5 0
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Variation in hydrological paths are assumed to be similar within uniform peat soils but this was 

not measured specifically. Groundwater movement is an important factor in determining water 

chemistry but was not measured as part of this research. It was assumed that as peat 

accumulation rises above the water table groundwater influence is minimised.

In summary, these acid-sensitive catchments with their acid sensitive granite geology, acidic peat 

soils, temperate oceanic climate with high levels of precipitation and substantial areas of 

plantation forestry are therefore suitable to explore the influence of the development of organic 

peat soils and also the influence of recent catchment afforestation on acidity. Chapter 4 will now 

outline the methodology used in the research and the reasons why.
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CHAPTER 4 

Methods

4.1 Introduction

This chapter describes the methodology used in this research. The configuration of the chapter 

reflects the analytical phases of the research. These comprise: (i) sampling lake water chemistry, 

lake sediments and biological data (modem & fossil); (ii) laboratory analytical techniques; (iii) 

data analysis techniques used in data exploration, and (iv) inference model development and 

application.

4.2 Sampling Techniques

4.2.1 Water Sampling

W ater sampling for chemical analysis was carried out at the study sites between May 1994 and 

April 1995. Four sample runs were made, one per season. This was assumed to be the minimum 

number of samples necessary to characterise annual mean chemistry given the scope and 

resources of the project and corresponds to procedures used in other acid waters monitoring 

programmes e.g. Surface Water Acidification Programme (SWAP) (Stevenson et al., 1991).

Summer samples were collected in May 1994 in warm, low flow conditions with stable weather 

during the previous weeks. Lake water temperatures varied between 13-15°C. Autumn samples 

were taken in October 1994 in wet conditions and high flows. Water temperatures ranged from 

12-14.5°C. Winter samples were taken in January 1995 following a winter snowstorm. The 

catchments were covered in 10-15 cm of snow during sampling and water temperatures ranged 

between 9 and 12°C. Spring samples were collected in April 1995 following a two-week dry 

period. Water temperatures were between 13-15°C.

On each occasion water samples were taken from each lake in 500 ml polyethylene bottles. 

Samples bottles were acid-washed and rinsed with distilled water in the laboratory and pre-rinsed 

with lake water from the lake prior to sample collection. Samples were taken from the area 

adjacent to the lake outflow. W ater samples were stored in a coolbox after collection and 

transported to the laboratory for analysis.

65



4.2.2 Sediment Sampling

In order to conduct a palaeoenvironmental reconstruction surface sediment samples were 

collected from the training-set lakes and a long sediment core was obtained from one lake. 

Bathymetric surveys of the lake basins were carried out to identify the deepest waters. Lakes 

generally have the greatest sediment accumulation in the deepest waters (Hakanson & Jansson,

1983) which are therefore considered most suitable for coring (Jones & Flower, 1986; Whitehead 

et al., 1990). Water depths were estimated by taking echosounder depth readings across 

measured transects of the lakes from known shoreline points (Wetzel, 1975). In this way a 

bathymetric map of each lake was constructed by joining the points of a known depth in several 

directions. Only the bathymetry for Loughaunyella, the lake used for palaeo-reconstructions, is 

presented here (see Chapter 8 ). Sediment depths were measured from the sediment-water 

interface.

Table 4.1: Dominant diatom species found in periphytic habitats
Site Epiplithon Epiphyton Epipelon
LETT Frustulia rhomboides var. saxonica 

Tabellaria flocculosa var. flocculosa 
Tabellaria quadriseptata

Frustulia rhomboides var. saxonica 
Eunotia exigua
Achnanthes austriaca var. helvetica 
Fragilaria virescens var. exigua

Achnanthes austriaca var. helvetica 
Tabellaria flocculosa var. flocculosa 
Nitzschia palea
Pinnularia subcapitata var. hilseana

NAWL Tabellaria flocculosa var. flocculosa 
Gonphonema parvulum 
Fragilaria elliptica 
Navicula spp.

AUNI Tabellaria flocculosa var. flocculosa 
Cymbella lunata 
Brachysira virtrea 
Fragilaria virescens var. exigua

LYEL Tabellaria flocculosa var. flocculosa 
Frustulia rhomboides saxonica/viridula 
Eunotia incisa 
Eunotia vanheurckii

Tabellaria var. flocculosa 
flocculosa/agg.
Eunotia incisa
Frustulia rhomboides var. saxonica

GLEN Tabellaria flocculosa var. flocculosa/agg. 
Fragilara pinnata 
Eunotia pectinalis undulata 
Frustulia rhomboides var. saxonica/viridula 
Cymbella lunata

BEAL Eunotia incisa
Tabellaria flocculosa var. flocculosa 
Frustulia rhomboides var. viridula

Eunotia incisa 
Eunotia curvata

Diatom samples were collected from the main habitats in the study lakes, the surface sediments 

and fossil samples were taken from lake sediment cores. The three main periphytic (attached) 

habitats include: epiplithon (attached to stones/rocks) (LETT, NAWLs, AUNI, BEAL, LYEL), 

epiphyton (attached to macrophytes) (LETT, LYEL, BEAL) and epipelon (attached to 

sediment/mud) (LETT). An initial inspection of key species was made to become familiar with 

species habitat distribution. These samples were not analysed quantitatively. Dominant species 

in the different samples are listed in Table 4.1. Sampling of water samples for plankton was not 

conducted as it was envisaged that it would not be a major component in acid lake waters. 

Surface sediment sampling was considered an appropriate alternative to obtain an estimation of
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the planktonic element of the modem diatom assemblages. No seasonal sampling of diatom of 

diatom populations was undertaken as seasonal variation was not considered within the scope of 

the current study.

Surface sediment samples were taken from nine sites in April 1995 and from the remaining 13 

sites in November 1995. These modem samples are assumed to represent a range of catchment 

and chemical conditions. The surface sediment (0-0.5 cm) taken from the deepest point in the lake 

potentially represents an integrated sample of the taxa that have accumulated in the recent past 

and incorporates taxa from the variety of different habitats in the lakes (Jones & Flower, 1986). 

Surface sediment and long cores were obtained with two different coring devices (Glew gravity 

corer and a Livingstone piston corer) operated from an inflatable dinghy or raft (see Table 4.2).

Table 4.2: Sediment coring apparatus used in this research

Core Type Sediment Type Sites Description Reference

Glew Surface sediments 

< 50 cm in depth

AH Glew Gravity Corer Glew (1988)

Livingstone Long cores 

(1 m lengths)

LYEL Livingstone Piston Corer Wright (1967)

Glew coring was carried out at all the study sites to retrieve surface sediment diatoms. The Glew 

corer consists of a sample tube that was lowered gently into the sediment to minimise disturbance 

to the sediment-water interface. Cores were sealed with rubber bungs under water to prevent loss 

on retrieval (Glew, 1988). The top 5 cm were extruded at 0.5 cm intervals.

A long core of sediment (1,175 cm) was extracted from Loughaunyella (LYEL) using a 

Livingstone corer (Wright, 1967). The top 50 cm of sediment was retrieved using a wide 

diameter piston corer designed to sample the mud-water interface without disturbance. A 

Livingstone corer was then used to sample deeper sediments and plastic casing was used to 

prevent the core rods from bending. Successive 1 m long core sections were extracted from the 

same bore hole. The upper sediment cores were extruded at 0.5-1.0 cm intervals in the field. 

These samples were placed directly into whirlpack-bags to prevent the sample from drying before 

lithostratigraphic analysis. The Livingstone or long cores were extruded onto split piping and 

covered in cling-film and aluminium foil for transport back to the laboratory. Bags of wet
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sediment, and the long cores were then stored in a coldroom awaiting analysis. All Livingstone 

core sections were later sub-sampled for analysis at the laboratory.

4 3  Analytical Techniques

43.1 Water Chemistry

Analyses were carried out in a field laboratory on site and at the Environmental Sciences 

Laboratory at Trinity College, Dublin under the supervision of Dr. N. Allott. A total o f fourteen 

chemical determinands were analysed (conductivity, pH, Na+, K+, Ca2+, Mg2+, N i l / ,  LM-A1, 

alkalinity, SO ^, Cl*, NO3*, P 0 4 and DOC). Measurements for pH, alkalinity and conductivity 

were made on unfiltered samples at the field base within 24 hours of collection. Filtered sub

samples were prepared for nutrient and metal analyses and fractionation of samples by ion 

exchange was also carried out at the field base for aluminium analysis. Filtration was carried out 

using Millipore 0.45 pm filters. Nutrients, cations and anions were measured within 2-4 days of 

sample collection. Other measurements considered included secchi transparency of the water and 

different fractions of organic matter. The former was considered too crude a measurement as it is 

subject to the particular conditions at the time of sampling (weather, cloud cover). It was 

envisaged that seasonal measurements of DOC would be a more accurate representation of 

organic matter. All of the water chemical analysis was complete before the dominant influence of 

DOC was ascertained. Re-analysis of some of the water samples was considered using different 

fractionations. However, this was not feasible without collecting more samples. At this point it 

was envisaged that examination of seasonal absorbance readings, absorbance equation-derived 

DOC, the organic acid fraction would be sufficient to ascertain trends.

Quality control procedures adopted in the chemical analysis included analysis of reagent blanks, 

analysis of externally supplied standards, calibration with standards, calculation of ionic balances 

and replication of 20% of the samples. These principles were followed during chemical analysis 

to produce accurate data. Results of analysis on duplicate samples are presented in Appendix 4.1 

and indicate good repeatability. Where there were differences in duplicate samples, the sample 

was re-analysed and the average results were used where necessary. In addition nitrate was 

determined spectrophotometrically and also measured using ion chromatography for comparison 

of the results. Results are presented in Appendix 4.2. Comparison of the results indicate that 

there was agreement between the two methods above the limits of detection (r = 0.92). Surrogate 

absorbance methods for DOC were also validated using direct measurement using a TOCSIN 

DOC Analyser and results are presented in Appendix 4.3.
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The anion-cation balance is a method of checking the accuracy of the ionic analyses (Heatheote & 

Lloyd, 1984). Ionic concentrations are expressed as micro-equivalents (peq f 1) or moles per litre 

multiplied by the ionic charge. pH units were converted to FT peq I' 1 to facilitate its inclusion in the ion 

balance. The procedure is applicable to water samples where relatively complete analyses are made. 

The anion and cation sums must balance because all potable waters are electrically neutral. 

Acceptable error generally lies between 2 and 5% (Heatheote & Lloyd, 1984) however this can rise to 

10-20% for dilute oligotrophic waters (N. Allott, pers. comm). The test is based on the percentage 

difference defined as follows:

ion balance error = cation sum - anion sum x 100

cation sum + anion sum

Ion balance results are presented in Appendix 4.2. Ten percent of the anion-cation analyses 

exceeded the error limits and this was reduced when samples were re-analysed. Incidentally higher 

measurement errors were accepted as they were generally associated with samples of higher DOC 

concentrations complicating analytical measurement.

pH  was determined by electronmetric methods using a pH meter. Measurements were made on a 

Jenway 3030 meter with separate sensory and glass reference electrodes and a temperature 

sensor. A glass electrode (Russell CTL/LCW) that has been designed to work well in low ionic 

strength solutions was used. The electrode was calibrated with buffer solutions of pH 7 and pH 4 

(Reagcon Ltd.). Electrode performance was determined according to Davison (1990). Sensitivity 

was tested on each sampling occasion and found to be the required nerstian response: at 20°C, 

58± 1 mV per pH increment. Test measurements were also made on air-equilibrated distilled 

water and a solution of HT4 M HC1 before each sample run. Stirred and unstirred measurements 

were taken to check the stirring shift. The stirring shift was greater than the recommended ^0.02 

pH on summer sampling run indicating a poorly performing junction. For this reason summer pH 

values were recorded to the nearest 0.1 pH unit. Unstirred measurements were considered more 

reliable and were therefore used (N. Allott, pers. comm.). Electrode response time was good on 

most samples, and circumneutral samples were allowed ten minutes to stabilise. The electrode 

was rinsed with distilled deionized water between each sample and stored in 3M KC1.

Conductivity is a measure of the concentration of ions in solution (concentration and dissociation 

of dissolved salts) and is proportional to the amount of current conducted. Conductivity was 

measured with a WTW LF96 Conductivity meter. The meter was calibrated with a solution of
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known conductivity (Potassium Chloride (5.0 x 10-4 M: 74 pS cm _1)). The calibration was re

checked at the beginning of each day.

Alkalinity can be described as the capacity of water to neutralise acids and is essentially the 

combined concentration of anions of weak acids (carbonates and hydroxides). Alkalinity was 

determined by Gran titration on 100 ml sub-samples. Known volumes of a standard are used to 

titrate beyond the equivalence point (where all the anions have been used up and the acid persists 

as protons). This proton accumulation is directly proportional to the titrant added and can then 

be extrapolated back to a titrant volume to give the equivalence point. Samples were titrated with

0.02 N sulphuric acid dispensed from a Metrohm dosimeter to four end points between pH 4.4 

and pH 3.8. The volume of titrant was then used to calculate alkalinity according to Mackereth 

eta l., (1978).

Alkalinity (m eq1 CaC(? 3  ) = (n 1000/V) v

V = sample volume (ml)

n = normality of the acid

v = ml of acid used in the titration

Ammonium and nitrate were determined spectrophotometrically using a Tecator 5020 How 

Injection Analyzer. Samples for ammonium determination were first made alkaline with NaOH 

and the resultant ammonia gas was reacted with a Tecator dye. The absorbance was measured at 

590 nm. The samples for nitrate determination were treated with ammonium chloride, then 

reduced to nitrite by passing the sample through a cadmium column. The nitrite then determined 

with acidified sulphanilamide and then measured by a diazotization method. Absorbance was 

measured at 540 nm.

Chloride. sulphate and nitrate were measured on filtered samples using ion chromatography with 

a Dionex 2010i chromatograph with an AS4a separator column. Samples were diluted using 

distilled deionized water.

The base cations calcium, maenesium. sodium and potassium  were analysed by flame atomic 

absorption on a Perkin Elmer spectrophotometer (model 3100) on filtered samples. Light from a 

hollow cathode lamp (whose filament is made from the element of interest) is passed through a 

flame and into a spectrophotometer where a resonant wavelength is isolated. A water sample is 

atomised into the flame and the atoms in ground state absorb this wavelength, reducing its 

intensity. The amount of wavelength absorbed is proportional to the concentration of atoms in
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the flame. Before measurement the samples were treated with 10% lanthanum at a rate of 0.4 ml 

per 10  ml of sample to acidify the solution and prevent interference from other ions.

Dissolved oreanic carbon The main method employed in this study to measure organic content 

was an indirect measure of colour (on filtered samples) as an indicator of the organic content of 

the lake water samples. This surrogate method was chosen to facilitate comparisons with 

previous research on these systems. Absorbance due to colour in the samples was measured at 

340 nm on a Pye Unicam SP6-350 visible spectrophotometer. Absorbance due to colour was 

then converted to dissolved organic carbon (DOC) using the relationship derived for streamwaters 

in the study area by Allott et a l  (1990):

DOC = 51.6756 (Absorbance at 340 nm) + 0.35

In general the best spectrophotometer wavelength is that which produces the largest spread 

between standard and blank samples. However, in practice no agreement exists over the choice 

of analytical wavelength (Bennnet & Drikas, 1993). Turbidity represents the major interference 

in colour measurements. In most research the error is minimised by filtering but this can also 

remove some of the ‘true colour’. Bennnet & Drikas (1993) found that 0.01 pm filtration 

ensured better uniformity of filtrate turbidity. Filtration using a 0.45 pm  filter was used in this 

research to maximise comparability with other studies in the area and to facilitate the same 

surrogate absorbance relationship to be used.

Direct measurement of DOC on the autumn samples was employed to validate the surrogate 

absorbance measurements using a TOCSIN TOC Analyser at the Scottish Environment 

Protection Agency (S.E.P.A.) laboratory at Faskally, Pitlochary. This measurement was used as 

DOC constitutes the majority of organic carbon in lakes (Thurman, 1985). The method looks at 

the total amount of organically bound carbon which is subsequently broken down into single 

carbon units which can then be measured quantitatively. Interference from the inorganic fraction 

is eliminated by acidifying samples to convert inorganic carbon species to C 0 2 which is then 

volatilised by purging. Samples were acidified and oxidised then measured by an infrared C 0 2 

analyser. Results of this validation exercise indicate that the surrogate absorbance methods and 

direct DOC analysis are strongly correlated (r = 0.98) (see Appendix 4.2). The autumn samples 

were also measured for Units PT Colour on a Hach meter and showed excellent correlation with 

the surrogate absorbance method (r = 0.99) (Appendix 4.3)
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The organic acid anion (OA') concentration was calculated from DOC and pH measurements 

using the approach of Oliver et a l,  (1983). This was carried out to facilitate calculation o f the 

ionic balance for each sample and also for comparison with pH. This approach calculates the 

[OA-] concentration from the measured DOC and [H4] concentrations using the following formula: 

[OA-] = K a [ mDOC]/ ( K a + fH 4] )  

where K = the mass action quotient of fulvic and humic acids

m = the concentration of acidic functional groups per mole DOC

Aluminium. Two 3.5 mis of filtered sub-samples were prepared for the measurement of 

aluminium. The first filtered sample for direct measurement of total monomeric aluminium (T- 

Al) was placed in a polyethylene tube and capped for later measurement. The second was 

fractionated by passing through a cation exchange column. The cation exchange resin consisted 

of Amberlite IR 120, 99% Na+ form and 1% H4 form. The exchanged sub-sample contains the 

non-labile aluminium (NL-A1) most of which is bound to organic matter in the sample. The 

samples were then treated with the cathecol-violet method (Dougan & Wilson, 1974) and the 

aluminium concentrations were determined spectrophotometrically. The portion of the aluminium 

retained on the resin is referred to as the ionic reactive portion and is deemed labile monomeric 

aluminium (LM-A1). Subtraction of NL-A1 from T-Al therefore results in the LM-A1 for each 

sample. It is this form of aluminium which is toxic to organisms (Ormerod et a l, 1987a, 1987b).

Phosphate was measured by colorimetric determination of soluble orthophosphate on filtered 

samples. Phosphate ions react with sodium molybdate and antimony potassium tartrate and the 

resulting compound is reduced by ascorbic acid to ‘molybdenum blue’ which is determined 

spectrophotometrically. Absorbance due to colour in the samples was measured at 882 nm on a 

Pye Unicam SP6-350 visible spectrophotometer. A calibration line was constructed and the 

concentration read according to the absorbance reading.

4.3.2 Sediment Analyses

4.3.2.1 Lithostragraphic Analyses

A number of sediment variables were measured in this study; descriptive sediment classification; 

bulk density, organic content, humic substances and dry weight. All of the analyses were carried 

out on the long core while organic content and dry weight were also conducted on the surface 

sediments. Other measurements considered included magnetic properties of the core, 

humification measurements, sediment pore water, slurries of raw sediment and sediment
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geochemistry. Measurements of the magnetic properties of the sediment to ascertain catchment- 

derived phases were considered but not adopted as the immense sediment accumulation ( 1 2  m) 

would have reduced any magnetic signal (R. Thompson, pers. comm). Humification 

measurements were also conducted at a depth of 5 cm depth in each of the training-set sites as a 

modem analogue for a sediment core humification index. When no correlation was found 

between surface water chemistry and humification this line of research was rejected. Sediment 

pore water were also considered as a means of establishing a more direct relationship with lake 

water DOC. Slurries of raw sediment were also considered to assess the amorphous globular 

nature of the sediment as a means of determining whether humic fractions were derived in 

solution or more associated with eroding catchment material. Sediment geochemistry was also 

considered but it was felt that this would constitute another PhD in itself and there was little use 

in considering it as an ‘additional’ palaeolimnological tool.

Descriptive sediment classification can be based on many different sediment characteristics such 

as colour, texture, structure, grain size, and organic content. Due to the largely homogenous 

nature of the sediments extracted from the lakes a simple description of colour was used. The 

core sediments were classified using Munsell Soil Colour Chart and the Troels-Smith (1955) 

Classification Scheme. Long core sediments were described in the field and precise points of any 

apparent variations in sediment type were noted.

Wet Density (g/cm3) Wet density measurements are required for estimation of sediment 

accumulation rates when sediment cores are to be dated. Fluctuations in density indicate a 

change in sediment composition and consequently may reflect a change in sediment source. Wet 

density results are negatively correlated with water content (dry weight). The density of the wet 

sediment was measured using a 2  cm3 capacity brass phial and a balance weighing to four 

decimal places. The resultant weight is then divided by two to determine the density as grams per
_ _ 3cm .

Dry Weight (% water content) Approximately 2 g of homogenised wet sediment was placed in 

flamed tarred crucibles and dried at 105°C for 12 hours. Samples were then allowed to cool in a 

desiccator, to prevent reabsorbance of moisture, and re-weighed on an analytical balance. 

Measurement of the percentage weight loss in the sediment enables the calculation of water 

content and of dry matter in the sediments. Changes in dry weight percentages may indicate 

changes in sediment character.
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Loss-on-lsnition (% LOI) is measured by heating a known volume of dry sample (generally those 

used for dry weight) to 550°C for at least 2 hours after the furnace has reached temperature. The 

samples are then cooled in a desiccator and re-weighed. The amount of organic matter lost on 

ignition can then be calculated and percentage of organic matter can be estimated for each 

sediment sample. Changes in sediment composition or character can be inferred through changes 

in the organic content. Loss-on-ignition measurements generally show an inverse relationship 

with dry weight measurements. Sample volume for 14C dating can also be determined by LOI 

measurements.

% LOI = LOI at 550°C x 100 

Dry weight

Humification Lake sediment humics are largely derived from catchment sources (Engstrom, 

1987; Reinikainen & Hyvarinen, 1997). Changes in humic profile have been closely paralleled 

with pollen histories (Engstrom, 1987), and there is often a strong correlation between humics and 

organic matter from loss-on-ignition (Engstrom & Hansen, 1984). The method used in this 

research is a specific method for analysis of dissolved tannin and lignin adapted by Engstrom & 

Hansen (1984). Powdered sediment is digested, 20-25 mg extracted in 0.12 M  KOH for 1 hour @ 

100°C. A tannin-lignin reagent (tungstophoshporic and molybdophosphoric acid) was then added 

to an aliquot of the hydroxide extract. Following colour development, absorbance of the resultant 

blue complex was measured at 700 nm on a spectrophotometer.

4.3.2.2 Pollen Analysis

A pollen sequence was required for the long core record to enable evaluation of catchment 

conditions through time and to provide an approximate chronology for 14C dating. Sediment 

samples were prepared for pollen analysis using hydrogen fluoride followed by acetolysis (Moore 

et al., 1978). Two Lycopodium tablets were dissolved per sample in 10% HC1 to enable pollen 

concentrations to be estimated. Approximately 2 cm3 or enough wet sediment sample to displace 

1-2 mis of solute was placed in a test tube. This volume is necessary for highly organic, rapidly 

accumulating sediments. Samples were washed and centrifuged for 5 minutes at 3,000 rpm 

between each of the following stages (Moore et al., 1978): (i) KOH digestion to remove humic 

acids; (ii) HCL treatment to remove calcium carbonate; (iii) HF treatment facilitating removal of 

diatoms and silica; (iv) Acetolysis to remove cellulose. Finally, staining with aqueous safranine 

was used to enhance the pollen image for slides and samples were mounted with silicone oil. 

Pollen counts were conducted under phase contrast using x 400 magnification.
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Pollen identification and counting in this research was conducted by Dr. A.W. Mackay, 

Environmental Change Research Centre, UCL.

4.3.2.3 14C Dating

14C dating of the long core sequence from Loughaunyella was required to evaluate stratigraphical 

integrity and to provide approximate dates for major environmental changes inferred from the 

sediment record. 14C dating was carried out at the NERC Radiocarbon Laboratory, East Kilbride 

and at the University of Arizona NSF-AMS facility. The research aim was to date levels where 

major changes had been identified through preliminary lithostratigraphic, pollen and diatom 

analysis. Five paired dates (humic and humin) were obtained. Rigorous pre-treatment of the 

samples involving the removal of labile organics and division of the sample into humic and humin 

fractions was conducted to help eliminate contamination, and possible sources of error. Some 

problems were encountered when the samples were processed to graphite. Two samples were 

processed through to humic and humin fractions and were found to have insufficient carbon and a 

high mineral residue (C. Bryant, pers. comm.). A modified procedure was subsequently used to 

allow complete retention of all fractions (under normal procedures the fulvic fraction is 

discarded). Despite this, less than the required amount (2 g C) was anticipated for all samples 

and consequently the samples were dated by accelerator mass spectrometry (AMS). Radiocarbon 

dates are reported as uncalibrated years BP (i.e. years before 1950) (Goh, 1991).

4.3.2.4 210Pb Dating

A 210Pb-dated sediment sequence from Loughaunyella was required to provide a chronology for 

recent sediments in order to evaluate afforestation effects. The 210Pb dating method became 

available for dating lake sediment in the 1970’s and is now widely accepted and applications have 

provided chronologies for the reconstruction of eutrophication histories (e.g. Bennion, 1993), 

catchment erosion (e.g. Mackay & Tallis, 1996) and acidification histories (e.g. Jones et al., 

1993). Background levels of 210Pb in sediments originates from the disintegration of an 

intermediate isotope, Radium (226Ra) and is termed ‘supported 210Pb’ (Battarbee et al., 1985b). 

Levels greater than this are considered ‘unsupported’ or excess and originate from the atmosphere 

following emission of Rn gas and re-deposited via catchment drainage waters (Oldfield & 

Appleby, 1984). Supported or ‘background’ levels of lead must be subtracted from the total 

supply to find the lead relevant to dating - the unsupported lead. 210Pb dating was carried out on 

the Loughaunyella core at the Environmental Radioactivity Research Centre at the University of 

Liverpool. 210Pb, ^ ^ a ,  137Cs and 241 Am measurements were conducted down the sediment core.
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210Pb was determined by its gamma emissions at regular intervals until background levels were 

reached. Contiguous samples above this level (30 cm) were assayed. Dates were calculated using 

the CRS (constant rate of supply) and CIC (constant initial concentration) models to allow for 

varying sediment accumulation rates, dry mass and slumping or sediment mixing (Evans, 1984). 

The former is used in order to correct for the natural effects of sediment compaction (Evans,

1984). Sediment accumulation measurements are represented in g cm '2 y' 1 or in cm y'1. 

Independent measurements of 137Cs an d 241 Am associated with weapons testing and the Chernobyl 

incident were conducted to test and support apparent 210Pb-profiles (Appleby et al., 1993).

14C and 210Pb dates were used to calculate sediment accumulation rates based on sediment volume

i.e. the number of years represented by the sediment thickness. Rates of sediment accumulation 

are expressed as volumetric measurements (cm y"1) (Dearing, 1986).

43.2.5 Diatom Analysis

Diatom analysis was used as the main palaeoenvironmental tool in the current research as it is 

representative of a biological system with an abundance of fossil species that are sensitive to 

environmental variables.

A known volume of wet sediment was placed in a glass beaker and diatom samples were prepared 

using the standard hydrogen peroxide (H20 2) method (Battarbee, 1986). The mixture was boiled 

on a hot plate in a fume cupboard for approximately 2  hours until all the organics were dissolved. 

After adding a few drops of HC1 to remove the remaining H20 2 the mixture was then allowed to 

cool and settle. The samples were then washed clean with distilled water and centrifuged and the 

supernatant discarded. This diatom solution was subsampled at a suitable concentration and the 

aliquot placed on a microscope coverslip (ca. 18 mm x 18 mm). The coverslips were placed on a 

metal plate and allowed to dry slowly (1-2 days). The dried samples were subsequently inverted 

and placed onto a drop of a mounting medium Naphrax on a microscope slide. The mount was 

then made permanent by evaporating the Naphrax solvent with hotplate temperature of 130°C.

Valve Identification and Countine. The diatoms were counted using a Nikon research quality 

microscope at 1 0 0 0  x magnification provided with 1 0 0  x oil immersion objective and phase 

contrast. Phase contrast takes advantage of slight differences in refractive indices between the 

mountant and the diatom cells and increases their contrast. Accuracy of enumeration of diatoms 

in samples depends on the total size of the count. A count of 300 to 600 valves is recommended 

for routine analysis (Battarbee, 1986). Approximately 500 diatom valves were counted from
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each surface sediment and 300 valves in core sediment samples. This was considered adequate to 

represent the floristic composition of the samples. Single valves were used as the basic counting 

unit. Diatom fragments were counted based on a system of recognisable ends for certain species 

(e.g. Eunotia incisa) and central areas o f others (e.g. Frustulia rhomboides var. saxonica). 

Valves were counted in horizontal transects. Abundances are expressed as percentages of the 

total diatom count. Illustrations of the main taxa found in the Connemara lakes are shown in 

Chapter 6 .

The taxonomy and nomenclature adopted by the Surface Waters Acidification Programme 

(SWAP) (Stevenson et a l, 1991) were used in the present study. Principal floras used in 

identification were Krammer & Lange-Bertalot (1986, 1988, 1991a and 1991b), Patrick & 

Reimer (1966,1975) and iconographs of the PIRLA project (Cambum et a l,  1984-1986).

This research splits Tabellaria flocculosa according to SWAP (Stevenson et a l ,  1991) into T. 

flocculosa  var. flocculosa (Roth) Kutz. (i.e. length <39 pm  and central inflation distinctly 

wider than those at the apices) and Tabellaria flocculosa [agg.] (the species which do not fit in 

the former category). The taxonomy of many of the small Eunotia spp. and Navicula spp. was 

difficult but where possible the SWAP taxonomy was followed with similar amalgamation and 

divisions of species (Stevenson et a l,  1991) (Figure 4.1). A number of lake sediment samples 

contained highly fragmented frustules making identification difficult and introducing uncertainty 

into the analysis. This breakage appears to be associated with the more exposed and shallow 

lakes. Wind induced sediment disturbance and resuspension are possible causes. After death of 

the cells some frustules dissolve or partially dissolve (Lee, 1980). No systematic account of 

breakage and dissolution was made.

Fragilaria virescens var. exigua the most dominant taxon in the Connemara samples has now 

been separated into two taxa - Stauroforma exiguiformis (Lange-Bertalot) Flower, Jones & 

Round and S. inermis Rower, Jones & Round based on the bimodality evident within 

populations, with abundance peaks occurring at approximately pH 5.1 and 5.8 (Flower et a l, 

1996). SEM work on the surface sediment samples in this data-set indicate that both taxa were 

present in the same samples but separation in the counts was not practised in this study.
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Figure 4.1: SEM  m icrographs of problem atic taxa: a) & b) Eunotia exigua, c) Eunotia c f
rhomboidea, d) Achnanthes pseudowazi, e) Achnanthes subatamoides, f) Eunotia exgracilis, g) 
Brachysira vitrea, g) Surirella minuta, h) Fragilaria construens var. venter/F. virescens var. exigua
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To determine diatom concentrations (cells g wwt'1) a known number of microscopic markers were 

added to a known amount of sediment (Battarbee & Keen, 1982). Divinylbenzene (DVB) spheres 

are added to the diatom suspension prior to slide preparation. A ratio of one diatom to one 

microsphere is considered ideal for the purpose of determining diatom concentrations (Battarbee 

& Keen, 1982). Diatom concentrations were calculated as follows:

Total valves in sample = no. microspheres introduced x diatom valves counted

microspheres counted

Diatom concentrations (valves) = total valves in sample

wt. wet sediment

Diatom accumulation rates (valves cm'2 year*1) can be calculated for sediments that have been 

dated (radiometrically). DAR were calculated to assess potential changes in diatom productivity. 

Diatom accumulation rates (valves cm'2 year'1) were calculated by multiplying the wet mass 

accumulation rate (cm 2 year'1) and the diatom concentration (cells g wet wt'1).

4.4 Data Analyses

A variety of statistical techniques are used in this study to explore the chemical and biological 

data. The multivariate nature of the water chemistry, surface sediment diatoms and fossil diatom 

data enables the use of multivariate statistics including correlation and regression analysis, 

ordination techniques (indirect and direct) and classification. Chemical data were stored and 

manipulated using EXCEL. Diatom counts were entered into the diatom database AMPHORA at 

University College London which combines archives of diatom counts, chemical analyses and site 

details (Beare, 1995). Data manipulation was performed using TRAN (Juggins, 1994a) to create 

Cornell condensed format percentage data. TILIA and TILIAGRAPH (Grimm, 1991) were used 

for storing, manipulating and plotting stratigraphic diatom and pollen data.

Regression techniques form the basis of exploratory data analysis in this research. Simple linear 

regression is a method for relating the values of a dependent or response variable Y to a single other 

explanatory variable X. Regression methods essentially quantify the relationship between X and Y. 

Multiple linear regression is where the Y variable is related to several X variables. Multiple response 

variables are explored in all stages of this research (i.e. water chemistry, modem diatom assemblages 

and fossil diatom assemblages). Because of the multiple nature of both the response and explanatory 

variables, gradient analysis or ordination was considered the most appropriate technique for data 

exploration.
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4.4.1 Gradient Analysis - Ordination

Ordination analysis was developed in association with regression techniques and is used for 

investigating possible causes of variation (ter Braak & Prentice, 1988). Two levels of ordination are 

available, indirect and direct gradient analysis. Indirect gradient analysis is where the response 

variables are explored exclusively and any variation in the response data is based on its inherent 

structure (ter Braak, 1988). Direct gradient analysis is where response variables and explanatory 

variables are explored simultaneously (ter Braak, 1988). Variation in the response data are constrained 

by explanatory variables and these are then used to interpret patterns in the data structure.

The aim when selecting the most appropriate ordination method is to represent the variable (e.g. 

species) response. There are two basic ordination methods, the first is based on a linear response, 

and the second is based on a unimodal response. Most ecological data have a unimodal response 

with respect to explanatory variables (Kent & Coker, 1992). This response can be modelled by a 

mathematically defined curve known as the Gaussian or Normal distribution (Ebdon, 1977). 

Unimodal statistical methods are generally identified as being the most appropriate for complex 

heterogeneous data-sets (Gauch, 1982). A data-set with a standard deviation (SD) greater than 

two will have an obvious gradient of sites and therefore a longer spread of species distributions. 

A data-set with gradient lengths of less than two are considered similar in composition, with little 

variability (ter Braak & Prentice, 1988). Short gradients or low variation within the data 

generally mean that linear methods are more appropriate for data analysis (Gauch, 1982; Birks, 

1995). Linear models are recommended if the range of sample scores is less than 1.5 SD in 

ordinations (ter Braak, 1987).

Detrended Correspondence Analysis (DCA) (ter Braak, 1988) is used to ascertain if the 

ecological data are best suited to a linear or unimodal model. DCA provides an estimate of the 

gradient length in relation to the underlying environmental gradients reported in standard 

deviation (SD) units for each axis (ter Braak, 1988). DCA was performed on the surface 

sediment diatom assemblages (see Chapter 6 ) and the sediment core fossil assemblages (see 

Chapter 8 ) and established that the data had linear responses. The ordination models used in this 

research are outlined in Figure 4.2.

Data transformation is sometimes necessary prior to ordination of data (e.g. when data are in 

different measurement units). Transformation enables the relationship between response 

variables and explanatory variables to be assessed simultaneously without bias of measurement

80



units. The programme CALIBRATE (Juggins & ter Braak, 1993) was used to determine if any 

transformation was necessary to normalise the data (e.g. to reduce skewness). Graphical 

illustration via histograms enabled assessment of whether transformation was necessary. Water 

chemistry data were log (x+c) transformed (see Chapter 5). Transformation of biological 

response data has not been explored well in the literature. Generally both raw species and square 

root-transformed species data work well. The latter was used in this study (see Chapter 6 ) to 

stabilise variance and reduce the effect of dominant species (HJ.B. Birks, pers. comm.).

Species + 
Environmental 

Variables

Species
Response

(DCA)

Figure 4.2: Schematic representation of the alternative models available for exploring 
species response data

Rare species were down-weighted in ordination analysis (see Chapter 6 ) by assigning a lower 

weight (dependent on a species frequency) thus reducing their influence on the final result (ter 

Braak & Prentice, 1989). Species with frequencies of less than 20% of the most common taxon 

are weighted by their abundance in proportion to their frequency. Rare species, therefore, are 

given a lesser value so as not to distort the analysis while still being retained.

All ordinations were carried out on the data-set using CANOCO Version 3.10, a FORTRAN program 

for canonical community ordination (ter Braak, 1988; ter Braak, 1990) with the program 

CALIBRATE (Juggins & ter Braak, 1993) used for graphical presentation of the results.
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4.4.1.1 Indirect Gradient Analysis

Indirect gradient analysis or ordination of the response data arranges sites on the basis of response 

variables or species composition alone, irrespective of any explanatory or environmental variables (ter 

Braak, 1988). This analysis is particularly important to help identify extreme or unusual values, 

known as outliers in a data-set (ter Braak, 1987). Variance and standard deviation are strongly 

influenced by outliers and this sometimes justifies taking them out and looking at the remaining 

variation. Indirect gradient analysis encompasses a number of different methods (Figure 4.2), the 

choice of which is dependent on the species response curve. Principal Components Analysis 

(PCA) is the linear method and Correspondence Analysis (CA) or Detrended Correspondence 

Analysis (DCA) are unimodal methods.

Principal Components Analysis (PCA) is suitable for chemical and biological data with low 

variance (ter Braak, 1988). It arranges sites based wholly on their species assemblage. The 

ordination axes reflect the pattern of the response data and so the inherent structure of the species 

data is represented (ter Braak, 1990). Interpretation of this structure is based on the known 

ecological preferences of the species/response variables according to the literature. Standard 

PCA was carried out on the water chemistry (Chapter 5), surface sediment diatom data (Chapter 

6 ) and core fossil diatom data-sets (Chapter 8). In standard PCA a number of options are 

available for scaling and standardisation of data. The choice of these options determine how the 

ordination results should be interpreted. The correlation biplot option, used in the current research, 

ranks the response variables and enables exploration of the relationships between them. Correlation 

biplots include centring and standardisation (where each determinand measured is subtracted from the 

mean of that determinand) and thus helps reduce the amount of variance and eliminates dominance by 

major response variables. Analysis of non-standardised chemical data indicated that there was bias 

towards those variables with the greatest variation. This option also facilitated comparison of variables 

in different measuring units.

Ordination biplots are a low-dimensional representation of a correlation matrix where the number of 

highly correlated responses are reduced to a smaller number of components or axes of variation (ter 

Braak, 1987). Response data are represented by vectors on the plot with the direction of the arrow 

indicating increase in value for that response and the length of the arrow indicating rate of change. 

Vectors equate to a gradient of variation if extended in both directions from the mid-point of the 

ordination plot. The variation in the data is summarised by the axes of the ordination diagram The 

term biplot is used as sites and response data are represented. This conjectured pattern of variation is 

generally best represented in the first few ordination axes. It is important to check the other axes but
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these are generally eliminated from the interpretation due to their limited importance. The ‘eigenvalues’ 

(Xa) reported in PCA represent the relative contribution of each component to the total variation 

accounted for in the ordination (£). In PCA the eigenvalue is always a number between 0 and 1 and is 

the ‘maximised dispersion of species scores along the axes’ (ter Braak, 1988). The higher the number 

the more important the ordination axis (ter Braak, 1988). The components or axes are always 

orthogonal (uncorrelated) to each other and therefore responses which have high scores on the first axis 

tend to have lower scores on the second. When the eigenvalue is multiplied by 100 it is then referred to 

as the percentage variance accounted for by the axis.

Correspondence analysis (CA) and detrended correspondence analysis (DCA) are the unimodal 

direct ordination models. The former is based on weighted averaging of the response data where 

species are weighted by their abundance (see section 4.4.4.3). The method is an iterative two- 

way averaging process and is described in Kent & Coker (1992). The latter model DCA is a 

more sophisticated form of correspondence analysis and was developed by Hill (1979). DCA 

incorporates the option detrending by segments or polynomials. This is a statistical method to 

remove the ‘arch’ effect in data, found in the earlier CA model, by flattening out the variation. 

Non-linear rescaling of axes is another attribute of DCA where the ordination axes are expanded 

and contracted to equalise within sample variance (ter Braak, 1988). As with PCA eigenvalues 

represent variation within the data and total variance is expressed as total inertia.

4.4.2 Direct G radient Analysis - Constrained Ordination

Direct gradient analysis of species/response data requires the input of some explanatory data and 

the output, similar to indirect gradient analysis, expresses variation in the response data and also 

relationships with the explanatory variables. The environmental gradients are subsequently 

interpreted by calculating correlation coefficients (defined as the proportion of the total variation 

in Y associated with X) between environmental variables and the ordination axes, or by carrying 

out multiple regression of the ordination axes on environmental variables (ter Braak, 1986; ter 

Braak & Prentice, 1988)

The recommended linear method to model species-environment relationships is Redundancy 

Analysis (RDA) (see Figure 4.2) (van den Wollenberg, 1977; ter Braak, 1988). RDA was carried 

out on the water chemistry and catchment variables (Chapter 5) and the surface sediment diatom 

data and environmental variables (Chapter 6 ). The assumption is that there is a relationship 

between the explanatory and response data that increases linearly across an environmental
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gradient. RDA essentially models the response data as a function of the ordination axes (similar to the 

PCA) but with the additional step of modelling the axes as a function of the environmental variables. 

The analysis uses linear combinations of independent explanatory environmental variables based 

on least squares regression to minimise to the total residual variation (ter Braak & Prentice, 

1988). As with PCA, scaling and standardisation options are available. The use of RDA, or 

constrained ordination, is valuable as it enables the identification of a limited number of linear 

combinations of the measured environmental variables that best explain the response data (ter 

Braak & Prentice, 1988). A further extension of this is constrained ordination using a single 

explanatory variable, which is used in the current research to determine the relative importance of 

individual explanatory variables (see Chapter 6 ).

The unimodal indirect ordination method Canonical Correspondence Analysis (CCA) 

incorporates correlation and regression between response data and environmental factors within 

the ordination analysis itself (Kent & Coker, 1992). Multiple regression is used to select the 

linear combination of environmental variables that best explain the variation in the response data. 

Weighted averaging maximises the covariance between the response and explanatory data. 

Therefore a simple estimate of a predictor is thus the average of all the predictor variable values 

for sites in which that species occurs, weighted by its relative abundance (ter Braak, 1986).

Within constrained ordination variance inflation factors (VTF) are reported in the output (see 

Chapter 6  and Appendix 6.2). VIF is a measure of the multiple correlation (Rj) between an 

environmental variable (/'), and all other variables (ter Braak, 1988).

VEF= 1 

(1-R /)

Covariance between explanatory variables are reported in the output of indirect ordination 

analysis (e.g. RDA, CCA). Generally no variables with VEF’s greater than 20 should be included 

in direct ordinations.

Significance tests of the relationship between the explanatory variables and response variables are 

enabled by Monte Carlo Permutation tests with CANOCO (ter Braak, 1990). These enabled the 

significance of the constrained ordination axes and individual explanatory variables to be tested, 

in both the chemical data (Chapter 5) and the surface sediment diatom data (Chapter 6 ). Monte 

Carlo permutations randomly associate explanatory data with response data in a test data-set and 

calculates the first eigenvalue and a trace statistic (all eigenvalues). The variation calculated using the 

real data should be greater than the randomised test if the ordination axes are significantly related to the
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response variables. The F-test (variance ratio) is used to examine the ratio between the explained 

(regression variance) and the unexplained (residual) variance, but has to be related to degrees of 

freedom (Kent & Coker, 1992). The greater the F-ratio the higher the proportion of variance 

explained. The associated degrees of freedom determine the significance (p-value). Monte Carlo 

Permutation tests are known to overestimate significance (ter Braak, 1988). This results from the 

problem of testing multiple comparisons. Determination of the most important set of 

explanatory variables by performing a separate RDA/CCA for every combination of explanatory 

variables would be very time consuming, ter Braak (1988) therefore recommends the ‘Bonferroni 

correction factor’ to re-evaluate the significance levels, where ajn and n = number of tests 

(Manley, 1992). Bonferroni requires 999 permutations to show sufficient decimal places (e.g. 

0.05/1 = 0.05, 0.05/2 = 0.025, 0.05/3 = 0.017 etc.) and is applied in Chapter 5.

Forward selection is a tool within CANOCO which can select important explanatory variables and is 

used in the current research to help derive the simplest response-explanatory model in both the 

chemistry and diatom data. This is a semi-automated stepwise regression procedure which adds 

environmental variables one at a time to the model, until no others significantly explain residual 

variation. Monte Carlo Permutation testing allows the significance of these explanatory variables to be 

assessed (ter Braak, 1990). During each iteration, after Monte Carlo significance testing, CANOCO 

orders variables according to individual amounts of species variation explained.

In order to breakdown the importance of different explanatory variables in response data a 

technique known as partial constrained ordination analysis is used (e.g. Korsman & Birks, 1995; 

Qinghong & Brakenhielm, 1995). Partial constrained ordination can be used to ascertain if there 

is independent variation associated with individual environmental variables after partialling out 

the effects of other important environmental variables as co-variables in CANOCO. Partial 

constrained ordination is used in Chapter 6  in an effort to partial out the effects of pH from DOC 

in the diatom data.

4.4.2.1 Species Response Analysis

A number of techniques are available to explore species response to individual environmental 

variables. Those used in this research include, the N2 diversity index (Hill, 1973), HOF 

(Huisman et a l, 1993) and Gaussian Logit regression (GLR) (Juggins, 1997) (see Chapters 6 , 7 and 

8 ). N2 is a measure of the effective number of occurrences of a taxon (Hill, 1973) and is a 

diversity measure reported in calibration model outputs. If a taxon occurs rarely in four samples
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and is dominant in one, it will therefore have its optimum occurrence weighted by the sample in 

which it occurs most.

HOF (named after its designers Huisman, Olff and Fresco), fits a hierarchical set of models for 

species response analysis (Huisman et a l, 1993). An example of the use of HOF is found in 

Lotter et a l  (1997) and is applied in the current study in Chapter 7. Five models are tested based 

on the species response curve. These models include; a skewed asymmetric unimodal response 

model, a symmetric Gaussian response model, a monotonically increasing or decreasing response 

model and the null or no response model. Each response model is fitted to the data, HOF then 

drops a parameter until it cannot make the model simpler without losing significance. The 

simplest significant model is established for each taxon in an iterative fashion.

Gaussian Logit regression (GLR) (Juggins, 1997) fits the Gaussian unimodal response model to an 

ecological response curve using maximum likelihood regression (ML). GLR was used in this research 

to estimate optima and tolerances of species in relation to individual environmental variables (see 

Chapter 7). A cut-off point of three species occurrences was used given the size of the data-set. The 

simplest significant model was evaluated for each taxon and tested at cx = 0.05. Examples of 

application of GLR are found in Birks et a l (1990) and Odland et a l (1995) and a detailed description 

of the Gaussian Logit model is found in Odland et a l (1995).

4.4,3 Classification

Classification systems are used in multivariate analysis to group objects that have similar 

properties and minimise within-group variance. Between-group variance is therefore maximised 

and this can facilitate interpretation of complicated data. A multitude of classification methods 

are available for classifying biological data: divisive methods, hierarchical, association analysis, 

indicator species analysis etc. (Kent & Coker, 1992). The classification method CONISS 

analysis (Grimm, 1987) is used in the current research (see Chapter 8 ) as it is readily applicable 

to TILIA data files.

A stratigraphically cluster technique, constrained incremental sum of squares ( ‘CONISS’, 

Grimm, 1987) was performed on the sediment core fossil diatom data. CONISS creates a 

dendrogram based on similarities between adjacent samples, groups them and finally merges them 

in an agglomerative hierarchical fashion (bottom up). The technique was implemented in TELIA 

Version 1.1 (Grimm, 1991). The data were transformed using a dissimilarity co-efficient 

(Orlici’s chord distance) to define chronological zones in the core data (Grimm, 1987).
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4.4.4 Inference Models

One of the aims of this thesis is to develop a model to infer lake water chemistry in the study area 

from diatom assemblages. Examples of diatom inference models or transfer functions are found 

in Stevenson et al (1991), Hall & Smol (1992), Pientiz & Smol (1993), Dixit et al (1993) and 

Korsman & Birks (1994). The concept of using a biotic index to predict environmental 

conditions originates from biological monitoring (Birks, 1995). The rationale is that the 

biological response acts as proxy data for the environmental variables (ter Braak & Prentice, 

1988). It has been especially valuable in situations where chemistry cannot be measured directly 

but a biological record exists (e.g. in lake sediments) (ter Braak, 1987). Predictive equations 

have developed from multiple linear regression and unimodal techniques and have generally low 

errors and high prediction significance (Kowalski & Seasholtz, 1991). Transfer functions were 

originally devised in Chemometrics (ter Braak, 1987) and their construction is termed 

‘calibration’ (Kowalski & Seasholtz, 1991).

The theory behind inference model techniques is based on classical regression techniques where 

biological data are assumed to be a function of environmental conditions (Birks, 1995). Ym the 

modem species response is assumed to be a function (f/m) of present day environmental 

conditions (Xm).

Ym= U m(Xm)

This function or regression coefficient (Um) can be calculated for modem data or a ‘training-set’. 

This regression function is then used to infer/reconstruct predictor variables (Xp) from species 

data provided by fossil species data (Tp).

Xp =Um' 1 (modelled response) (Tp)

Species are investigated statistically to find their optima and tolerances along a range of chemical 

conditions. In this way multiple species are used in environmental calibrations. Basic 

requirements for quantitative palaeoenvironmental reconstructions are: a biological system with 

an abundance of fossil species that are sensitive to environmental variables of interest; a training- 

set for modem samples representative of a range of conditions; comparable sedimentary 

environments and taxonomy between the fossil and modem training-sets; a robust statistical 

method to model the response-predictor relationship; an independent method to establish the 

chronology of the sediment record; statistical estimation of standard errors of prediction for each 

reconstructed value; and statistical and ecological evaluation of the reconstructions (Birks, 1995).
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Given these conditions inference methods are assumed to adequately model the predictor-response 

relationship (Birks, 1995). The model or transfer function can then be used to reconstruct past 

environments in the absence of historical chemical data. In other words, the roles are reversed 

and the predictor becomes a function of the response.

Inference models have a number of inherent properties which greatly influence any analysis. 

Training-sets generally contain many taxa as well as many zero values. The latter constitutes 

noise and can complicate patterns within the data leading to spurious interpretations (ter Braak, 

1987). Species counts are commonly expressed as percentages and are therefore constrained or 

closed systems, and do not replicate natural systems fully (ter Braak & Prentice, 1988). 

Quantitative species data are also highly variable and often have skewed distributions.

A variety of inference models were implemented in this research using the program CALIBRATE 

Version 0.3 (Juggins & ter Braak, 1993) including; Partial Least Squares Model (PLS), 

Weighted Average Model (WA) and Weighted Average Partial Least Squares Model (WA-PLS).

4.4.4.1 Partial Least Squares Model (PLS)

Partial Least Squares (PLS) encompasses a group of methods that were developed through 

relating blocks of variables on a set of objects (Geladi & Kowalski, 1986). It was one of the 

earliest of the predictive models and was first developed in Chemometrics in the 1980s. PLS is 

an extension of inverse regression for multiple species and is related to Principal Components 

Analysis (PCA). The original data are simplified into latent variables and the core of the model is 

based on the inter-relationships between these summarising variables. PLS maximises the 

correlation between the components of variation in the biological data and the environmental 

variable. This enables multiple inverse regression (using the least squares criteria) of the 

independent variable on the dependent response variables. Similarly prediction of a variable can 

be estimated using the multiple species regression equation. PLS is the most appropriate method 

to develop a predictive model when the response data are linear and is the best method to deal 

with ‘noise’ (e.g. zero-values, sample heterogeneity, diatom valve dissolution and breakage, the 

number of rare taxa, habitat factors). Smaller components extracted in the PLS model are often 

associated with noise and can be eliminated (Geladi & Kowalski, 1986). Korsman & Birks 

(1995) use PLS for calibrating diatom assemblages for a number of chemical determinands. 

However, PLS has not been commonly used in palaeoenvironmental reconstructions.
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The model results or components with associated r2 and root mean square error (RMSE) give an 

indication of the scope of the model (Geladi & Kowalski, 1986). A model may have as many 

components as the number of interactions in a data matrix of dependent and independent 

variables, however a maximum default number of six is generally used. Later components may 

only describe noise and therefore are not included in the model. Presentation of each of the six 

PLS components gives an impression of the model construction process and enables the 

contribution of the variables to the model to be examined. Some components may be co-linear 

and therefore produce redundant information.

4.4.4.2 W eighted Average Model (WA)

The weighted average model (WA) is based on the unimodal response model and was popularised 

by ter Braak (ter Braak, 1987). Weighted averaging works well over long environmental 

gradients, with species rich, noisy data (ter Braak, 1987) and has been successfully applied in 

palaeolimnology studies (e.g. Birks et al. (1990), Hall & Smol (1992), Pienitz & Smol (1993), 

Bennion (1993), Korsman & Birks (1994)). In weighted averaging methods a dependent or 

response variable is measured along a gradient of a predictor or independent variable and an 

optimum or indicator value is derived for that response. A simple estimate of a species response 

to an environmental variable is thus an average of all the values for sites in which that species 

occurs. Absent species have no weight. The environmental variable is the site score for X(n) 

observations and the species scores (or optima) are calculated by weighted average of the site 

scores. This is a regression step. New site scores are then calculated by weighted average of the 

species scores. This is a calibration step. The environmental variable is then regressed on the 

preliminary new site scores and the fitted values are taken as an estimate of X. The WA 

approach therefore reduces the range of the inferred values by averaging in both the regression 

and calibration stages of the analysis. In order to counteract this a deshrinking method minimises 

the RMSE in the training-set (Birks et al., 1990). Another version of the weighted average 

method is the WAtoi (tolerance) method. WAtoi was devised to account for the possibility that 

there are unequal tolerance ranges between species (ter Braak, 1987). Both the WA and WAtoi 

methods were run in CALIBRATE (Juggins & ter Braak, 1993) simultaneously.

Within the deshrinking process there are the two approaches, classical (where biology is a 

function of the environment + some error) and inverse (where the environment is a function of 

biological data + some error). The former is an indirect approach and performs better at extreme 

ends of environmental gradients e.g. the SWAP training-set was concerned primarily in the most 

acid sites (Birks et al., 1990). The latter is sub-optimal statistically as it is an inversion of the
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classical technique. However the literature indicates that in most cases the inverse methods 

perform better for bio-indicator reconstructions using fossil data (Birks, 1995) and data with 

linear relationships (ter Braak, 1987). The inverse approach works best on the middle values of 

an environmental gradient and draws in the extreme values.

4.4.4.3 Weighted Average - Partial Least Squares Model (WA-PLS)

The weighted average partial least squares model (WA-PLS) was developed by ter Braak and is 

generally recommended for species rich data over longer gradients (>2 SD) (ter Braak et al., 

1993). This method is described as combining the ‘desirable features of inverse linear regression 

and weighted averaging’ (Birks, 1995) and has been applied to diatom assemblages by Korsman 

& Birks (1994) and Larsen et al. (1996). The method was developed as an extension to weighted 

averaging with the aim to improve the optima for species by using the information contained in 

the residuals to improve the fit and the estimated optima (ter Braak et al., 1993). This is 

achieved through a series of regressions and extraction of components. As with PLS, the WA- 

PLS model error reduces as each component is extracted (ter Braak et al., 1993).

4.4.4.4 Model Evaluation

The traditional measures of predictive power for regression models are r2 (coefficient of 

determination) and root mean square error (RMSE) and bias (mean and maximum) (Ebdon, 

1977). The coefficient of determination measures the strength of the relationship between the 

observed and inferred values and facilitates comparisons between predictive models for different 

environmental variables within the same training-set. It is a mathematically rigorous statistic and 

an r2 of 1 would represent a 1:1 linear relationship with no unknown variance (RMSE). This 

perfect relationship does not exist in ecology and r2 values of <0.65 are not uncommon and often 

interpreted as robust models (Prairie, 1996). Examples can be found in Dixit et al. (1991), Hall 

& Smol (1992), Dixit et al. (1993) and Bennion (1993). The RMSE or standard error gives an 

estimate of the amount of uncertainty left once the structured variance associated with the 

predictor variable has been identified. Statistical estimation of the standard errors is an inherent 

part of the evaluation of model performance and enables determination of whether the 

reconstruction is ecologically reliable (Prairie, 1996). Error is always present with models as it is 

unrealistic to derive a single environmental variable from species assemblages (ter Braak & 

Prentice, 1998). Models should also have low mean or relative bias, as assessed by the mean of 

the differences between observed and predicted values in the cross-validation, as well as 

maximum bias (ter Braak & Juggins, 1993). Bias is a valuable measure of the tendency to over- 

or underestimate the predicted variable along different parts of the gradient.
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The reconstructed predictor value for any set of fossil data will be a function of the modem 

assemblage composition, the state of the fossil preservation as well as counting and sampling 

errors (Birks, 1995). The correlation between predictor and response is traditionally 

overestimated in all data and so the error is generally underestimated (ter Braak, 1988). To 

counter this validation exercises such as leave-one-out jack-knifing and cross-validation are 

available in predictive models (ter Braak et al., 1993). The validation procedure excludes a 

sample and a test model is then derived from the remaining samples and applied to predict the 

environmental variable for the excluded sample. This exercise is therefore an approximation of 

the prediction error or root mean square error of prediction (RMSEP) and is a more realistic error 

estimate for the model than the calibration estimated value (Kowalski & Seasholtz, 1991). 

Standard errors of prediction can also be estimated using an independent test set (ter Braak et al., 

1993).

The criteria used to chose the optimal number of model components in both PLS and WA-PLS 

models is based on the highest r2 and lowest RMSEP or a critical RMSEP derived through tests 

on the data. The optimal number of components in a model minimises the prediction error of the 

variable to be predicted and is estimated by jack-knifing or cross-validation. It is recommended 

that there should be a 5% reduction in RMSEP between model components to select the best 

model (H.J.B. Birks, pers. comm.).

4.4.5 Modern Analogue Technique (MAT)

The Modem Analogue Technique (MAT) (Juggins, 1994b) was devised to examine the floristic 

similarities between modem diatom assemblages (e.g. Flower et al., 1997) but it is also useful for 

comparison of modem and fossil assemblages. This space-time substitution approach can be 

adapted to incorporate information on contemporary water quality. The modem analogue 

technique requires modem and fossil data-sets resulting from surface sediment and sediment core 

analyses. Floristic differences between fossil and modem assemblages are measured using Chi- 

squared distance (x) where diatom proportions are weighted to emphasise the difference between 

different assemblages.

(JC) £„  = £ [ (Y lt ■Yit) 2/(Yik+ Yjk)]. 

where Yik is the proportion of the diatom taxon k  in sample i, d$ is the Chi-squared distance 

between samples i and j  (Flower et al., 1997). In order to determine a close analogue cut-off 

point the 5 th percentile (comparable to a minimum acceptable dissimilarity coefficient) of the 

modem training-set and the environmental variable of interest was used.



This chapter has outlined the analytical phases of the research, the sampling of the lake water 

chemistry, lake sediments and biological data, the laboratory analytical techniques selected and 

consideration and justification of the data analysis techniques used. This forms the background 

to the results presented in the next four chapters, where these techniques are applied. Chapter 5, 

next, considers seasonal water chemistry from the training-set lakes.
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CHAPTER 5

Lake Water Chemistry and Catchment Characteristics

5.1 Introduction

This chapter presents the results of a seasonal survey of lake water chemistry undertaken between 

1994 and 1995 to establish the chemical status of lakes in south-east Connemara. Site selection 

parameters, catchment characteristics associated with each lake and the analytical methods used 

for each chemical determinand are described in Chapter 4. The objective of the survey was to 

identify and quantify the acidity of Connemara lake waters and determine how it relates to other 

chemical attributes and to catchment characteristics. The broader aim of the chemical survey 

was to provide contemporary chemistry data for exploration along with modem diatom 

abundances. Calibration models could then be derived for important chemical variables and used 

to infer historical chemistry from fossil diatom assemblages preserved in lake sediments.

First, the variation in and between individual chemical determinands is explored and seasonal 

differences are described. Indirect ordination methods are used to explore the relationships between 

chemistry determinands. Direct ordination methods are subsequently used to explore the chemical 

response to catchment characteristics. The chapter concludes with an evaluation of the water 

chemistry status and discussion of environmental factors influencing this chemistry. The results 

form the basis for generating research hypotheses to explain the acidity status of these systems.

5.2 Summary Statistics

The data-set consists of 14 chemical determinands from 22 lakes, sampled seasonally between May 

1994 and April 1995. The full list of site names and site codes for the study lakes is presented in 

Table 3.3 and the location of the lakes is presented in Figure 3.9a & b. A total of 108 samples 

were collected, including twenty duplicates for analytical quality control. Table 5.1 shows the annual 

means for each determinand at each site and Table 5.2 presents the summary statistics for the seasonal 

data. Full chemistry results for each season are presented in Appendix 5.1(a-d). The frequency 

distribution of selected determinands in the study sites are illustrated in Figure 5.1.

The sites are normally distributed around annual mean levels of 100 jjS cm' 1 conductivity, pH ~ 5 and 

alkalinity of 14 peq I'1. Most sites have Ca2+ levels between 60-120 peq I'1, Na+ > 500 peq I' 1 and Cl' 

> 600 |ieq f 1 (Figure 5.1). The ion balance error indicated that most measurements (90%) were within 

the required 95% confidence limits (see Appendix 5.2). Incidentally higher values were accepted where
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valences of the ions were difficult to assess due to the abundance of organic material and because of the 

dilute nature of the lakewaters.

5.2.1 Conductivity

The lakes have a low mean conductivity of 104 pS era' 1 (range 49-238 pS cm"1). Higher conductivity 

values measured in the winter and spring sampling periods reflects greater ionic input to the catchments 

in these months and is most likely attributable to higher loading of sea salt with winter storms and 

higher rainfall. The sites LYEL, BEAL and SHDL exhibited the highest conductivity during the winter 

season (> 200 pS cm'1) while sites SHAW, AUNI, ABCD and NAMO had the lowest annual mean 

conductivity (< 8 6  pS cm'1).

5.2.2 pH and Alkalinity

The annual mean pH for most sites was 4.9 (range 4.1-6.6) confirming the highly acidic nature of these 

systems. All sites in the study area exhibited similar seasonal trends in pH, with lowest measured pH 

in winter and highest in summer and autumn. Low pH values (< 5 pH units) were recorded for sites 

LYEL, NAVR and OUGH in all seasons. Extremely low pH levels (4.1-4.3 pH units) were observed 

in the winter samples at sites LYEL, OUGH, BEAL, NAGI and NAWL(S). These exceptionally low 

measurements reflect those found in streams by Allott et al., (1990, 1993). Higher levels of acidity 

were encountered in the winter and spring samples compared to those in summer and autumn. The 

lowest pH recorded was 4.1 units (84 peq I' 1 IT) at OUGH during the winter sampling period, while 

the annual mean pH was 4.9 (12.2 peq I' 1 IT). The highest pH levels were consistently recorded at 

SHAW and SHDL, the most northerly, high altitude sites in the data-set. Mean values of 6.2 and 6.0 

pH units were calculated for these sites.

The lakes had very low alkalinity with an annual mean for all sites of 14.6 peq f 1 CaC 03 (range -62.7 

to 75 peq I'1). These alkalinity levels suggest that the catchments have a very low capacity to ‘buffer’ 

pH change (Cresser & Edwards, 1987) (see Chapter 2). Sites with higher than average hydrogen ion 

concentration had correspondingly low alkalinity (e.g. LYEL, NAVR and OUGH). Alkalinity levels 

were generally lower in the spring and summer samples and this suggests that, even under low flow 

conditions, the underlying soils and geology are incapable of neutralising acidic run-off from these 

catchments. Despite some notably higher alkalinity levels in the winter and autumn seasons (e.g. 

maximum alkalinity of 75 peq I' 1 CaC03 recorded at LETT in winter) these sampling periods also 

exhibited the greatest fluctuations in alkalinity values (e.g. minimum alkalinity of -62 peq I' 1 CaC 03 at
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Figure 5.1: Frequency histograms for selected chemical determinands
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Table 5.2 Summary statistics for the water chemistry data from the 22 Connemara lakes
sampled on a seasonal basis between 1994-1995

Summer 1994 Max. Min. Mean S t Dev.

Conductivity pScm ' 1 112.4 57.5 153.1 13.1

PH units 6 . 6 4 .6 4 .8
IT p eq l’ 1 23.3 0.3 2 3 .9 5.5
Na+ peq I' 1 635 339 7 8 6 7 4
IC* peq 1 1 2 0 . 2 2 . 6 19.5 4.7
Ca2* p e q l 1 106.3 44.9 7 9 .0 13.0
Mg2* peq 1 1 143.1 75.7 2 0 8 .0 19.9
N H / p eq l’ 1 7.5 0 . 0 0.5 2 . 2

LM-A1 P gl ' 1 3.1 0 . 0 1.3 0.7
Alkalinity (C aC 03) peql ' 1 70 .0 -30.0 24 .4 24 .0
S 0 42' p eq l ' 1 87.4 41.6 116.9 13.0
Cl' p eq l ' 1 719 355 1036 93
NOj' peql ' 1 1 . 1 0 . 0 0.7 0.3
Dissolved Organic Carbon m gl ' 1 18.6 2 .9 5 .6 4.5
P 0 4 p g l ' 1 24.0 0 . 0 42 5.0
Autumn 1994 Max. Min. Mean S t Dev.
Conductivity fiScm ’ 1 83.9 48 .9 6 6 . 0 1 0 . 8

pH units 6.4 4 .5 5.1
H* peq l ' 1 33.6 0 .4 1 2 . 1 7.5
Na+ peq l ' 1 513 26 2 651 71
K* peql ' 1 16.1 2 . 0 1 1 . 2 3.0
Ca2+ peql ' 1 183.6 40 .9 98.3 32.1
Mg2* peq l ' 1 185.9 73 .2 166.1 2 5 .9
NH4* p eq l ' 1 4.3 0 . 0 0 . 0 1 . 2

LM-A1 p g l ' 1 2 . 2 0 . 1 1.3 0 .4
Alkalinity (C aC 03) Peql ' 1 62.0 -4.0 2 . 1 17.4
S 0 42' p eq l ' 1 82.2 38.7 91.8 1 2 . 6

cr peq l ' 1 719 2 8 0 7 8 6 90
NO3' peql ' 1 15.0 0 . 0 0 . 0 3.6
Dissolved Organic Carbon m gl ' 1 39.2 4 .2 5 .2 9.1
PO„ P g l ' 1 29.0 0 . 0 4.5 5.8
Winter 1994 Max. Min. Mean S t Dev.
Conductivity pScm ' 1 238.0 8 8 . 0 153.1 49.9
pH units 6 . 0 4.1 5.1
H* peql ' 1 84.5 1 . 1 1 2 . 2 24.8
Na* peq l ' 1 1288 473 5 8 0 227
K* p eql ' 1 32.7 6 .9 1 1 . 6 6 . 6

Ca2* p eq l ' 1 142.7 37 .4 83.5 25 .2
Mg2* p eq l ' 1 345.5 114.3 149.1 69.8
NH»* peq l ' 1 4.9 0 . 0 1.3 1 . 2

LM-A1 P g l ' 1 4.9 0 . 2 1 . 1 1.3
Alkalinity (C aC 03) peq l ' 1 75.0 -62.0 14.5 38.1
S 0 42' p eq l ' 1 208.5 32.7 83 .6 51.3
cr p eq l ' 1 1610 572 7 1 0 306
N O / p eq l ' 1 2 . 6 0 . 0 0 .9 0 . 6

Dissolved Organic Carbon m gl ' 1 1 0 . 6 2.3 7 .9 2 . 0

PO4 P g l 1 0 0 0 0

Spring 1995 Max. Min. Mean S t Dev.
Conductivity fiScm ' 1 142.8 84.5 108.4 14.6
pH units 6 . 2 4 .4 6 . 0

H* peql ' 1 41.4 0 . 6 5 0 1 .6 1 0 . 1

Na* p eq l ' 1 793 525 9 87
K* p eq l ' 1 17.9 2 . 6 74 .8 4.1
Ca2* peq l ' 1 142.2 54 .4 114.2 25.4
Mg2* peq l ' 1 240.2 125.0 3 .6 28 .4
NH4 * Peql ' 1 ’ 0 . 0 0 . 0 1 . 0 0 . 0

LM-A1 P g l ' 1 2.4 0 . 0 8 . 8 0 . 8

Alkalinity (C aC 03) p eq l ' 1 59.0 -31.8 69.1 2 1 . 6

S 0 42' p eq l ' 1 113.7 49.3 5 8 7 .8 19.2
CT Peql ' 1 1317 5 66 0 173
NO3' p eq l ' 1 0 . 2 0 . 0 7.5 0 . 1

Dissolved Organic Carbcm m gl ' 1 1 1 . 2 2 . 0 60 .8 2.7
P 0 4 P g l ' 1 0 0 0 0
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OUGH in winter). The sites GLEN, SHAW and SHDL had higher and more stable alkalinity across 

the seasons, indicating greater ability to buffer increases in acidity. These sites occur at the highest 

altitudes.

5.23 Major Ions

The principal ions in the lake water samples are Cl', Na+, Mg2+, Ca2+ and SCL2-. The most important 

anions in order of magnitude are Cf > S042' > OA‘ (organic acid anion) > CaC03‘ > N 0 3' and the 

most important cations are Na+> Mg2+> Ca2+> ET > K+. The high concentrations of Na+ and Cf at 

nearly all sites reflect the proximity of the study sites to the coast. This is illustrated in ternary plots of 

the major cations and anions in Figure 5.2. The anion plot is dominated by Cf with all training-set 

sites grouped in the area of high percentage chloride. If CT is removed and alkalinity included more 

variation between sites is expressed. The cation plot shows a similar concentration of sites dominated 

by Na+. An examination of the other cations following removal of Na+ indicates similar chemistry 

between sites. Chloride input to coastal catchments is assumed to be derived entirely from neutral salts 

of marine origin and thus C1‘ is termed a ‘conservative’ ion (i.e. it does not interact with other ions and 

is not important in biological terms) (Wetzel, 1975). This makes it useful in differentiating between 

marine and non-marine inputs (see Appendix 5.3). Figure 5.3 shows a histograms of the relative 

proportions of marine and non-marine Ca2+ and Mg2+ for the annual mean data. Marine inputs 

dominate as the source for Mg2+ at all sites while non-marine inputs dominate as the source for Ca2+. 

Analysis of the marine influence on lake water chemistry was limited by the lack of time series data. 

Detailed sampling and analysis is necessary due to the episodic nature of the marine influence 

(Hemond, 1994). Chloride ranged from 280-1,610 peq f 1 and sodium 262-1,288 peq I 1 with highest 

levels recorded during winter at SHDL. Winter samples in the data-set averaged 653 peq I"1 Na+ and 

851 peq f 1 Cf. The higher sea-salt levels in the winter samples reflect the greater frequency of south

westerly and westerly salt-laden winds of Atlantic storms. Allott et al, (1993) analysed the chemistry 

of streams draining these sites, incorporating an intensive investigation of the acidic episodes, and 

concluded that sea salts were a significant contributory factor in the acidity of these surface waters and 

could be related to specific weather events.

Calcium and magnesium ions originate from weathering of the soil, soil parent material and also from 

marine sources (Flanagan, 1990). The annual mean calcium concentrations (for all sites) was 83.5 peq 

I' 1 Ca2+ reflecting the base poor granite geology and peat soil cover. Calcium measurements ranged 

from 37.4 peq f 1 at NAMO in winter to 183.6 peq I*1 at NAWL(L) in autumn. Concentrations were 

at their highest in the spring samples. Summer Ca2+ levels, with less influence from extreme sea- 

salt events, generally give a clearer indication of catchment buffering capacities (Cresser &
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Edwards, 1987). Calcium levels have been used in critical load predictive models as a measure of 

sensitivity to acidification (Battarbee et al, 1996). Critical levels of < 50 peq I' 1 have been used to 

indicate high sensitivity whereas levels between 50-200 peq I' 1 are regarded as less sensitive (Harriman 

& Christie, 1995). The majority of the Connemara samples fit into the less sensitive category in all 

seasons. Magnesium is also used to determine alkalinity levels in surface waters. An annual mean for 

the study sites of 149 peq Y Mg2+was calculated (range 73-346 peq 1' Mg2+). This probably reflects a 

substantial marine input.

Annual mean sulphate concentrations were between 70-100 peq 1' S 042‘ in the Connemara study lakes. 

Maximum levels were found during winter months with > 200 peq 1' S 0 42’ at LYEL and BEAL. Total 

sulphate levels include a marine and non-marine catchment component. Sulphate was clearly 

correlated with chloride (r = 0.90) in these waters and calculation of the proportion derived from 

marine and non-marine sources has played a vital role in determining causes of acidification (Allott & 

Brennan, 1993). Estimation of non-marine sulphate ([SO^]*) gives an indication of combined 

catchment sulphate inputs (from sulphide oxidation and organic matter oxidation) and inputs 

from anthropogenic deposition. In Chapter 2, sulphur sources from mudflat algal activity producing 

dimethyl sulphide were highlighted as important sources of sulphur in maritime regions (Moss, 

1980; Davison & Hewitt, 1992). However extensive deposits of waterlogged and oxygen- 

deficient peats (Conway cited in Gorham, 1957) could also be of importance in Connemara. 

Determination of the contributions from these different sources was beyond the scope of this 

research. Annual mean ratios of sulphate to chloride indicate that there was a low net export of 

sulphate from each catchment (Appendix 5.3) with non-marine contributions just 10% of total 

measured sulphate. Calculations of [SO4.2"]* for spring, summer and autumn are generally 

positive but sporadic negative results occur. Possible explanations for this include retention of 

the [SCXi2"]* ions in peat soils (e.g. Anderson et al., 1995) and calculation errors associated with 

the relatively low concentration of sulphate ions to chloride (Farrell et al., 1993) (Appendix 5.3). 

Non-marine or excess sulphate averaged 13 peq f 1 [S042]* for all sites with marginally higher 

values in winter and lower in summer. The highest level recorded in this data-set is 56 peq I' 1 

[S042']* and this was found at Bealnambrack (BEAL) in winter. These results correspond to 

those of Allott & Brennan (1993) for streams draining the training-set sites.

Comparisons of catchment derived sulphate and pH in this data-set were explored to assess the 

possibility of anthropogenic acidification. No significant relationship was found between [S042']* and 

pH using annual mean data (r = -0.30) at the 95% confidence limit (Figure 5.4a). Evidence of a
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significant relationship between [S042']* and pH is apparent in winter (r = -0.81) (Figure 5.4b) and this 

may indicate deposition induced acidity. Overall, however, the signal is weak. The very low levels of 

sulphate evident in these lake water samples suggest that these systems are not impacted 

significantly by (sulphur) deposition.
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Figure 5.4a: Scatter plot of catchment derived 
[S042']* and pH based on all samples over four 
seasons, r = -0.30 (n = 88)

Figure 5.4b: Scatter plot of catchment derived 
[S042']* and pH based on winter samples, r = 
-0.88 (n = 22)

5.2.4 Dissolved O rganic Carbon

Dissolved organic carbon (DOC) measurements indicate that one quarter of the lakes analysed were 

highly humic (i.e. > 10 mg l 1 DOC (Kramer et al, 1990) (e.g. BEAL, LYEL, NAWL(L), NAWL(S) 

and OUGH)). The results are comparable to other studies with high levels of DOC e.g. Nova Scotia 

0.7- 27.0 mg I' 1 DOC (Gorham et al., 1986), Norway 1.9-14.3 mg f 1 DOC (Brakke et al., 1987). 

Pienitz et al., (1997) separated their sites in the Yukon into three vegetation categories and reported 

differing levels of DOC; 7.9 mg f 1 DOC (alpine), 9.4 mg f 1 DOC (arctic tundra) and 15.9 mg f 1 DOC 

(boreal forest). The annual mean for the Connemara lakes was 7.9 mg I' 1 DOC. The highest DOC 

concentrations were measured in autumn (4.2-39.1 mg I'1) and summer seasons (2.9-18.6 mg f 1) and 

the lowest in spring (2.0-10.3 mg I'1) and winter (2.9-10.6 mg I"1). The highest measured DOC value of

39.1 mg I’1 was recorded at the afforested site OUGH during autumn. A more intensive sampling 

exercise carried out on streams draining these catchments concluded that the highest DOC values 

occurred in the summer months (Allott & Brennan, 1993). These high summer values were attributed 

to a combination of factors including increased oxidation of peat, low precipitation and longer 

residence time with greater peat/water contact (Allott & Brennan, 1993). The higher autumn values in 

the current study may result from the flushing of organics associated with the first autumn rains but are 

close to the summer levels. The range of DOC values are comparable with the stream measurements
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for this area (Allott & Brennan, 1993). The lowest mean DOC values were recorded at the most 

northerly, higher altitude sites in the data-set, SHAW, SHDL, AUNI and GLEN.

The organic acid anion was calculated using a model developed by Oliver et a l, (1983) (see 

Chapter 4) to evaluate the contribution of organic matter to acidity. Seasonal results for each site 

are presented in Appendix 5.1(a-d). The greatest concentrations of organic anions were found in 

the autumn sampling period concurrent with the highest measured DOC concentrations. The low 

winter DOC concentrations were associated with low organic anions. The correlation between 

DOC and the organic acid anion is highly significant (r = 0.98 at 95% significance level) as 

expected as the anion is derived from organic matter (see Figure 5.5a). A comparison of organic 

anions and measured pH indicates a highly correlated relationship (r = -0.65) (Figure 5.5b). This 

strong correlation suggests that organic acid anions are highly influential on the acidity status of 

these sites.
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Figure 5.5a: Scatter plot of the annual
average DOC and organic acid anion 
(Oliver et al., 1983) in the Connemara 
lakewaters (r = 0.98)

Figure 5.5b: Scatter plot of the annual
average organic acid anion (Oliver et al., 
1983) and pH in the Connemara 
lakewaters (r = -0.65)

5.2.5 Aluminium

Levels of the ionic reactive portion of aluminium (labile monomeric aluminium, LM-A1) ranged from 

2-66 pg I 1 with an annual mean of 14.5 pg I'1. Levels were highest at sites during the winter sampling 

period corresponding with the lowest seasonal pH values. Aluminium is most toxic at ca. pH 5 where 

concentrations of 40 pg f 1 LM-A1 damages hatching salmonid eggs (Turnpenny et al, 1987) (see 

Chapter 2). This positive correlation between acidity and aluminium is widely recognised with 

aluminium having toxic effects on aquatic biota (Harriman & Morrison, 1987; Ormerod et a l, 

1987a; Ormerod et a l ,  1987b; Turnpenny et a l, 1987). The speciation of aluminium is the
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controlling factor in its toxicity to aquatic organisms. The levels of labile-aluminium in the current 

study are relatively low compared to stream measurements recorded in the same area, where mean 

concentrations exceeded the maximum desirable limit for salmonids (40 pg I'1) on many occasions 

(Allott & Brennan, 1993). However, stream water chemistry is more sensitive to episodic effects due 

to the smaller volume of water and shorter residence time. Figure 5.6a illustrates a significant trend 

of decreasing concentrations of LM-A1 with increasing pH concentration in the Connemara 

samples (r = -0.53 at 95% significance) while Figure 5.6b illustrates significant positive 

correlation between DOC and non-labile aluminium (NL-A1) (r = 0.89). DOC complexes free 

metal ions and represents the non-toxic organically bound portion of total aluminium, therefore 

most aluminium exists as non-labile i.e. bound to organic matter.
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for all seasons r = -0.53 (n = 88) for all seasons r = 0.89 (n = 88)

5.2.6 Nutrients

Analysis of ammonium, nitrate and phosphate in the study lakes confirmed their oligotrophic status 

according to the OECD classification (OECD, 1982). Very low levels of ammonia were measured in 

the lake water samples (annual mean 1.3 peq f 1; range 0.0-7.5 peq I'1). Ammonia is generally present 

in natural waters in very low concentrations (Flanagan, 1990). Almost ninety percent of phosphate 

measurements were below detection limit (5 pg I'1). Nitrate levels were also very low with an annual 

mean for all sites of 1.5 peq I 1. The site NAVR had consistently higher levels of NO3' and N H / 

(annual mean 3.1 peq I' 1 N H / and 4.4 peq I' 1 N 0 3') compared to other study sites. BOVR also had 

slightly elevated levels compared to other sites. Levels of the cation K+ were also high at these sites 

along with UGGA. These three sites (BOVR, NAVR and UGGA) are situated in the more southerly 

peat mining area (see Chapter 3).
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5 3  Relationships between Chemical Determinands

A correlation matrix was produced for the water chemistry data (for all determinands except phosphate 

due to its low levels) using CANOCO Version 3.10 (ter Braak, 1990) (Table 5.3). Correlation 

analysis was used to determine the strength of the relationship between variables. Prior to the analysis 

the chemical determinands (with the exception of pH) were log (x+c) transformed to normalise the data 

(Ebdon, 1977). The Pearson product-moment correlation coefficient (ratio of the joint variation of two 

variables to the total variation) reveals strong correlations between ionic concentrations. Significance 

levels for the correlations were estimated at the 95% level and the most significant relationships are 

emboldened in black (r 0.423 or r ^ -0.423) (Table 5.3). The more significant relationships are also 

represented in the multiple scatter plots (Figure 5.7).

As expected conductivity is highly correlated with the major ions (Cl\ Na+, SC^4- and Mg2+) and pH is 

positively correlated with alkalinity. Sulphate is also significantly positively correlated with pH, Cl', 

Na+ and Mg2+. DOC is negatively correlated with pH (r = -0.79). The correlation between organic 

anions and pH (shown in section 5.2.4) and the correlation between DOC and pH suggests that the 

low acidity status of these Connemara lakes is associated with organic acidity. Further exploration of 

this important pH/DOC relationship in these lake waters is illustrated by scatter plots in Figure 5.8, 

with a third variable incorporated in the size variable of the plotted points. These plots clearly show 

that high DOC-low pH sites are associated with high conductivity, higher levels of LM-A1 and low 

levels of alkalinity. No association was found between calcium and pH/DOC. Unusually, high 

concentrations of marine ions are also significantly correlated with pH and DOC. DOC is highly 

positively correlated with sodium (r = 0.91) and chloride (r = 0.78). DOC and sea salts typically 

exhibit weak positive correlations (Anderson et al., 1986; Stevenson et al., 1991, Boyle et a l,  (1989); 

Pienitz & Smol, 1993; Dixit et a l, 1993; Battarbee et a l, 1997) in contrast to the Connemara systems. 

To ascertain if the positive association between marine ions and DOC is coincidental and if the acidity 

of these lake waters can be entirely attributed to organic acidity, ordination techniques are applied in 

section 5.4 and marine and catchment influences are examined in section 5.5.

5.4 Ordination of Water Chemistry Data

Exploratory multivariate data analysis was carried out using ordination techniques (see Chapter 4) to 

further examine variation in the chemistry data and to identify important gradients and patterns. 

Indirect methods were employed first to analyse gradients in the water chemistry data. The chemistry 

data were then constrained by catchment characteristics to define environmental gradients to facilitate 

the generation of research hypotheses.
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5.4.1 Indirect Gradient Analysis

Principal components analysis (PCA) (described in Chapter 4) was undertaken on the annual mean 

chemistry data (Table 5.4). Ordination of the thirteen measured chemical determinands enables 

exploration of internal variability in the water chemistry of the 22 lakes. The PCA presented here was 

undertaken on log transformed data.

The first three ordination axes capture most of the variation in the data-set. The first PCA axis 

accounts for 55% of the variance in the chemistry data-set, the second axis 17% and the third axis 12% 

(Table 5.4). Axis 1 clearly represents the most important gradient of variation in the chemistry data

set. Examination of the species scores associated with the dominant first axis indicate that 

conductivity, Na+, S 0 42', Cl', DOC and pH have the highest response scores (Table 5.4). Axis 2 is 

primarily associated with N 03\  N H /and K+. Axis 3 is associated with Ca2+.

The correlation biplot for PCA axes 1 and 2 is illustrated in Figure 5.9. The study lakes are arranged 

on the PCA biplot according to their chemical composition. The highest biplot scores (for chemistry 

response variables) have the longest vectors on the ordination plot. The biplot shows the first axis 

negatively correlated with conductivity, Na+, S 042', Cl', DOC and positively correlated with pH and 

alkalinity. The acute angle between the major ions and conductivity illustrates the high correlations 

between these chemical determinands. High collinearity is again apparent between DOC, sea salts and 

pH similar to the correlation matrix (Table 5.3) and the size variable plots (Figure 5.8). The ordination 

plot shows a good dispersion of sites confirming that clear chemical gradients do exist within the data

set. The dominant first axis represents a gradient of sites associated, at one end, with higher pH and 

alkalinity (SHAW, ACLO, AUNI, NAMO and GLEN) and, at the other, with high concentrations of 

the major ions, DOC and labile monomeric aluminium (OUGH, NAWLS, LYEL and BEAL). The 

major gradient in the data is clearly encapsulated by an organic-acidity/sea-salt trend in the chemistry 

of the study sites. The second axis is positively correlated with higher concentrations of N 0 3\  NH4+, 

and K+ at sites NAVR, BOVR, FIDD, UGGA, ERGO and TUSH and negatively correlated with Ca2+.

5.4.2 Direct Gradient Analysis

Redundancy analysis (RDA) enables the relationships between response variables and explanatory 

variables to be examined simultaneously (van den Wollenberg, 1977; ter Braak, 1988) by constraining 

the ordination axes to measured environmental variables (see Chapter 4). The explanatory variables

108



Table 5.4: Eigenvalues and cumulative % variance results from PCA on thirteen chemical 
variables from twenty-two sites, data are log transformed__________________________________
Axes 1 2 3 4 Total

Variance
Eigenvalue (A.) 0.553 0.168 0.123 0.058
Cumulative % variance of species data 
Sum of all constrained eigenvalues

55.3 72.1 84.5 90.3
1

Biplot scores for chemistry variables
Conductivity -0.9641 0.0620 -0.1644 0.1203
PH 0.8655 -0.0783 -0.4396 0.0262
Na+ -0.9553 0.0494 -0.1897 0.1776
K+ 0.1754 0.8009 -0.2777 0.3925
Ca2+ -0.1311 -0.2488 -0.9105 -0.2376
Mg2+ -0.8400 0.1301 -0.4128 -0 .0001

NIV 0.0123 0.7800 -0.0877 -0.5291
LM-A1 -0.7388 -0.2666 0.1913 -0.3134
Alkalinity 0.8498 0 .0 1 0 0 -0.4065 0.0311
S 0 42' -0.9210 0.1204 0.0938 0.1209
cr -0.9152 0.2395 -0.0935 0.1649
N 0 3‘ 0.1941 0.8361 0.1959 -0.1530
DOC -0.9243 -0.0687 -0.0808 -0.2196
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Figure 5.9: PCA biplot of 13 water chemistry determinands (1st and 2nd axis only), sites are 
represented by closed circles, the chemical determinands by solid vectors
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used in this analysis include; distance from the sea, catchment area, lake area, maximum lake depth, 

maximum catchment altitude and percentage forest cover in each catchment. These are described in 

Chapter 3 where the criteria for the selection of these particular variables is also addressed. Peat cover 

or volume has been acknowledged as an important variable. However, its influence could not be 

quantified as proper measurements were beyond the scope of this study and therefore could not be 

included in the analysis. It is envisaged that the influence of peat volume will be expressed through 

surrogates such as catchment area, catchment altitude and forest cover statistics for the environmental 

variables are presented in Table 5.5 and measurements for each site are shown in Table 3.4.

Table 5.5: Summary statistics of the measured environmental variables for the 22 study lakes
Maximum M ean Minimum Standard

Deviation
% Forestry 100 27 0 36
Catchment Area (km2) 72 6.5 0 .2 15.4
Lake Area (ha) 81 16.2 1 .2 19.6
Maximum Depth (m) 16.5 5.1 0.5 4.7
Distance from Sea (km) 2 0 13 4 5
Maximum Altitude (m) 346 2 2 2 90 90

Both data-sets were log transformed to normalise the data and maximise inter-relationships between 

determinands and explanatory variables. Table 5.6 shows the RDA results and the correlation biplot is 

shown in Figure 5.9. The cumulative variance for the first two axes in the RDA (56%) is less than in 

the PCA (72%). The sum of all canonical eigenvalues for the RDA is 0.617, indicating that over 60% 

of the variation in the chemistry data can be explained by these explanatory variables. The statistical 

significance of the ordination axes were tested using Monte Carlo Permutation tests (see Chapter 4) in 

CANOCO (ter Braak, 1987). The first 4 axes were found to be significant at the 1% significance 

level using 99 permutations (Table 5.6). Axis 1 (eigenvalue = 0.469), representing 47% of the 

chemical variation, is substantially more important than axis 2 (eigenvalue = 0.089) with only 8.9%. 

Axis 3 captures just 4% of the variation while axis 4 represents 1%, indicating that these two axes are 

considerably less important than the first two components. As with PCA of the chemistry data a single 

dominant axis of variation is clearly manifested. Examination of the biplot scores (Table 5.6) indicates 

that the dominant axis is associated with an organic acidity/sea-salt response. The axis contrasts sites 

with high conductivity, high acidity, elevated marine ions, and DOC-rich waters from sites with higher 

pH and alkalinity. A second response gradient (axis 2) is associated with higher levels of NO3' and K+ 

and low Ca2+. Constrained ordination, therefore, has captured the same chemical variation as 

ordination of the chemistry alone.
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The RDA biplot (Figure 5.10) summarises the correlation structure between the chemistry and 

explanatory catchment variables. As with the PCA biplot, the long [solid] vectors representing DOC, 

conductivity, Na+, pH and alkalinity indicate their importance in the ordination. The inclusion of both 

of the explanatory [dashed] vectors and chemical response vectors enables interpretation of inter

relationships. The major organic acid/sea-salt gradient is most highly correlated with percentage 

forestry in the catchment (Figure 3.9b). Afforested catchments have higher concentrations of LM-A1, 

DOC and marine ions in their surface waters (e.g. NAWL(S), OUGH, BEAL, LYEL). Sites with 

higher pH and higher alkalinity are associated with deeper waters and higher elevations (e.g. SHAW & 

AUNI) (Figure 3.9b). Axis 2 is associated with lakes with high N 0 3\  tending to be closest to the sea 

(e.g. UGGA, ERGO and FIDD). These sites occur in the peat mining area and this is liable to be the 

most important factor leading to N 0 3' leachate (Figure 3.9a).

Table 5.6: Results of RDA on the chemistry and environmental variables
Axes 1 2 3 4 Total

Variance
Eigenvalues (X) 0.469 0.089 0.044 0 .0 1 0

Cumulative % variance of species data 46.9 55.8 60.2 61.2
Sum of all canonical eigenvalues 0.617

Biplot scores for chemistry variables
Conductivity 0.8356 0.0531 0.0635 0.0209
PH -0.8274 -0.2295 0.2560 0.0281
Na+ 0.8410 0.1073 0.1133 -0.0377
K+ -0.4047 0.5206 0.3538 -0.1773
Ca2+ 0.2004 -0.3174 0.4976 0.0721
Mg2+ 0.7151 0.1218 0.2567 0.0692
NH*+ -0.1659 0.3691 0.1458 0.1291
LM-A1 0.6862 -0.2889 0.0508 -0.0148
Alkalinity -0.8333 -0.1340 0.1526 -0.1216
S O ^ 0.7385 0.0689 -0.0600 -0.1696
cr 0.7560 0.1374 0.0269 -0.1019
n o 3 -0.2975 0.6630 -0.0534 0.1051
DOC 0.9441 0.0562 0.0508 0.0694

Biplot scores of environmental variables
Distance from Sea -0.3117 -0.8610 -0.3180 0.0245
Catchment area 0.0199 -0 .0 2 2 2 0.8449 0.0351
Lake area -0.2178 -0.0203 0.2754 -0.2171
Maximum Altitude -0.4259 -0.7244 0.3435 -0.0445
% Forestry 0.7399 -0.5086 -0.0556 0.1151
Maximum depth -0.5761 -0.3085 -0.0097 0.4057
M onte Carlo Test (999 perm utations) F-ratio Significance achieved
Axis 1 13.24 .01

Axis 2 41.69 .01
Axis 3 19.27 .01

Axis 4 14.68 .01
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Figure 5.10: RDA biplot of 13 water chemistry determinands and six environmental variables 
(response-explanatory variable biplot), sites = closed circles, chemical response variables = solid 
vectors and explanatory variables = dashed vectors

5.4.2.1 Forward Selection

Forward selection (see Chapter 4) of explanatory variables was carried out within redundancy analysis 

using CANOCO (ter Braak, 1987). This exercise aimed to find the minimum number of catchment 

attributes that are independently statistically significant in explaining variation in the chemistry. 

Potentially spurious explanatory variables are therefore eliminated. Statistical significance of each 

explanatory variable was assessed using Monte Carlo permutation tests (999 permutations) (ter 

Braak, 1990). Any explanatory variable with a Monte Carlo p-value of < 0.05 (adjusted using the 

Bonferroni correction factor (see Chapter 4)) was considered significant. The results of the forward 

selection and significance tests are illustrated in Table 5.7.

Three catchment variables were significant in the forward selection; percentage catchment forestry, 

maximum lake depth and distance of the lake from the sea. After the forward selection CANOCO 

calculates the eigenvalues for each ordination axis. The new component eigenvalues values are axis 1 

= 0.459, axis 2 = 0.084 and axis 3 = 0.006. Constrained ordination with three significant independent 

explanatory variables therefore accounts for approximately the same degree of variance (54.8%) as the 

RDA with six explanatory variables (61.7%) (Table 5.6). Percentage forestry, maximum lake depth
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and distance to the sea explain most of the variation in the chemistry of these Connemara lake systems. 

The most important explanatory variable is afforestation accounting for 28% of the variation, followed 

by lake water depth with 19%. Distance to the sea contributes 8 %. It is important to note that other 

variables may also be important in explaining water chemistry variation at these sites however, because 

they co-vary with those selected under this data-reduction exercise, they are not included. For example, 

altitude and distance to the sea are both important on the second ordination axis of the main RDA (see 

Table 5.6), but the latter is selected first due to its higher score on the ordination axis. However it is 

highly correlated with altitude (Figure 5.10). Altitude, therefore is also potentially important in 

explaining variation in water chemistry at these sites.

The influence of catchment afforesation on lake water chemistry is illustrated in Figure 5.11. 

Catchment afforestation was divided into three percentage cover classes (0-4%, 5-49% and 50-100%) 

and boxplots were produced for a selection of important chemical variables (pH, LM-A1, alkalinity, 

DOC and Na4) to examine the relationships with each forestry class. Increasing levels of afforestation 

are associated with lower pH and elevated levels of LM-A1 and DOC. Highest alkalinity was found in 

low to medium afforested sites. The dichotomy between DOC concentrations in lakes with afforested 

and non-forested catchments is marked. Non-forested sites have a mean DOC of 5.4 mg I' 1 while 

afforested sites have mean DOC of 10.1 mg I 1. These contrasting levels illustrate the strong 

association between catchment land-use and DOC at the study sites.

Table 5.7: Results of RDA including forward selection of environmental variables
Axes 1 2 3 4 Total

Variance
Eigenvalues (k)
Cumulative % variance of species data 
Sum of all canonical eigenvalues

0.459
45.9

0.084
54.2

0.006 0.153 
54.8 70.1

0.548

Forward Selection 
Variable Added

Variance
Explained

F-ratio Bonferroni
required

significance

No. of 
Permutations

Significance
achieved

% Forestry 0.28 7.80 0.05 999 0.003
Maximum Depth 0.19 6.59 0.025 999 0 .001

Distance to Sea
Variance explained by all the
variables

0.08
0.62

3.26 0.017 999 0.003

In summary, the ordination analyses have identified one dominant chemical gradient in the lake 

chemistry data associated with organic-acidity and marine ions. When these chemistry data were 

constrained by measured catchment variables the chemical gradient was found to be strongly related to
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the presence of conifer afforestation in catchments. Lake water depth and distance to sea were also 

found to influence the chemistry data but to a less significant degree. These significant gradients are 

now considered in the discussion.

5.5 Discussion

The lakes in this region of Connemara exhibit comparatively homogeneous chemical conditions, 

reflecting their acid sensitive nature, the strong marine influences and the importance of organic acidity. 

This chapter has described the chemical composition of these surface waters and identified variation in 

water chemistry. The following discussion will focus on how the chemistry of these sites compare to 

acid sensitive lakes in other areas, significant catchment factors and environmental influences 

controlling water chemistry.

5.5.1 Water Chemistry Status

Conductivity levels in the current research were typically less than 100 pS cm' 1 throughout the year 

and are comparable with other upland sites in the UK (e.g. Battarbee et al., 1988; Jones et a l, 1993), 

the Adirondacks (Whitehead et al, 1990), Canadian tundra (Pienitz et al., 1997a) and southern 

Norway (Anderson et al, 1986). These low ionic concentrations provide an indication of the restricted 

alkalinity range of these surface waters and the consequent low acid neutralising capacity of all 2 2  

study lakes. High levels of DOC were found in the most acid waters and this suggests that the acidity 

is due to organic acidity. Comparable levels of DOC are found in boreal forest systems (Pientiz et al., 

1997), “organic dominated lakes” in the US (Kaufmann et a l, 1992: 118) and central Finnish lakes 

(Kortelainen, 1992).

Ordination analysis established chemical variation in these surface waters to vary along a highly 

dominant organic acid/sea-salt gradient. DOC and marine ions are highly positively correlated and 

DOC is also negatively correlated with pH (see Figure 5.7 & 5.8). This inverse relationship is atypical 

in terms of acid waters in areas influenced by acid deposition. For example, 75% of acidic lakes in the 

US are “deposition dominated” (Kaufmann et al, 1992: p. 118) (i.e. acidity is not derived from organic 

acids but from acid deposition and strong mineral acids). Similarly pH and DOC are not significantly 

related in the 167 sites in the SWAP programme (Stevenson et al, 1991) or in the North American 

PERLA data-set (Kingston & Birks, 1990). Strong acids from natural and anthropogenic sources and 

weak organic acids contribute to the acidity of surface waters and the relative amounts of both are 

important in defining the acidity status (Brakke et al., 1987; Charles et al., 1994). The strong acids 

comprise precipitation derived sulphates and nitrates while the weak acids consist mainly of catchment 

derived humic and fulvic acids (see Chapter 2). Examination of the relative importance of strong and
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weak acids in the Connemara surface waters indicated that the strong acid anion (non-marine sulphate) 

was significantly correlated with pH in winter. These levels could be important for the biology of these 

systems. No correlation, however, was found in the annual mean data. DOC or weak acids (as 

organic anions), on the other hand, were highly correlated with pH in the annual mean data. The 

acidity at these sites, therefore, is largely a function of organic acids. These responses in hydrogen ion 

concentration and the relative contributions of strong and weak acids parallel research findings in other 

low acid deposition areas (Gorham et al., 1986; Brakke et al., 1987) and supports the findings of 

Allott et al. (1991), Allott & Brennan, 1993) and Bowman (1991) for Connemara. Bowman (1991) 

examined 78 Connemara lakes and found a highly significant correlation between colour and acidity 

and concluded that organic acids were the dominant acidifying influence. This oligo-dystrophic regime 

(cf. Thurman, 1985) is very important in characterising these surface waters and distinguishes the 

current research from many other training-sets for surface water acidity (e.g. Kingston & Birks, 1990; 

Stevenson et a l, 1991; Pientiz et al., 1997).

5.5.2 Constrained Ordination Gradients

The inclusion of a limited number of catchment characteristics in ordination analysis was carried out to 

investigate catchment factors that might explain variation in water chemistry in Connemara. This 

enabled potential influential environmental controls to be identified. The results of constrained 

ordination indicated that conifer afforested catchments tend to have higher concentrations of organic 

acidity and sea salts whereas non-forested catchments have lower levels of organic acidity, marine ions 

and higher pH. Peat depth undoubtedly plays an important role here with forested catchments having 

deeper peats than the higher altitude non-forested catchments. This is discussed in more detail in the 

next section. In addition the disturbance and desiccation of peat soil by forestry operations will also be 

a major influence. Lake water depth and distance to the sea were also related to chemical variation, 

but to a lesser extent.

Forestry was found to explain 28% of the chemical variation in the data-set. Forestry effects are 

echoed by other authors who found variation in water chemistry associated with afforested 

catchments (e.g. Harriman & Morrison, 1982; Engstrom, 1987; Ormerod et a l, 1991) (see 

Chapter 2). Strong evidence has been found to link afforestation with increased soil acidity, 

decreases in base saturation and increases in exchangeable aluminium in catchment soils and a 

transfer of acidity to drainage waters (Harriman & Morrison, 1982; Feger, 1994; Sverdrup & 

Warfvinge, 1990) (cf. section 5.5.3 (iii) below).
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Lake water depth was correlated with conductivity, pH, alkalinity, marine ions and DOC as well as 

with catchment altitude and catchment area in the current research. Deeper lakes are at higher altitudes 

with relatively small catchment areas and had lower levels of DOC and higher pH and alkalinity. In 

the SWAP data-set deeper lakes had the lowest pH (Stevenson et al., 1991). The link between DOC 

and water depth in the current research could be explained by an assumption that the higher altitude, 

deep lakes contain less peat and no forestry in their catchments and this may have resulted in lower 

allochthonous sedimentation input. In contrast, lower altitude lakes with greater volumes of peat in 

their catchment would have more highly coloured drainage waters and higher sedimentation rates. In 

this way forestry cover could be a surrogate for peat, however, this could not be quantified.

Distance to the sea is significant as an explanatory variable. The study sites are in an area of extreme 

maritime climate and frequent westerly storms distribute wind-borne sea salt over the catchments. 

Deposited sea salt, therefore would have a marked effect on water quality of these Connemara Loughs. 

The mechanism by which salts reach the atmosphere is probably through the bursting of bubbles of air 

formed by wind action at the sea surface. These emit fine droplets which are readily carried by the 

wind. For freshwaters in a maritime climate, the effect of distance from the coast in the direction of the 

prevailing winds on water quality (particularly conductivity and pH) is well known. In other studies 

where this is evident pH, alkalinity and conductivity are significantly related to site distance from the 

sea. Explorations of a ‘sea salt effect’ via an alteration in the cation exchange equilibria within the soil 

was not detectable in the current data. The relative extent to which non-marine Ca2+, Mg+, labile Al 

and hydrogen ions are displaced does not appear to follow a simple relationship to lake acidity and this 

may explain the non-significant marine ion response with distance to the sea. This may be due to the 

short distance gradient in the data as all sites are less than 19 km from the sea. Marine ion gradients 

have been found in other data-sets linked to longer distance gradients and altitude ranges (e.g. Flower 

& Nicholson, 1987; Anderson et al., 1993; van Groenendael et al., 1996). Distance to the sea in the 

current data is negatively correlated with N 0 3\  The lakes closest to the sea have the greatest quantity 

of exposed and decaying vegetation associated with peat harvesting and highest levels of N 0 3‘ and K+. 

This has resulted in increased nitrogen mineralisation in the soil and high leached N 0 3' and K+ in the 

lake waters compared to other more inland sites. This constitutes the stronger chemical response to 

distance from the sea compared to marine ions.

Ordination analysis therefore identified forestry, water depth and unidentified factors related to distance 

to the sea as important explanatory variables and now the possible sources of influence are considered 

in more detail.
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5.5.3 Environmental Factors Influencing W ater Chemistry

The main causes of lake water acidity were introduced in Chapter 2 and include: natural acidification 

with the leaching of bases from soils (and the development of peat soils); anthropogenic acid 

deposition; anthropogenic land-use change. The main empirical relationships between lake water 

chemistry in the training-set, the controlling mechanisms and the sources of acidity are now 

considered in more detail. In this way, the range of possible control mechanisms contributing to the 

very acid conditions apparent in the Connemara systems can be assessed. First, the influence of acid 

deposition is placed in context of other research. Second, peat soils receive attention. Finally, 

mechanisms associated with afforestation known to cause marked changes in water chemistry are 

addressed.

(i) Influence o f  acid deposition

The contribution of natural S 042' species to deposition (e.g. dimethyl-sulphate/biogenic sulphur 

cycled through plankton and bacteria) was not measured in this research. It is thought to be small 

but it still may account for a significant proportion of precipitation in areas of low anthropogenic 

emissions such as Connemara (Bowman, 1991; Farrell et a l, 1993) and should be the subject of 

further research. Some evidence of the impact of mineral acid deposition, in the form of a non-marine 

sulphate induced response in pH, was evident in winter but levels were very low. Natural background 

levels (cf. non-impacted levels) of non-marine sulphate have been estimated for Southern Norway 

as 10-20 peq I'1 (Henriksen, 1979), for Sweden as 20-60 peq I'1 (Aimer et al., 1974) and for Nova 

Scotia as 20-46 peq I 1 (Gorham et a l, 1986). These levels compare with the 9-26 peq I'1 for 

Connemara (Bowman, 1991). In a more detailed analysis of the inflow and outflow chemistry of the 

Connemara sites, pulses of mineral acid deposition were associated with easterly winds (Allott & 

Brennan, 1993). Acidic episodes occurred with high rates of run-off when non-marine sulphate 

inputs were elevated to 39-65 peq I 1. Scavenging by the forest canopy and flushing through the 

catchment have been cited as influential mechanisms (cf. Homung et a l , 1990; Allott & Brennan,

1993). Overall the magnitude of the non-marine component of sulphate in these surface waters is 

small compared to sites with critical load exceedences (cf. Allott et a l , 1995a). Stream and 

lakewater levels of [S042']* >100 peq I'1 are typically recorded in areas of high deposition 

(Gorham et a l, 1986; Allott et a l ,  1995a; Kaufmann et al., 1992). The limited role of strong 

mineral acids in the Connemara lake waters corresponds to precipitation studies in the area, 

where little anthropogenic influence in the non-marine component o f precipitation sulphate was 

found (Farrell et al., 1993). The lack of clear evidence to support an anthropogenic deposition effect 

in the Connemara waters indicates that there are other causes for high acidity in the study lakes.
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(ii) Influence o f  peat soils

Climatic deterioration with increased precipitation and podzolisation (leaching) of soils c. 4,000 BP led 

to the initiation of the Connemara blanket peats (O’Connell et al., 1988; O’Connell, 1990). The 

growth of peat bog has the potential to create an acidic environment and can result in acidified drainage 

waters (Gorham et al, 1984; Engstrom, 1987). Lake systems occurring in peat environments, 

therefore, can be naturally acid as a result of bog drainage (Gorham et a l, 1984). These waters are 

liable to reach lower pH levels when they are subject to acid pulses during major precipitation events or 

during periods of drought due to their lower capacity to buffer change (Gorham et al., 1984). In these 

instances discharges of hydrogen ions and mobilised toxic metals to streams and lakes may occur. 

However, it is not known if peat growth is responsible for all the acidity in a system. What is not 

known is the relative influence of peat growth. It is unlikely that the very high acidity levels recorded in 

the current research and the work of Allott et al. (1990) could be accounted for by weak organic acids. 

For example, at the Round Loch of Glenhead no increase in acidity in the lake resulted from peat 

growth in the catchment (Jones et al., 1989). Whether peat depth and volume in a catchment, in the 

absence of disturbance to the surface layer, is related to levels of organic acidity is unclear. The 

volume of peat in the catchment was not measured in this research but other research has indicated that 

deeper pore waters in peat are unlikely to have any buffer capacity or mobile metals to complex free 

acidity (Gorham et al., 1984). The influence of peat volume on surface water acidity requires further 

research.

DOC concentrations and associated weak organic acids in surface waters depend on the production of 

humic and fulvic acids and the amount of biodegradable organic material in the vicinity of the sampling 

point (Glover & Webb, 1979; Christensen et a l, 1996). Studies attempting to characterise organic 

carbon in surface waters have found that surface run-off is the greatest source of DOC (McKnight et 

al., 1985; Thurman, 1985). Plant degradation and mineralisation in the acrotelm or surface bog layer 

are thought to contribute most to levels of organic carbon (Clymo, 1984). Break-up of the acrotelm 

followed by desiccation and oxidation (and increased microbial breakdown and concentration 

through evapotranspiration of organic matter) appears to be most significant in terms of determining 

DOC concentrations in surface waters (McKnight et al., 1985).

The PCA of the chemical data separated the southern-most sites (BOVR, NAVR, FIDD, TUSH, 

ERGO and UGGA), which are located in an area subject to peat mining, from the rest of the sites 

(Figure 3.9a). These low altitude sites were found to be chemically distinctive, in particular having 

higher concentrations of nitrate, ammonia and potassium (although concentrations of these ions are 

low). Blanket peat environments generally have low concentrations of available plant nutrients
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such as phosphorus and nitrogen due to plant uptake and microbial reduction (Doyle, 1982; 

Gorham et al., 1985) and the peatland ecosystem is generally considered retentive (Gorham et al., 

1984). Disturbance of peat can result in increased leachate of nutrients and greater leachate of 

base cations and ammonium which partly neutralise organic acidity (Liehu et al., 1986; Merilainen et 

al., 1982; Sallantaus, 1992). The increased exposure of peats, evapotranspiration and increased 

aeration can result in enhanced mineralisation and nitrification of some of the organic-N within 

the peat matrix (Freeman et al., 1993). The release of stored nitrogen may account for the higher 

levels found in the drainage waters of peat-mined sites in the current research. Elevated 

potassium levels at these sites also reflects the solubility of K+ in peat and leachate to surface flow 

(Laiho & Laine, 1992).

In Connemara two anthropogenic influences cause the destruction of the peat acrotelm The first is 

peat harvesting, and the second is plantation forestry. Destruction of peat environments due to peat 

cutting or drainage for afforestation will also have the effect of silting of lake basins due to an 

increased organic load (Liehu et al., 1986; Merilainen et al., 1982; Freeman et al., 1993). The 

difference in run-off quality in the peat mining area compared with the other catchments in the data-set 

highlights questions fundamental to this research. These include; (i) whether the peat soils are deeper 

in this area, (ii) if peat mining is more environmentally destructive than forestry drainage practices or 

(iii) if it is just the absence of afforestation that makes these sites chemically distinctive and how these 

questions relate to organic acidity. The difference in the degree of disturbance for both activities has 

been investigated by Sallantaus (1992), who concluded that peat mining causes greater disturbance 

with complete destruction of the bog ecosystem Improved drainage for forestry results in less change 

with a resultant drier ombrogenic ecosystem, and this is reflected in the run-off water quality.

Peat depth measurements were beyond the scope of this study, but general assumptions can be made 

concerning peat volume. These are based on the minimum peat depths required for planting (Cameron,

1994), areas suitable for peat mining (Foss, 1987), as well as occasional peat corer measurements 

collected in the current research. It seems likely that catchments with high elevation have the thinnest 

layer of peat cover due to steepness (Doyle, 1982), and the peat-mined sites, which have the lowest 

elevation and minimal catchment relief, have much greater peat depth. Therefore lakes at lower 

altitudes with greater volumes of peat in the lake catchment will be more influenced by humic drainage 

waters compared to higher altitude sites.

The relationship between surface water acidity and catchment peat is complex and chemical variation 

due to peat mining and afforestation further complicates the association. It can be concluded, however,
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that the presence of peat is a major contributing factor in the acidity of these lake waters, and that the 

development of peatlands may historically have influenced the acidity status of the lakes

(iii) Influence o f  Afforestation

The role of forestry in determining the acidity of lakes has been outlined in Chapter 2. Contemporary 

studies have found afforestation effects in surface waters (Harriman & Morrison, 1982; Allott & 

Brennan, 1993; Miller et al, 1990) with chemical differences in the waters draining forested and non- 

forested catchments. Drainage and preparation for planting, fertilisation, build up of humus, 

scavenging of aerosols by a mature canopy and removal of base cations from the soil can all affect 

water chemistry (Harriman & Morrison, 1982; Feger, 1994; Sverdrup & Warfvinge, 1990; 

Ormerod et al., 1991). Of these mechanisms, physical pre-planting preparations and the build up of 

the acid litter layer during forest growth have important implications for the Connemara systems. 

Preparatory ditching of peatbog for afforestation provides conduit channels for run-off direct to surface 

waters and mature forest bordering lake systems and their associated soil macroporosity will be highly 

influential on receiving waters (Fiebig et al., 1990). In this way afforestation can alter hydrological 

paths and is a major influence on carbon sources and organic acidity. The discrepancy between 

DOC concentrations from forested and non-forested catchments (see Figure 3.9b) in the current 

data-set could be attributed to the production and removal of humic compounds from the 

vegetation and soils of the drainage area (Engstrom, 1987; Driscoll et al., 1994). Organic matter 

loading also has implications for lake infill and depth (Pienitz et al., 1997) with shallower lakes 

occurring in afforested areas.

The planting of conifer plantations on blanket peat has been widespread in Connemara and has been 

widely criticised on aesthetic, ecological and economic grounds (Whilde, 1994). This waterlogged 

environment necessitates substantial drainage operations to make it suitable for planting, and sufficient 

depths of peat after drainage operations are also a planting criteria (Cameron, 1994). This raises the 

question of whether the association between forestry and water chemistry observed in this research is 

inherently causal or co-incidental with the presence of deqp peats in the catchments. The co-occurrence 

of afforestation and organic peat soils makes the separation of these two controlling factors as 

influences on acidity using contemporary data complex.

5.5.4 Research Rationale and Research Hypotheses

This chapter has outlined the water chemistry status of the lakes and has attempted to interpret 

the relationship between catchment characteristics and water chemistry. The acidic nature of these 

systems has been characterised as mainly due to catchment-derived organic acidity. There is now a
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need to evaluate what has caused these high levels of organic acidity and see how acidity has varied 

over time. Natural acidification may have occurred as a result of post Holocene catchment 

paludification and the development of acidic blanket peats (O’Connell, 1990; Korhola, 1995) or 

anthropogenic land-use change with recent catchment afforestation may have caused the high acidity 

status (Bowman, 1991; Allott et al., 1993). Peat harvesting was not considered as a primary 

hypothesis as the very acid sites did not have peat cuttings in their catchments. However, the influence 

of this disturbance factor has been considered in the discussion.

The overall aim of the current research is to provide an explanation of why these surface waters 

are acidic and highly humic, with very high measurements of dissolved organic carbon (DOC). 

Mineral acid deposition has been discounted in this chapter as a significant cause of low pH (see 

section 5.5). The two major mechanisms which might have influenced DOC (or organic acidity) 

are catchment afforestation and peat development. Two hypotheses are therefore proposed to 

describe the acid status of these Connemara lake waters. First, natural landscape evolution and the 

process of blanket peat growth have caused the high levels of organic acidity in these lake systems. 

Second, recent catchment afforestation has resulted in the high levels of organic acidity in these lake 

systems

The first hypothesis suggests that the study lakes in Connemara are naturally organically acid and 

that the acidity is associated with high concentrations of dissolved organic acids from the natural build 

up of blanket peat through time. The implication is that the naturally acidic environment associated 

with peatlands is the sole cause of the highly humic waters. Dystrophication (see Chapter 2) may 

have occurred causing acidified waters. The presumption is that there has been a gradual increase in 

organic acidity associated with the development of catchment peats in the Holocene period (i.e. there 

would be a gradual increase in historical DOC through time).

The second hypothesis suggests that the lakes have become acidic as a result of recent catchment 

afforestation with higher levels of organic matter released as a result of drainage and clearfelling 

operations. The presumption is that a change in the organic carbon regime occurred coincident with or 

following catchment afforestation (i.e. increased organic acidity concomitant with afforestation).

This research aims to test these alternative hypotheses. In order to test if blanket peat growth is the 

source of high levels of organic acidity, a number of lake sites with different levels of blanket peat in 

their catchments could be studied. Palaeoecological data are necessary to enable reconstruction of the 

organic acid chemistry of the lakes and testing of this hypothesis. A forestry-induced increase in
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organic acidity can be tested using a comparison of forested and non-forested sites in similar 

environments. Exploration of the differences between sites could also be addressed using 

palaeoecological data to ascertain whether there was an organic acid regime before afforestation. Both 

hypotheses could be explored using palaeolimnological techniques on cores from sites with differing 

levels of peat in the catchment and from sites with and without afforestation. However, a 

palaeolimnological investigation of a core from a single, carefully selected site can enable both 

hypotheses to be tested together. This could be achieved using a site in an afforested catchment with 

deep peat soils. The choice of lake site must meet the following criteria; the site must have sufficient 

development of peat in the catchment (with concomitantly high levels of organic acidity), it must 

contain a substantial proportion of catchment afforestation, it should have minimal anthropogenic 

disturbance (not associated with planting) and finally, be suitable for sediment coring.

Dissolved organic carbon (organic acidity) was identified as the key chemical determinand in the 

chemistry data-set and was related to forestry. In order to evaluate the causes of organic acidity 

using palaeolimnological techniques a contemporary biological response to the DOC gradient needs to 

be established. Analysis of lake water chemistry has established the existence of a strong DOC 

gradient, indicating that the data are suitable to investigate the diatom-DOC response which may 

subsequently facilitate the generation of an organic acid transfer function. To explore the potential 

causes of organic acidity, these spatial data can be translated into a gradient over time by applying 

palaeolimnological techniques to lake sediment core fossil data. In the absence of historical organic 

acidity records, classification and quantitative analysis of diatom communities present in lake 

sediment stratigraphies enables the reconstruction of changes in lake chemistry over time. 

Reconstruction of DOC therefore will provide the most relevant information on the acidity history 

of these lake systems. Most existing diatom training-sets for low alkalinity waters have been 

based on pH and excluded lakes with high measured dissolved organic carbon (Charles & 

Whitehead, 1986; Stevenson et al., 1991; Anderson et al., 1993). The present study therefore 

addresses a gap in research by exploring a range of diatom assemblages varying along a gradient 

of organic acidity.

The role of organic acids in the acid status of ffeshwaters is poorly understood and there is little 

information on how the quantity and quality of organic acidity changes with landscape evolution 

and land-use change. The next phase of this research aims to develop a diatom training-set for 

the Connemara lakes and develop a diatom-DOC transfer function.
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CHAPTER 6

Surface Sediment Diatom Assemblages and Environmental Variables

6.1 Introduction

Chapter 5 considered the water chemistry of the study lakes and outlined the main factors 

influencing their chemical composition. The chemical analyses provided a means of assessing 

contemporary water chemistry of these systems, but without historical measurements no 

assessment can be made of the chemical change over time. Palaeolimnological techniques using 

diatom analyses provide a way of reconstructing change in water chemistry. The purpose of this 

chapter is to establish if there is a relationship between diatoms and water chemistry, particularly 

organic acidity, in these systems.

Surface sediment diatom sampling, laboratory preparation and data handling methods were 

outlined in Chapter 4. This chapter begins with a description of the dominant taxa in the diatom 

assemblages from the surface lake sediments of the 22 Connemara lakes. This is followed by 

exploration of patterns in the species data using indirect ordination analysis. The assemblages 

are then described and interpreted in terms of influential environmental variables. This is 

achieved by direct ordination of the diatom assemblages and environmental factors 

simultaneously. Variables that are most important in explaining species variation are identified, 

and variables suitable for the generation of a transfer function are explored. This description of 

the assemblages and discussion of factors that may be influencing the diatoms subsequently form 

the basis for quantifying and modelling species responses. Examination of the links between 

diatom assemblages and environmental variables enables the development o f a transfer function.

6.2 Surface Sediment Diatom Assemblages

The purpose of this section is to record the diatom species present in the surface sediments of the 

Connemara lakes and explore the floristic variation between sites. Included is a brief introduction 

to diatom habitats and their representiveness in lake sediment samples, the dominant genera found 

in the training-set, taxon descriptions and reference to their position in Hustedt’s pH classification 

system (Hustedt, 1937-1939) (see Chapter 2). The surface sediment assemblages are 

characterised by acidophilous-circumneutral taxa and are dominated by epilithic and epiphytic 

species (Hustedt, 1937-1939). Further exploration of species autecology is contained in the 

discussion.
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6.2.1 Diatom Habitats

Diatom habitats can be broadly characterised into three major classes, littoral benthic, offshore 

benthic and planktonic (Frey, 1990). Diatom assemblages in surface sediments must contain an 

adequate proportion from these different habitat types to be considered representative. Diatoms 

live as periphytic (attached) or planktonic (in the water column) forms in aquatic environments. 

Littoral species generally live attached to substrates, and constitute the periphyton, and are 

mainly non-motile. Periphytic diatoms are a major and often dominant component of the 

microflora of the photic zone in naturally oligotrophic lakes (Stevenson et al., 1985). When they 

die their remains may contribute to the immediate littoral sediments and so representation in a 

lake sediment core from the benthic zone is dependent on offshore currents integrating them with 

surface sediments. The extent of their dispersal however will be dictated by the size of the lake, 

with greater currents associated with more exposed large lakes. Many studies have found that the 

surface sediment provides a better record of the floristic composition of non-planktonic diatom 

communities (Jones & Flower 1986) although Battarbee, (1986) found that surface sediment 

assemblages are more representative if the peripheral littoral zones of a lake are excluded. 

Periphyton subsampling (Jones & Rower, 1986; Anderson & Battarbee, 1994 & Cameron, 1995) 

and sediment traps (Cameron, 1995) have been used to link the study of live communities and 

sediment assemblages. These studies have found that live communities have generally been well 

represented.

Planktonic diatoms may respond to nutrient supplies and be more concentrated in different parts 

of the lake. Planktonic diatoms also have a higher specific gravity than water and remain 

suspended due to wind generated currents (Moss, 1980). They can then be transported and 

deposited in different areas of a lake. Their short life cycle and differential accumulation in other 

parts of the lake can result in under-representation in surface sediment assemblages. Planktonic 

taxa are known to disappear from waters with declining pH (Battarbee, 1986) and are paralleled 

with an increase in acid-tolerant benthic and attached forms (periphyitic).

The habitat forms discussed above represent the authochthonous portion but the allochthonous 

input must also be considered. Many diatoms occur in wet soils of the catchment and inflow 

streams to the lake and these forms may represent an important contribution to the diatom 

assemblages. Acid oligotrophic lakes that have extensive peatland in their catchments and are 

subject to ploughing have been found to have large proportions of catchment derived diatoms 

(Battarbee & Rower, 1984). This inwash of catchment diatoms can therefore act as a source of 

error in sediment-based reconstructions of pH. Identification of this catchment inwash has been
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based on a comparison of diatom percentages and diatom accumulation rate data (Battarbee & 

Rower, 1984). In other studies however inflow streams have been found to have negligible 

influence in the sediment assemblage (Cameron, 1995).

6.2.2 Distribution of Dominant Taxa

A total of 161 taxa were identified from the Connemara surface sediments and the number of taxa 

per sample ranged from 33-65. Rare unidentifiable species are grouped in a generic ‘sp.’ 

category. The full list of taxon names and database codes in the 22 study lakes is presented in 

Appendix 6.1. Diatom counts were transformed to percentages and taxa with a maximum 

occurrence of less than 1% and not found in more than two samples were eliminated using TRAN 

(Juggins, 1994). This reduced the working data-set to 8 6  taxa. A summary list o f the most 

common taxa (>5%  abundance) and their effective number of occurrences (N2) is presented in 

Table 6.1. Figure 6.1 shows a plot of species occurrences and maximum abundances while 

Figure 6.2 contains a summary TILIAGRAPH of species occurrences. There is a predominance 

of the benthic pennate genera Fragilaria, Eunotia, and Frustulia and limited occurrence of 

planktonic species. Benthic taxa can be associated with the littoral and profundal zones of a lake, 

on macrophytes (epiphytic), on rocks (epilithic), on sand (epipsammic) or on mud (epipelic). 

Sites ACLO, LYEL, ABCD & BEAL have most species with < 5%  abundance whereas NAVR, 

FIDD, ERGO, NAWL(S) and BLSK have high species totals with > 5 %  abundance (for site 

locations see Figure 3.9a & b). Species diversity (N2) ranged from 2-20 and is closely related to 

species occurrence.
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Figure 6.1: Species occurrences and maximum % abundances in the surface sediment 
diatom assemblages (86 species)
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The most common species in the Connemara data-set, with the greatest percentage occurrence 

and the maximum abundance, is Fragilaria virescens var. exigua  (see Figure 6.3). It also has 

high N2 (18). This taxon dominates in 10 out of the 22 sites in the training-set (at sites ABCD, 

ACLO, AUNI, BEAL, GLEN, LETT, LYEL, SEEC, SHDL and TUSH, see Table 6.1), 

constituting 13-41% of the species in the assemblages. F. virescens var. exigua averaged 7% at 

six more sites, but is of lesser importance in the remaining sites. This species is considered 

circumneutral (van Dam et al., 1994). F. virescens var. exigua occurs in the slides of the surface 

sediments both as isolated valves and in colonies. Between 50-70% of the valves occurred as 

single unattached valves. The dominance of Fragilaria  in the cell counts did not appear to 

reduce species diversity for the surface sediment assemblages. For example, sites with the lowest 

number of species (ERGO and FIDD) did not contain Fragilaria virescens var. exigua  amongst 

the ten most abundant taxa. Other Fragilaria species found in the data-set with < 10% 

maximum abundances include the nominate F. virescens (< 25 pm in length) which occurred at 

most sites and F. capucina var. rumpens which was found at just a few sites (NAW L(L), ACLO, 

ABCD & SEEC). Both of these species are indicators o f circumneutral conditions (van Dam et 

a l ,  1994).

a) b)

Figure 6.3: Fragilaria virescens var. exigua  - a) valve view, b) girdle view

Frustulia spp. are notably robust species with heavily silicified frustules. Three o f these raphid 

species were found in the Connemara assemblages, Frustulia rhomboides, F. rhomboides var. 

saxonica  and F. rhomboides var. viridula, with the latter two more common (Figure 6.4). N2 

was high for both these species (> 17). Differentiation between the different species o f Frustulia
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are made on the basis of apical striae patterns, raphe shape and pore pattern (Haworth et al., 

1986). The most common of the three species found was Frustulia rhomboides var. saxonica  

(Figure 6.4) which is classed acidophilous by Denys, (1992) and acidobiontic by van Dam et al., 

(1994). It is the dominant taxon in five study sites (FIDD, NAGI, NAVR, UGGA and ERGO), 

sub-dominant at three more sites and occurs frequently at all sites. Both the other species of 

Frustulia  are considered acidophilous (van Dam et al., 1994). Frustulia species can grow on 

sediments but are more common in the epiphytic and epilithic habitats where they live singly or 

enclosed in a gelatinous tube (Round, 1990).

b)

Figure 6.4: a) Frustulia  rhomboides var. saxonica, b) F rustu lia  rhom boides var. viridula

The prevalence of Eunotia species reflects the acidophilic nature of the sites (Figure 6.5). 

Eunotia incisa has maximal occurrence at OUGH (15.5%) and achieves abundances greater than 

5% at a further 7 sites (ABCD, LYEL, NAGI, NAVR, NAW L(S). SEEC and UGGA) (Figure 

6.2). Eunotia incisa also had very high effective occurrence in the data-set (N2 = 19). The most 

common Eunotia species in the data-set after E. incisa  are E. monodon, E. rhomboidea, E. 

pectinalis  & vars. and E. vanheurckii. All these species are considered acidophilous (Hustedt, 

1937-1939).
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b)

a)

Figure 6.5: a) Eunotia m eisteri, b) E uno tia  incisa , c) E unotia  naegelli, d) E unotia
rhom boidea, e) Eunotia vanheurckii

Planktonic diatoms are only present in significant percentages in the assemblages o f four of the 

study sites (BLSK, NAMO, NAW L(L) & LETT) and generally have low N2 in the data-set. 

Planktonic diatom species carry out their growth and reproduction in open waters and their 

occurrence and abundance is dependent on water residence time, degree of mixing, thermal
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stratification and light penetration (Canter-Lund & Lund, 1995). Asterionella form osa  (Figure 

6.6) has high maximum abundance (> 50%) but occurs at only seven sites and has N2 of 5 

(Figure 6.2). It is dominant in three of the study sites BLSK (51.3% ), NAM O (38.8% ) and 

NAW L(L) (10.8%) and sub-dominant in LETT (13.8%). These sites have the deepest (> 8.5 m) 

lake waters in the data-set. High levels o f Aulacoseira lirata var. biseriata  (7.0%) were found at 

LETT and M elosira arentii (8.2%) at NAWL(S). Other planktonic species (e.g. Cyclotella 

radiosa, C. rossii, C. kuetzingicina agg.) are found in low abundances (< 5%) in the study sites. 

C. kuetzingianci agg. contains the nominate and its varieties as per the SW AP data-set (Stevenson 

et al., 1991). There is a notable lack of planktonic and tychoplanktonic centrics such as 

Aulacoseira distans and A. distans var. nivalis. These species are particularly abundant in 

deeper lakes in other data-sets (Pienitz & Smol, 1993) and their absence highlights a difference 

between the Connemara waters and other acid lake training-sets.

The genus Tabellaria exhibits low but consistent abundances in all of the study lakes. T. 

flocculosa  forms star-shaped or zigzag colonies as plankton and attached to substrata (Flower & 

Battarbee, 1985) and is classed as acidophilous (Hustedt, 1939) (Figure 6.7). This species was 

divided into two strains by SW AP (Stevenson et al., 1991), based on length of frustule and size 

o f the central inflation, and ecological optimum; T. flocculosa  agg. (> 39 pm) and T. flocculosa  

var. flocculosa  (< 39 pm,). M ost sites contain both forms at levels < 5% occurrence and this 

resulted in some difficulties in the identification of the separate strains o f this species. T. 

flocculosa  var. flocculosa  however, has much higher effective occurrence compared to T. 

flocculosa  agg. in the data-set. Tabellaria quadriseptata  is classed as acidobiontic (Stevenson et 

al., 1991) and has its greatest abundances at sites FIDD (10.8%) and NAVR (9.7%) and was 

among the 10 most common species at BOVR, UGGA and ERGO. Sem iorbis hemicyclus, also 

an acidobiont (Stevenson et al., 1991), was also found in considerable quantities at sites ERGO 

(9.4%) and TUSH (11.7%).

Figure 6 .6 : Asterionella form osa
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Figure 6.7: a) & b) Tabellaria quadriseptata, c) & d) Tabellaria flocculosa  var. f lo c c u lo s a , 
e) Tabellaria flocculosa  agg.

Another distinctive and widely occurring species is the circumneutral-acidophilous Brachysira 

vitrea (Stevenson et al., 1991; Flower et al., 1997) (also classed alkaliphilous by van Dam et al.,

1994). This species occurs amongst the top 10 most abundant species in 11 of the 22 sites, with 

a maximum abundance of 25.6% at SHAW. A second Brachysira  species, B. brebissonii, was 

found at sites NAWLQL) (17.1%) and FIDD (5.6%). This species is considered more acidophilic 

(Hustedt, 1937-1939). B. serians, classed acidobiontic (Hustedt, 1937-1939) has low maximum 

abundances in the data-set and did not achieve > 5% abundance .

Other species forming conspicuous elements in the surface assemblages include Nitzschia  

gracilis at sites OUGH (14%), BOVR (11%), and NAVR (8%) and Navicula leptostriata  at 

sites ERGO (25%), FIDD (7.3%) and UGGA (7.3%). These species are classed acidophilous 

(Hustedt, 1937-1939). The low abundances o f genera such as Pinnularia, Surirella, and 

Neidium  which are known as true epipelic inhabitants (Round, 1990) indicate that there is poor 

development of epipelic communities at these sites. These species generally occur in abundances 

of less than 2% with only Surirella delicatissima reaching 8% at NAVR and Pinnularia biceps 

achieving 5% at OUGH.

133



a) b)

Figure 6.8: a) Brachysira v itrea , b) Brachysira brebissonii

No Achnanthes species gained > 5 %  occurrence. This genera is commonly found in the 

sediments of upland lakes (Anderson et a l ,  1986: Flower & Jones, 1989). A. minutissima  var. 

minutissima  and A. minutissima  var. scotica were present in the top ten dominant taxa at sites 

SHAW, ACLO, GLEN and AUNI (2.3-3.6%). A. minutissima  is generally considered 

indifferent (= circumneutral) (e.g. Hustedt, 1937-39).

6.2.3 Indirect Ordination of the Diatom Assemblages

In order to explore further patterns in the species data, ordination or multivariate gradient 

analysis was used. This technique is appropriate as it enables a large number of response 

variables to be explored simultaneously similar to the analysis o f the chemistry data in Chapter 5. 

Ordination was used initially to explore patterns and structure in the surface sediment diatom 

assemblages. This analysis was performed before the species data were constrained by 

environmental data (indirect ordination; see section 6.3) to define the inherent structure in the 

data-set and to help determine if there is variation in the data which cannot be explained by the 

measured environmental variables.

Detrended Correspondence Analysis (DCA) was performed on the data to establish gradient 

length in the species data (ter Braak & Prentice, 1988) (see Chapter 4). Rare species were down- 

weighted. The analysis (Table 6.2) resulted in gradient lengths of 2.9 SD units on untransformed 

data, 2.2 SD units on log transformed data (x+1) and 2.1 SD units using square root transformed 

data. Untransformed data analysis had the longest gradient and the greatest amount of variance
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in the species data explained, but it also had the highest inertia (total variance). Square root 

transformation of the species data provided the maximum stabilisation of variance with lowest 

inertia, while log transformed data lies somewhere in-between. The difference in gradient length 

in transformed and untransformed data is relatively small. The percentage variance explained 

using untransformed and transformed data is consistent and suggests robust patterns in the 

species data. Square-root transformation was therefore selected for use as it is generally 

recommended for ecological data (H.J.B. Birks, pers. comm.).

Table 6.2: Results of detrended correspondence analyse (DCA) and gradient length of the 
surface sediment species data-set using different data transform ations_____________________
Data
Transform ation

G radient Length 
SD units

Axis 1
X,

£  inertia
YX

% V ariance 
Explained (A,i)

untransform ed 2.9 0.436 2.126 20.5
log (x+1 ) 2 .2 0.256 1.345 19.0
square root 2 .1 0.239 1.203 20.5

The relatively low gradient length for the Connemara diatom data-set suggests that linear 

ordination methods are the most appropriate (see Chapter 4), although a gradient length of 2 .1  

suggests that some taxa may be responding in a non-linear fashion. This is illustrated in Figure 

6.9 where a selection of species distributions in relation to the first ordination axis of the DCA 

show both linear and unimodal responses. Species such as Frustulia rhomboides var. viridula, 

Cymbella lunata, Eunotia incisa and Brachysira vitrea appear to have unimodal responses to the 

first axis whereas Tabellaria quadriseptata and Eunotia exigua show linear responses. 

However, despite some unimodal responses the short gradient identified in the species data 

indicates that the linear model is the most appropriate model. The floristic composition of the 

lake sediments was therefore evaluated using the linear method PCA. PCA was conducted, using 

CANOCO with standardisation for a correlation biplot (see Chapter 4 for full details) (ter Braak, 

1988).

Table 6 3 : PCA of surface sediment diatom  species data (square roo t transform ed data)
Axes 1 2 3 4 Total

variance
Eigenvalues (A.) 0.187 0.109 0.099 0.066 1

Cumulative percentage variance of species data 
Sum of all unconstrained eigenvalues

18.7 29.6 39.5 46.1
1

The PCA results are illustrated in Table 6.3, and biplots are shown in Figure 6.10a and 6.10b. 

Axis 1 accounts for 18.7% of species variation, axis 2 explains 10.9%, axis 3 explains 9.9% and 

axis 4 explains 6 .6 %. The percentage variation captured by the first two axes is 29.6%. The
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amount of variation explained is considerably lower than ordination of the water chemistry data 

(Chapter 5). This can be attributed to the fact that ecological data contain a large number of taxa 

with many zero occurrences and thus constitute ‘noisy’ data (cf. ter Braak, 1988). The statistical 

integrity of ordination axes and their representation of ecological patterns, however, is more 

important than the amount of variation captured by the axes (ter Braak, 1988). The relative 

ordination scores for diatom species in association with the four ordination axes are presented in 

Table 6.4.

Table 6.4: Species ranking in terms of their importance on the ordination axes (based on 
PCA ordination scores). The top five species scores on the first four axes are listed________
Axis 1 variation = 18.7 %
(+)
Achnanthes austriaca var. helvetica 
Navicula radiosa var. tenella 
Gomphonema parvulum 
Nitzschia recta 
Eunotia curvata

(-)
Frustulia rhomboides var. saxonica 
Navicula hoefleri 
Tabellaria quadriseptata 
Navicula festiva 
Stenopterobia sigmatella

Axis 2 variation = 10.9%
(+)
Nitzschia gracilis 
Pinnularia biceps 
Pinnularia microstauron 
Eunotia vanheurckii 
Eunotia incisa

(-)
Brachysira vitrea 
Cyclotella [kuetzingiana agg.] 
Peronia fibula
Achnanthes minutissima var. scotica 
Cymbella descripta

Axis 3 variation = 9.9%
(+)
Navicula indifferens 
Aulacoseira cf. ambigua 
Navicula minima 
Navicula vitiosa 
Asterionella formosa

(-)
Nitzschia perminuta 
Gomphonema gracile 
Tabellaria flocculosa agg. 
Cymbella lunata 
Cymbella hebridica

Axis 4 variation =  6.6%
(+)
Cymbella microcephala 
Eunotia robusta var. tetraodon 
Eunotia arcus
Eunotia pectinalis var. minor 
Brachysira vitrea

(-)
Achnanthes altaica
Frustulia rhomboides var. viridula
Cymbella perpusilla
Pinnularia subcapitata var. hilseana
Navicula mediocris

Axis 1 is negatively associated with the acidophilic and acidobiontic species Frustulia 

rhomboides var. saxonica, Navicula hoefleri, Tabellaria quadriseptata, Navicula festiva, 

Navicula subtilissima and Stenopterobia sigmatella. Acidobiontic species Brachysira serians 

and Semiorbis hemicyclus are also associated with this gradient but had lower species scores. 

These species are associated with sites ERGO, FIDD, NAVR, BOVR and UGGA. Species 

positively associated with axis 1 include Achnanthes austriaca var. helvetica, Navicula radiosa 

var. tenella, and Gomphonema parvulum  as well as Fragilaria virescens var. exigua. These 

species are common at NAWL(L) and BLSK. Axis 2 is positively associated with Nitzschia
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gracilis, Pinnularia spp., Eunotia vanheurckii, and Eunotia incisa, having the highest positive 

scores, and more acidophilic tolerances, at sites OUGH and BEAL. Axis 2 is negatively 

associated with the circumneutral species Brachysira vitrea, Cyclotella kuetzingiana agg., 

Peronia fibula, and Achnanthes minutissima at sites SHAW, AUNI and ACLO. These taxa are 

all located at the bottom of the ordination plot.

The first or primary axis appears to be associated with an acidity gradient, with the most acid 

tolerant species (e.g. Navicula hoefleri, Tabellaria quadriseptata, and Navicula subtilissima) 

positioned at the left-hand side of the biplot. On the second axis the species gradient is 

represented by a group of acidophilic species (e.g. Nitzschia gracilis, Eunotia incisa, Pinnularia 

biceps and Eunotia vanheurckii) at the positive end and a circumneutral-alkaliphilic planktonic 

assemblage (e.g. Brachysira vitrea, Cyclotella kuetzingiana agg., Aulacoseira lirata var. 

biseriata) at the negative end. The position of these acidophiles unrelated to the first axis could 

imply that there may be factors correlated with acidity, or manifesting themselves as acidity, 

influencing the diatom assemblages. Alternatively the separation of planktonic assemblages from 

non-planktonic assemblages suggests that lake water depth may be playing an important role in 

the training-set. The third axis is positively but weakly associated with Navicula indifferens and 

Aulacoseira lirata var. biseriata and negatively associated with Nitzschia perminuta and 

Tabellaria flocculosa  agg., the less acid-tolerant aggregate form of Tabellaria flocculosa.

6 3  Exploratory Analysis of the Species and Environm ental D ata

Direct gradient analysis was used to look at variation in the diatom assemblages constrained by 

environmental variables. The short species gradient established using DCA (see section 6.2.2) 

indicates that the linear species response model, Redundancy Analysis (RDA) (see Chapter 4) is 

appropriate to model the species-environment relationship (van den Wollenberg, 1977; Gauch, 

1982; ter Braak, 1987).

The aim of this chapter is to elucidate the relationship between diatoms and lake water acidity 

with a view to evaluating its suitability for developing a transfer function. However, the 

maximum number of available chemical and catchment variables were initially included for data 

exploration. The explanatory variables which could be related to the assemblages included the 

following water chemistry determinands; conductivity, pH, alkalinity, DOC, LM-A1, Ca2+, Mg2+, 

K+, S 042', N H /, N 0 3\  Na+, and Cf (see Chapter 5). Catchment variables included maximum 

catchment altitude, percentage catchment forestry, catchment area, lake area, distance to the sea 

and maximum lake water depth. Full statistics for all environmental variables (chemical and
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catchment) are provided in Chapter 5, Table 5.2 and Table 5.5. Inclusion of these catchment 

variables may have no direct biological relationship with the surface sediment diatom 

assemblages and therefore constitute ‘complex gradients’ (Kent & Coker, 1992). For example, 

maximum catchment altitude may be linked with many other environmental factors such as slope, 

catchment relief, hydrology, temperature and associated biotic factors. Catchment variables may 

play an invaluable role as surrogates for other variables and help aid in the interpretation of 

assemblage variation. For this reason many variables were used in conjunction with DOC and 

pH in an exploratory capacity. The total number of variables available is nineteen.

6.3.1 Direct G radient Analysis

RDA was initially performed on samples from the 22 lakes with 8 6  diatom species and 19 

environmental variables. All environmental data were log transformed (and log x+1 where 

appropriate to variable) to approximate normal distributions and species data were square-root- 

transformed.

As outlined in Chapter 4, RDA enables ordination of the species data and regression onto 

environmental variables (ter Braak & Prentice, 1988). This maximises species variation with the 

constraint that species are linear combinations of environmental variables. The RDA output is 

shown in Table 6.5 and the biplot of the first two ordination axes in Figure 6.11. The first 

ordination axis contrasts sites with higher altitudes, high Ca2+ and larger catchment areas, with 

sites of lower elevation and high N 0 3' levels (Figure 6.11). This axis accounts for 18.2% of the 

variation in the species data. The second axis, with an eigenvalue of 0.106 (10.6% of the 

variation), is positively related to sites with high DOC, Na+, SO ^, Cf and negatively related to 

deep water sites of higher pH and alkalinity. Distance to the sea is associated with the third axis 

which accounts for 9.9% of the species variation. Monte Carlo significance tests (99 

permutations) of the 1st and 2nd axes, however, indicate that they are not significant at the 95% 

level (Axis 1: p = 0.3, Axis 2: p = 1.0). The non-significance of the ordination axes is 

problematic and further interpretation cannot be made with confidence. The sum of ‘canonical 

eigenvalues’, equivalent to the variation accounted for by the constrained variables, is very high 

(0.94) and is likely to be a feature of the regression of a high number of explanatory variables on 

a similar number of samples (ter Braak & Prentice, 1988). Reducing the number of 

environmental variables is therefore desirable and can be achieved without loss of information by 

removing covariables.
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Table 6.5: RDA of the relationship between surface sediment diatom assemblages and 19 
chemical and catchment characteristics ______
Axes 1 2 3 4 Total 

variance

Eigenvalues (A,) 0.182 0.106 0.099 0.066 1

Cumulative percentage variance of species data 18.2 28.7 38.6 45.1
Sum of all constrained eigenvalues 0.939
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Figure 6.11: RDA biplot of 86 diatom species from 22 sites and 19 environmental variables 
(Taxon codes for diatom species are listed in Appendix 6.1)

High covariance between the environmental variables is demonstrated by the variance inflation 

factors (VIF) (see Chapter 4) reported in the output from ordination analysis (Appendix 6.2). 

The VIF’s for 13 of the 19 variables included in this first ordination exceed 20, confirming high 

co-linearity between variables (ter Braak, 1987). This means that several redundant variables are 

included in the analysis. Their removal would improve the explanatory power and significance of 

the model. Data reduction may also be achieved by removing non-significant variables using 

single variable constrained ordinations or by using forward selection in CANOCO.
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Constrained ordinations of the species data were run with each of the explanatory variables 

individually to identify variables that had no significant species response (Table 6 .6 ). 

Environment-diatom relationships are thereby explored separately and Monte Carlo significance 

tests can be used to determine the importance of the variation associated with each explanatory 

variable. Such constrained ordinations of individual variables resulted in ten variables 

(maximum altitude, Ca2+, pH, % catchment forestry, DOC, N 0 3\  maximum lake depth, Na+, 

catchment area and alkalinity) which have a significant relationship with the diatom assemblages 

in the Connemara lakes (p < 0.05).

Table 6 .6 : Results of RDA of the surface sediment diatom data-set constrained against each 
environmental variable individually (significant variables (p < 0.05) are s ta rred  (*) and 
ordered in term s of im portance of eigenvalue for the 1st axis (Xi))_______________________
Environmental
variable

X, % Variance 
Explained

Significance
achieved

Max. Altitude 0.131 13.1 0 .0 1 *
Ca2+ 0.091 9.1 0 .0 1 *
% Forest 0.090 9.0 0 .0 1 *
pH 0.086 8 .6 0 .0 2 *
n o 3' 0.084 8.4 0 .0 2 *
Max. Lake Depth 0.084 8.4 0 .0 2 *
DOC 0.082 8 .2 0 .0 2 *
Catchment Area 0.078 7.8 0 .0 2 *
Na+ 0.073 7.0 0.05*
Alkalinity 0.071 7.1 0.05*
Conductivity 0.070 7.0 0.06
c r 0.070 7.0 0.06
S O ^ 0.069 6.9 0 .1 0
Distance to Sea 0.067 6.7 0.09
Lake Area 0.066 6 .6 0.06
Mg2+ 0.062 6 .2 0.13
LM-A1 0.060 6 .0 0 .1 1
K+ 0.055 5.5 0.30
NH4+ 0.049 4.9 0.41

A second RDA was therefore performed using only these 10 significant variables (Table 6.7). In 

this RDA, the first four ordination axes were tested individually and all found to be significant at 

the 95% confidence limit. The results indicate that 58.3% of the variation in the diatom 

assemblages is represented by the constrained ordination axes (sum of canonical eigenvalues). 

VIF’s for all environmental variables except pH are below 20 in this ordination (not reported) 

therefore most of the redundant covariance has been eliminated. pH was retained due to the 

interest in acidity in these systems. This ordination, therefore, can be interpreted with a greater 

degree of confidence.
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Axis 1 with an eigenvalue of 0.165 captures 16.5% of the variation in the surface sediment 

diatom assemblages (Table 6.7) and is again negatively associated with maximum altitude and 

Ca2+ and positively associated with N 0 3\  The second axis has an eigenvalue of 0.097 and 

therefore represents 9.7% of the variation in the diatom data, and is positively associated with 

DOC and Na+ (representing marine salts) and negatively associated with water depth, pH and 

alkalinity. Despite the lack of statistical significance of the ordination using 19 variables the 

main patterns of variation are similar in both RDAs. Axis 3 captures 7.9% of the total variation 

and is again associated with N 0 3\  A low eigenvalue for axis 4 (0.054) represents small variance 

explained (5%) in the species data by this and higher constrained axes.

Unexplained variance accounts for 41.6% of species variation. Unexplained variation under 

RDA is generally attributed to unmeasured variables (e.g. habitat factors) or to noise. Sources of 

noise may include zero values in counts, counting errors (associated with diatom valve dissolution 

and breakage), sample heterogeneity as well as noise introduce with taxonomy, taphonomy, 

chemistry analytical errors, sedimentation anomalies etc. PCA was used here to explore 

unexplained variation not represented by the 10-variable RDA by partialling out the 10 

explanatory variables as covariables. Using a simple Broken Stick model (Jolliffe, 1986) the 

remaining variance (after partialling out the co-variables) was dissected through random (‘broken 

stick’) splits. This model was implemented using the programme BSTICK. The programme 

statistically assesses the significance of the variation or eigenvalues associated with the main 

ordination axes. The results of the test show that significant variance due to unmeasured 

variables was not identified.

The RDA biplot (Figure 6.12a & b) illustrates the relationship between the 10 environmental 

variables and the 8 6  diatom taxa. For example, on axis 1 species with the highest scores include 

Navicula hoefleri, Tabellaria quadriseptata, Frustulia rhomboides var. saxonica and Navicula 

subtilissima (Figure 6.12a). These species are optimally present at sites with high N 0 3' (ERGO, 

FIDD, NAVR and UGGA) (Figure 6.12b). At the opposite end of this gradient are sites with a 

higher proportion of Eunotia pectinalis var. undulata, Navicula radiosa var. tenella, 

Achnanthes austriaca var. helvetica and Gomphonema parvulum, associated with higher 

catchment altitude and higher Ca2+. The second axis shows that Cyclotella kuetzingiana and 

Brachysira vitrea are present in waters of higher pH, alkalinity and water depth (SHAW, AUNI, 

ACLO) (Figure 6.12b). In contrast, species with preferences for lower pH and alkalinity 

including Eunotia vanheurckii, E. incisa, E. meisteri and E. rhomboidea are found at sites 

LYEL, OUGH and BEAL. These species have a greater affinity for waters with high levels of
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DOC and Na+. Because the biplot scores for the environmental variables and the ordination axes 

are low for axes 3 and 4 they are considered less important and no interpretation is offered.

Axes 1 2 3 4 Total
Variance

Eigenvalues (X)
Cumulative percentage variance of species data 
Sum of all canonical eigenvalues

0.165
16.5

0.097
26.2

0.079
34.1

0.054
39.5

1

0.583

Biplot scores of environmental variables
pH -0.3322 0.7788 -0.2404 0.0659
Na+ -0.0134 -0.7949 0.1232 0.2004
Ca2+ -0.6815 -0.0795 0.0970 0.3492
Alkalinity -0.2543 0.7023 0.0215 0.1928
n o 3 0.5562 0.0801 0.3808 -0.3403
DOC -0.0846 -0.8568 0.2340 0.1135
Catchment Area -0.5580 -0.0065 0.2450 -0.4485
Maximum Catchment Altitude -0.8146 0.2809 -0.2569 -0.1864
% Forest -0.5336 -0.5260 0.1309 0.0842
Maximum Depth -0.4221 0.6180 0.1807 -0.0997

M onte C arlo Test (99 perm utations)
Axis 1 
Axis 2 
Axis 3 
Axis 4

F-ratio Significance achieved
2.18 .01
2.48 .02
2.30 .01
2.18 .01

In summary, the RDA reveals that the key gradients in the Connemara surface sediment diatom 

assemblages are a contrast of sites across an altitude-N03' gradient (axis 1) and an organic 

acidity-Na+/Cl'-water depth gradient (axis 2). It is interesting to note that the strong organic 

acidity gradient apparent in the chemistry data is of secondary importance in explaining variation 

in the diatom assemblages.

6.3.2 Selecting the Most Important Environmental Variables

Constrained ordination analysis has enabled examination of how well the chemical and catchment 

variables explain species variation in the Connemara data-set. An additional approach, forward 

selection, is available in CANOCO to select significant environmental variables.

Forward selection (see Chapter 4) enables selection of explanatory variables that exert statistically 

significant independent influences on the diatom distributions. This procedure was also used to explore
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the chemistry data in Chapter 5. Forward selection of 10 variables with the Connemara data-set 

identifies just two variables, maximum altitude and dissolved organic carbon, that account for a 

significant independent diatom species response (Table 6 .8 ). Depth was the third stepwise variable 

tested but was not significant (p = 0.08) and therefore was not added to the model.

Table 6.8: Forward selection of environmental variables using RDA of 10 variables
Forward Selection 
Variable Added

Variance
Explained

F-
ratio

Bonferonni
required

significance

No. of 
Permutations

Significance
achieved

Max. Altitude 0.13 3.01 0.05 999 .001
DOC 0.10 2.51 0.025 999 .001
Non-significant variables 0.35
Variance explained by 10 variables 0.58

The forward selection of environmental variables therefore identified a ‘minimal set’ (ter Braak, 1988) 

of just two variables accounting for the variance in the diatom data. These significant variables 

represent the most important constituents that model the species-environment relationship in the 

Connemara data-set. Other variables ware eliminated because of their correlation with altitude or 

DOC. RDA of altitude and DOC accounts for 23.2% of the variation in the species data on the first 

two RDA axes (Table 6.9). This compares to 58% in the RDA of the variation in species data 

including 10 environmental variables. This indicates that altitude and DOC capture almost half 

of the variation in the full 10  variable model and confirms the high collinearity among the 

explanatory variables. The explanatory variables and their associated RDA axes are illustrated 

in Figure 6.13a & b. Figure 6.13a illustrates the first RDA axis and altitude and clearly divides 

the sites into two separate groups. SHAW, AUNI, ACLO and BLSK have the highest maximum 

altitudes in a catchment and have negative environment biplot scores on axis 1 , while sites 

NAVR, FIDD, NAWLS and ERGO, with little topographic variation, have among the highest 

positive biplot scores. Figure 6.13b illustrates DOC and the second RDA axis and a more 

continuous gradient is suggested compared to axis 1. The sites AUNT and SHAW had the lowest 

DOC levels (and lowest negative biplot scores) and OUGH, BEAL and LYEL had the highest 

positive biplot scores and highest DOC levels. Also of note is the stronger correlation between 

DOC and RDA axis 2 (r = 0.90) compared to altitude and RDA axis 1 (r = -0.77).

Forward selection has eliminated environmental variables that co-vary with selected variables in the 

stepwise procedure. In this way each of the selected variables represents a group of correlated 

variables (e.g. DOC is correlated with pH & sea-salts [Na+ & Cf] and altitude is correlated with
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Ca2+ and N03‘). Therefore, variables selected under this technique statistically constitute the most 

important gradients of variation in the diatom assemblages, but other variables may also be 

significant if manually selected.

Table 6.9: Eigenvalues after forward selection of 10 environmental variables
Axes 1 2 3 4 Total

Variance
Eigenvalues (X) 0.152 0.080 0.108 0.069 1

Cumulative percentage variance of species data 15.2 23.2 34.1 41.0
Sum of all canonical eigenvalues 0.232
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In summary, a three stage process has been used to evaluate important environmental variables. Firstly 

an exploratory ordination of the total set of available environmental variables enabled highly correlated 

variables to be identified based on high VIF scores. Secondly, the species and environmental data were 

subject to single variable constrained ordination and variables that explained no significant variation in 

the species response were eliminated. Thirdly, forward selection of the remaining variables enabled 

identification of the most important variables which best explained variation in the surface sediment 

diatom assemblages - maximum catchment altitude and DOC.

6.4 Discussion

This discussion will focus on diatom autecology and the floristic gradients identified in ordination 

analysis of the Connemara surface diatom assemblages. This preliminary interpretation is supported 

by documented ecological preferences of the major diatom species. The aim is to describe 

inherent variation in the species data (unconstrained response) and see how this compares to
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variation in the diatom data in terms of the measured environmental variables (the constrained 

response). This is followed by an exploration of key environmental gradients. The discussion 

concludes with a more detailed examination of the diatom response to organic acidity and an 

outline of the criteria for selecting environmental variables for transfer function development.

6.4.1 Diatom  Autecology

Round & Brook (1959) carried out the first comprehensive analysis of the algal flora of lake sediments 

in Ireland including the Connemara region. They found that the flora of the Connemara Loughs was 

similar to sites in the English Lake District and were notable for their lack of endemic species. The 

absence of certain acidophilic species was attributed then to the ‘peatiness of the water’ (Round, 1959). 

The early classification of Connemara Loughs in this region with their peat drainage influence was 

oligotrophic-dystrophic with dominance by Tabellaria and Asterionella. Round & Brook (1959) 

found that Tabellaria was never abundant in the plankton and also highlighted a longer form in the 

more oligotrophic sites. Asterionella and Tabellaria were also found in the current study indicating 

similar trophic conditions for these Loughs today.

The assemblages in the current study are dominated by the diatoms Fragilaria virescens var. exigua, 

Frustulia rhomboides var. saxonica, Brachysira vitrea and Eunotia spp.. These assemblages are 

similar to those in acid surface waters in Finland (Huttunen & Merilainen, 1983), Scotland (Flower et 

al., 1987; Cameron, 1995), Wales (Fritz et al., 1990) and Norway (Battarbee et al., 1997). The 

predominance of benthic diatom species and the limited occurrence of planktonic species (with the 

exception of Asterionella formosa and some centric diatoms which have few occurrences and low 

maximum abundances) in the Connemara lakewaters is striking. However, planktonic diatoms are 

not common in highly acidic lakes (e.g. Jones & Flower, 1986; Taylor et al., 1986), and their low 

representation in these acidic Connemara lakes waters was anticipated.

The under-representation of planktonic taxa relative to benthic species has implications for 

defining the ecological characteristics of the Connemara surface sediment diatom assemblages. 

Planktonic taxa are considered more sensitive to changes in water chemistry (Round, 1990). This 

assumption is related to the fact that benthic diatom assemblages are more influenced by factors 

such as substrate variation, macrophyte presence, extent of littoral habitat, and presence of gravel 

substrate, as well as temporal and spatial variability which affect all diatom assemblages (Jones 

& Flower, 1986). Most of the lakes in the study are surrounded by peaty shorelines with limited 

substrate diversity and as a result have limited littoral habitats. Limited substrate availability 

explains the impoverished episammon in the study sites (see Chapter 4).
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The shallowness of the majority of the lakes will also be a contributing factor to the limited 

plankton presence (Stevenson et al., 1991; Hall & Smol, 1992; Moser et al., in press). 

Photosynthetic rates and subsequently growth in algae are determined by depth of the euphotic 

zone (Canter-Lund & Lund, 1995). Poor light penetration associated with high levels of DOC 

may also be a contributing factor. Inorganic turbidity from soil erosion or organic colour from 

peaty catchments can affect plankton communities, submerged macrophytes and the depth of 

colonisation for algae (Moss, 1980). In one example, from Loch Fleet, complete disappearance 

of planktonic species coincided with increased turbidity following ploughing for catchment 

afforestation (Anderson (N.J.) et al., 1986). The epilithic and epiphytic diatom communities are 

the most important sources for diatoms accumulating in the Connemara surface sediments and 

they provide an opportunity to examine the representation of non-planktonic communities in lake 

sediments.

Frustulia rhomboides var. saxonica has higher abundances at the peat-mined sites in the 

Connemara training-set. Haworth et al., (1986) and Denys (1992) class F. rhomboides var. 

saxonica as acidophilous and describe its preferred chemical environment of slightly acid waters 

with low mineral content. F. rhomboides var. saxonica has been found to be common in 

dystrophic waters (Huttunen & Merilainen, 1983; Davis et al., 1985; Krammer & Lange- 

Bertalot, 1986; Korsman et al., 1994) but it has also been found to be indifferent to the presence 

of humic acidity (van Dam, 1996). The SWAP data-set indicates a pH optimum of 5.2 and DOC 

optimum of 3.5 mg I*1 for Frustulia rhomboides var. saxonica (Stevenson et al., 1991). It occurs 

optimally at medium DOC levels (6.2 mg I'1), low alkalinity (7.6 peq I' 1 CaCOs) and low pH (4.7- 

5.0 units) in the Connemara data-set.

The acidobiontic species Tabellaria quadriseptata, common in acid waters, has often been used 

as an indicator of strongly acid conditions (e.g. Flower et al., 1987) but has limited occurrence 

and low abundances in the Connemara training-set. Tabellaria quadriseptata occupies 

oligotrophic and dystrophic waters with low conductivity, low calcium and has not been found in 

waters with pH > 6.0 (Flower & Battarbee, 1985; Huttunen & Turkia, 1990; Stevenson et al., 

1991; Dixit et al., 1993). It has also been found occasionally to occur preferentially in waters 

with low organic acidity (van Dam, 1996). The more acidophilic T. flocculosa  var. flocculosa  

(Hustedt, 1937-1939; Denys, 1992; Stevenson et al., 1991) has greater abundances and wider 

occurrences in Connemara. The SWAP data-set documents a pH optimum of 4.9 for T. 

quadriseptata and 5.4 for T. flocculosa var. flocculosa (Stevenson et al., 1991). Found in
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association with T. quadriseptata in Connemara is another acidobiontic species Semiorbis 

hemicyclus (Davis et a l, 1985; Dixit et al., 1988). S. hemicyclus has been found in highly acidic 

waters in southern Quebec (Dixit et a l, 1988) and southern Norway (Davis et al., 1985). The 

development of acid Sphagnum peat in a catchment and increased water levels with consequent 

increase in size of littoral habitats promoted the development of this acidobiontic species in an 

ultra-oligotrophic lake in Finland (Salomaa & Alhonen, 1983). Other co-occurring species 

include Navicula subtilissima and N. hoefleri. N. subtilissima occurs in a pH range of 4.4-7.2 

and was found to have a weighted mean pH of 5.6 in the English Lake District (Haworth et al.,

1986) while N. hoefleri indicates highly acid conditions in the SWAP data-set (Stevenson et al., 

1991).

The dominant taxon in the Connemara training-set, Fragilaria virescens var. exigua, has been 

found mainly in meso-humic to poly-humic acid waters (e.g. Huttunen & Merilainen, 1983; 

Eloranta, 1994; Battarbee et a l,  1997). F. virescens var. exigua is considered to have wide pH 

tolerances (Flower, 1986; Stevenson et al., 1991) and wide alkalinity tolerances (Huttunen & 

Turkia, 1990). As with the Connemara work Fragilaria virescens communities were found to 

occur in brown river waters in Finland (Eloranta, 1994). This latter study attempted to derive a 

diatom pollution index for rivers where pH, colour, humic substances and conductivity varied 

widely. The diatom indices derived, however, were not sensitive enough to detect differences in 

humic content in unpolluted rivers (i.e. there was a poor diatom-humic relationship). This 

suggests that the dominance of F. virescens var. exigua in the current data-set has potentially 

important implications for the sensitivity of the diatom assemblage response to DOC.

The notable abundance of Eunotia incisa in the surface sediment diatom assemblages of some of 

the training-set sites exemplifies the acidic nature of these waters. Eunotia incisa has been found 

dominant in epiphytic and epilithic samples at pH 5.0-5.5 (e.g. Flower, 1986; Jones & Flower, 

1986; Round, 1990). Changes in the abundances of Eunotia incisa have signalled alteration in 

the acid status of lakewaters (e.g. Jones et al., 1989; Anderson & Renberg, 1992; Cameron,

1995) and have highlighted its importance as an indicator species. It has often been considered 

an early warning of acidification (Flower et al., 1987; Fritz et al., 1990). Also associated with 

these sites are notable occurrences of Nitzschia gracilis and Fragilaria construens var. venter. 

Although N. gracilis is known to tolerate waters of low pH and has shown higher cell densities 

when combined with some nutrient enrichment (e.g. Niederhauser & Schanz, 1993; Korsman & 

Segerstrom, 1998), it has been classed indifferent by Denys (1992) and acidophilous by Hustedt 

(1937-1939). Fragilaria construens var. venter is known as a benthic taxon characteristic of
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shallow dilute lakes (Hall & Smol, 1992) and is considered alkaliphilous and also indicative of 

nutrient enrichment (van Dam et a l,  1994).

Brachysira vitrea, Cyclotella kuetzingiana agg., Peronia fibula, and Achnanthes minutissima 

exemplify less acid tolerant species in the Connemara training-set B. vitrea has been associated 

with lakes of higher pH and alkalinity (Round, 1990; Dixit et a l, 1988; Dixit et a l ,  1993) and 

has been classed circumneutral to slightly acid (Stevenson et a l ,  1991). Its presence has also 

been noted in more humic waters (e.g. Pienitz et a l ,  1993; van Dam 1996). Cyclotella 

kuetzingiana has more often been found in deeper oligohumic lakes (Taylor et a l,  1986). Lake 

sediments well represented with C. kuetzingiana have a reconstructed pH of 6.0 at Loch Fleet in 

Scotland (Anderson (N.J.) et a l ,  1986). Declines in B. vitrea and A. minutissima have been 

attributed to declines in pH and loss in alkalinity (Anderson (N.J.) et al., 1986; Flower, 1986).

Row er & Jones (1989) concluded that Achnanthes spp. are often common in the benthos and 

sediments of upland acid oligotrophic lakes. This pattern is not reflected in the Connemara sites 

where few Achnanthes species were found. For example Achnanthes marginulata, an indicator 

of low DOC and high transparency in New England lakes (Anderson et a l ,  1986) and in the 

SWAP training-set (Stevenson et a l ,  1991), had no significant presence in the Connemara 

systems. The only Achnanthes species of note is A. minutissima which occurs widely in the 

training-set but only achieves maximum abundance of 3.6%. Row er (1986) found that A. 

minutissima does not become important until the alkalinity reaches 2.0 mg f 1 (or 40 peq I'1) and 

Eloranta (1994) found it typical of clearer waters.

Asterionella form osa  has limited occurrence in the training-set, but this species was highly 

abundant in deeper lake waters and warrants some examination. A. form osa  is a common 

planktonic species widely distributed among circumneutral-alkaline freshwater habitats (e.g. 

Huttunen & Merilainen, 1983; Dixit et al., 1993) and is found especially in mesotrophic lakes 

(Bennion, 1993). Distribution of A. formosa has also been correlated with lake morphometric 

and catchment variables (Anderson et al., 1986). A  species distribution may be more related to 

lake size and area and these factors and this may affect its response to lake water chemistry. 

Experimental work with A. form osa  in culture indicates that it is incapable of growth at low pH 

(4.5-5.0) and is dependent on the concentration and nature of DOC present and on trace metal 

bio-availability (Gensemer et al., 1993). High concentrations of organic compounds can act as a 

buffer for pH and thus in turn affect the release of the toxic form of aluminium which is pH
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dependent (e.g. Brakke et al., 1987; Ormerod et al., 1987b). Both habitat and lake water 

chemistry therefore may have significant implications for species classification to a specific pH 

category and may result in mis-classification. For example, A. form osa  may survive in deeper 

waters of low pH, below its normal distribution range, due to high levels of DOC. In this 

instance A. formosa  would be classed as acidophilic as opposed to its more accepted 

classification of circumneutral.

6.4.2 Ordination Gradients

The same diatom assemblage patterns are apparent in both indirect gradient analysis and direct 

gradient analysis with explanatory variables. Similar species have important associations with 

the first axes (e.g. Navicula hoefleri, Tabellaria quadriseptata, Frustulia rhomboides var. 

saxonica, Navicula subtilissima, Navicula radiosa var. tenella, Achnanthes austriaca var. 

helvetica and Gomphonema parvulum) and second axes (e.g. Cyclotella kuetzingiana, 

Brachysira vitrea, Eunotia vanheurckii and E. incisa) in the PCA and RDA. This confirms that 

the environmental variables included in the constrained ordination explain the key gradients in 

diatom assemblage variation between sites. The relative importance of the ordination axes in 

explaining species variance was also similar between constrained and unconstrained ordinations. 

The direct ordination (with ten variables) clearly includes important explanatory variables and 

performs well, as more than half of the total variance in the species data is accounted for by the 

explanatory variables.

The RDA indicates that ten explanatory variables capture almost 60% of the variation in the 

surface sediment diatom assemblages. The first biologically important axis of the constrained 

ordination model contrasts large catchments of high elevation and Ca2+ with smaller catchments 

of low elevation, low Ca2+ and higher N 0 3' waters. A second gradient identified in the diatom 

assemblages was one of catchments with DOC-rich waters and elevated Na+ and deeper waters 

with higher pH and alkalinity. Forward selection with associated Monte Carlo permutation tests 

subsequently identified altitude and DOC as the most important explanatory variables.

6.4.3 Key Environmental Gradients in the Diatom Assemblages

Much of the variance in the diatom data can be related to two complexes of environmental 

gradients: (i) an altitude/calcium/NOs' gradient and (ii) an organic acidity/sea-salt/water depth 

gradient. These will now be discussed to reflect their importance in terms of the research hypotheses.
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(i) Organic Acidity/Sea-salt/Water Depth Gradient

The second ordination gradient in the Connemara diatom training-set is associated with organic 

acidity, sea-salts and lake water depth. The research hypotheses are concerned particularly with 

the acidity of these surface waters (Chapter 5) and exploration of the diatom response to lake 

water chemistry has confirmed that there is a significant relationship with DOC and organic 

acidity. This relationship is a statistically important, though not dominant, factor in species 

variation but is discussed first because of the greater importance of the chemical gradient.

The secondary nature of this acidity gradient in the species data is surprising considering the 

strong organic acidity/sea-salt gradient identified as the main axis of variation when exploring the 

water chemistry of these lakes (Chapter 5). This difference in relative axis importance implies 

that the diatom species are not responding wholly to their chemical environment. pH has 

generally been the dominant variable in explaining species variation in upland water training-sets 

(e.g. Battarbee et al., 1985a; Dixit et al., 1988; Fritz et al., 1990; Stevenson et al., 1991; 

Anderson et al., 1993). Its explanatory power on the secondary axis of variation in the 

Connemara data-set indicates that the biological response to acidity is not strong. Potential 

interpretations to explain this response include: diatom-pH response is being buffered by high 

levels of DOC; the species response to the DOC gradient may be complex and reflect water 

depth; or episodic deposition of marine salts are causing an acidifying effect but with no 

biological response.

At equal pH humic waters are known to have greater acid buffering capacity than clear water lakes 

(Hemond, 1994; Harriman & Christie, 1995). The weaker diatom-acidity response in the 

Connemara species data may result from the buffering capacity in these highly humic systems. A 

TILLAGRAPH plot (Figure 6.14) illustrates the diatom response to pH in the Connemara lakes. 

There appears to be some inconsistencies with generally accepted autecological understanding. 

Acidobiontic species (Tabellaria quadriseptata, Navicula hoefleri and Navicula subtilissima) 

are not found at the most acidic sites. These lowest pH sites (OUGH, NAGI, BEAL & LYEL, 

pH range 4.4-4.7) are dominated by Eunotia incisa, which is normally associated with slightly 

less acidic conditions (Flower, 1986; Jones & Flower, 1986; Round, 1990). These low pH 

waters also have the highest levels of DOC, which is known to have a direct influence on pH 

tolerance through changes in trace metal and/or nutrient bio-availability (Kullberg et al, 1993; 

Gensemer et al, 1993). High DOC levels could enable acidophilic Eunotia incisa to tolerate very 

low pH conditions through complexing Al3*. Conversely the presence of acidobiontic species 

(Tabellaria quadriseptata, Semiorbis hemicyclus, Navicula subtilissima and N. hoefleri) at the
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relatively higher pH sites may be a reflection of their lower concentrations of DOC, with lower 

buffering capacity. The trend of dominant acidophilous taxa in strongly acidic humic lakes and 

acidobiontic taxa in slightly less acidic oligo-humic lakes was also observed in Canadian lakes 

(Taylor et al., 1986). This study found that inferred pH using diatoms was underestimated in 

lakes of pH > 6  and overestimated in lakes of pH < 6 , and attributed this to humic content.

High DOC concentrations in the training-set were found to be primarily associated with 

catchment afforestation (Chapter 5). A scatter plot lake pH and DOC with forested sites 

highlighted is illustrated in Figure 6.15. Examination of the diatom-pH response at non-forested 

sites (see Figure 3.9b) supports the premise that DOC is complicating the normally strong 

response (Appendix 6.3). pH was found to be much more important in terms of species variation 

when afforested sites with high DOC were eliminated. However, these results must be regarded 

cautiously as they were based on a small number of sites.

1 -3  o u g h U

c3*—i

txOo

txQ
£
L>
O
Q

1.2  —

1 . 1  —

1 .0  —

0.9 —

0.8 —

0.7 —

0.6

LYELl̂
NAW US)

□
n a g iD  □

□ SEEC BLSK

FIDD

□  a b c d

NAMoQ#  ERGO □
LETT

0.5

4.0 5.0 6.0 7.0

PH

Figure 6.15: Scatter plot of lake water pH and DOC (□  = forested sites • = non-forested 
sites)



Water depth was also important on the second ordination axis in the training-set and was 

negatively correlated with DOC in explaining the surface sediment diatom assemblages. The 

training-set lakes with shallow waters have the highest DOC concentrations. The distribution of 

taxa may therefore be strongly related to lake morphometry as well as organic acidity. Taylor et 

al., (1986) found the presence of the acidophilous planktonic taxa Tabellaria flocculosa  and 

Asterionella ralfsii in deep lakewaters resulted in an inferred pH less than the measured pH, and 

conversely circumneutral planktonic taxa in deep oligohumic lakes resulted in inferred pH higher 

than the measured pH. Lake water depth was thought to be an important factor in these cases. In 

the current research it is clear that the percentage of planktonic diatoms, while low, generally 

increases with increasing lake depth. Planktonic diatoms in the Connemara data-set were 

associated with higher pH/low DOC levels but lake water depth may also be a more important 

influence on this environmental gradient. Variation in the diatom assemblages on the second 

ordination axis may be due to direct effects from DOC and organic acidity or indirect effects as a 

result of lake morphometry (e.g. interactions with light quality or intensity) (Huttunen & 

Merilainen, 1986; Engstrom, 1987; Pienitz & Smol, 1993). Diatoms have been found to vary 

with differing light conditions. Humic and fulvic acids are known to attenuate light and thus may 

have qualitative effects on the biota (Mcknight et al., 1985; Christensen et al., 1996; Leavitt et 

a l ,  1999).

In addition, the low pH of the lakewaters could be associated with the highly oceanic nature of the 

study area and reflect sea salt-induced acid events (Langan, 1989). This would temporarily 

increase the acidity of the site but would probably be flushed out very quickly and have little 

ecological effect (Wright et al., 1988). More detailed time series data would be necessary, 

however, to test the hypothesis that temporal marine influences are causing atypically low 

measured pH for these sites.

(ii) Altitude/CalciumJNOf  Gradient

The primary ordination gradient in the Connemara diatom training-set is associated with an 

altitude/calcium-N03' gradient. The significance of this gradient in terms of explaining variation 

in the diatom assemblages may be complex. First, there may be a direct altitude effect on the 

diatoms related to temperature and exposure with a consequent pattern in species variation. 

Second, there may be no direct ecological effect and instead each lake of a certain elevation could 

represent a unique character which is determined by large numbers of (partially unknown) 

environmental variables. Third, it may act as a surrogate for an unmeasured chemical gradient. 

These could include geological, pedological, hydrological or lake morphological factors (affecting
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shore type, macrophyte abundance & type etc.). Fourth, the gradient may be a nutrient gradient 

due to a few high N O 3 ' measurements. Finally, the limited diatom-pH response may have elevated 

the importance of the altitude signal. These interpretations are now considered in more detail.

The range of maximum catchment altitude is 90-346 m in the training-set (see Figure 3.9b) and 

seasonal lake water temperatures ranged between 9-15°C. The study lakes were initially chosen 

to encompass a range of acidity conditions and to minimise variance in other factors. Altitude 

was not considered to be an important influencing factor due to the low relief topography of the 

study area. In other studies where altitude-temperature reconstructions are used altitude ranges 

are an order of magnitude higher with wide temperature ranges (e.g. Lotter et al., 1997). The 

Connemara training-set additionally does not constitute a continuous altitude gradient (i.e. there 

are no mid-altitude sites) which could be used to test direct or indirect altitude effect on the 

diatom communities. However, the statistical importance of altitude in terms of variation in the 

species data has implications for quantifying the species-environment response.

The existence of this complex altitude gradient as the primary influence on diatom assemblage 

variation could also suggest the influence of secondary geographical components as an important 

link in the relationships between these factors. Spatial variables (and derivatives) may represent 

underlying ecological and environmental processes, operating over the area concerned, that have 

not been measured (Bocard, 1992). Other studies where altitude has played an important role 

include SWAP (Stevenson et a l, 1991) and in northern New England lakes (Anderson et al., 

1993). In the latter study the gradient in the diatom assemblages was one of high marine 

influence at low altitude sites and low influence at high altitude sites, therefore marine influence 

decreased with increasing altitude. In the Connemara training-set higher altitude sites (AUNI, 

SHAW, SHDL) have deeper waters, others are forested (NAGI, LETT, LYEL, NAWLs, 

OUGH) and the low altitude sites (BOVR, TUSH, NAVR, ERGO, UGGA, FTDD) are presumed 

to have the deepest peats. The higher altitude sites are associated with high calcium and this 

could be a function of the release of base cations due to weathering in catchments which are more 

exposed to wind and rain. Geochemical variation can be an important factor across different 

altitudes, with different soil depths, but the only geochemical research in the current study area 

indicates that megacrystic granite blocks cover the entire region (B. Leake, pers. comm.). 

Variation due to geochemistry, therefore, could not be assessed as an influential factor.

There are six lakes in the training-set (UGGA, FIDD, NAVR, BOVR, TUSH and ERGO) 

positively associated with low elevation and high nitrate concentrations compared to only one site
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(NAWLs) obviously associated with high elevation and low nitrate concentrations. The peat- 

mined sites FIDD, NAVR, BOVR and ERGO were highlighted in the diatom assemblage 

response as associated with high N 0 3 concentrations. These sites were also highlighted in the 

ordination of the chemistry data (Chapter 5). Ditching of virgin peatlands in lake catchments in 

Finland resulted in a eutrophication response in the chemistry which was reflected in diatom 

response (Simola et a l, 1994). The elevated N0 3 ‘ at the peat-mined sites may reflect this 

disturbance factor and is possibly expressed by patterns in the species response (higher levels of 

Navicula hoefleri, Tabellaria quadriseptata and Frustulia rhomboides var. saxonica) in the 

Connemara training-set. However, the significance of axis 1 as a nutrient gradient could not be 

tested using P O 4  as lake water concentrations of this nutrient were low.

Although RDA axis 1 is statistically significant, the taxa characterising the high altitude part of 

the gradient have very low abundances {Eunotia pectinalis var. undulata, Navicula radiosa var. 

tenella and Achnanthes austriaca var. helvetica). This axis may have been strongly influenced 

by rare taxa characterising one part of the gradient against the rest of the biological composition. 

It seems more likely (and more easily interpretable) that the second major diatom gradient, where 

DOC and pH are those environmental variables best explaining the gradient, is of more ecological 

importance. This is supported by examination of the axis scores and the two major gradients. 

DOC is much more strongly correlated with the second ordination axis than altitude is with the 

first axis (Figure 6.13a & b). Although statistically not the most significant variable, the species 

response to DOC is strong enough to try to develop an organic acidity-diatom transfer function.

6.4.4 Organic Acidity

The separation of DOC from pH-related influences on the variation of the species assemblage 

data was not achieved by indirect gradient analysis (i.e. they vary along the same explanatory 

ordination gradient). The inverse relationship between pH and DOC (identified in Chapter 5) is 

again apparent in the environmental-species ordination. Separate analysis of the two variables is 

necessary to determine if there is any variation in the diatom assemblages associated with either 

variable independent of the other. The diatom-DOC response may reflect a chemical (acidity) 

response or a physical (e.g. light conditions) response in the training-set. Partial constrained 

ordination (see Chapter 4) was employed where both pH and DOC were tested individually with 

the other partialled out as a co-variable. This allows examination of how much of the variance is 

associated with inter-correlation between the two, and how much is independently associated with 

either pH or DOC.
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The results (Table 6.10) indicate that the variance associated with DOC as the only constraining 

variable is 8.3% after partialling out the effects of pH. The variance associated with pH after 

partialling out the effects of DOC is similar (8 .6 %). The covariance or interaction term is zero or 

negative and indicates that there is no variation in the surface sediment diatom assemblages 

uniquely associated with both pH and DOC. This result implies that the effects of DOC and pH 

on assemblage variation are distinct despite the highly covariable relationship between the 

determinands.

Partialling out effects of pH and DOC indicates that all variation is associated with either 

variable and none of the variation associated with pH and DOC is common. This implies that the 

diatom-DOC response in the Connemara training-set represents a physical signal. The 

relationship between DOC and the diatom assemblages may be based on habitat factors such as 

light penetration, extent of habitat colonisation, presence of macrophyte substrate and factors 

related to photosynthesis and growth (Petersen 1990; Kullberg et al., 1993). This theory could 

not be tested, however, as surrogates for light penetration (e.g. secchi depth) were not measured 

and species habitat form was only examined in an exploratory way (see Chapter 4). The 

important implication of physical factors in the diatom-DOC response indicates that further work 

in this area is necessary. No overlap in the pH/DOC diatom response implies that there is no 

absolute acidity signal in the diatom data associated with DOC (despite the strong correlation). 

The use of the diatom-DOC relationship for inferring past conditions in addition to inferred pH 

was justified in most studies (Anderson et a l ,  1986; Kingston & Birks, 1990; Stevenson et al., 

1991; Korsman et al., 1994) on the basis that the inferred variables were unrelated to each other 

in terms of explaining variation in diatom assemblages (e.g. Korsman & Birks (1995) showed 

that there was a significant relationship between diatom flora and colour after partialling out the 

effects of pH). The premise is that if reconstructions of lake water acidity (pH and alkalinity) 

and organic acidity employ the same variation in the diatom flora, a circular rationale is therefore 

used in explaining pH changes due to organic acidity (Korsman & Segerstrom, 1998).

The significant negative correlation between pH and DOC in the Connemara training-set 

contrasts with other studies where pH and DOC are generally chemically unrelated to one another 

(Anderson et al., 1986; Kingston & Birks, 1990; Stevenson et al., 1991; Korsman et al., 1994). 

The paradox, in the current research, of this highly negative correlation between pH and DOC 

and no variation in the diatom assemblages common to both pH and DOC is difficult to resolve. 

This suggests that any investigation of lake water acidity using diatoms warrants inclusion of 

both pH and DOC as explanatory variables. However, due to the apparent independent response
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of the diatom assemblages to pH and DOC, and the fact that DOC was significant in the 

ordination analyses, it was decided to progress with DOC as the variable to base reconstructions 

upon.

Table 6.10: Variance partitioning of pH and DOC
Environmental
Variable

Co
variable

X\ Covariance
-interaction

Sum Canonical £ p-value 
(n = 999)

DOC - .082 - .085 (DOC+inter.*) 0 .0 2

pH - .086 - .089 (pH+inter.)) 0 .0 2
DOC pH .083 - .0 0 1 .081 (DOC+inter. )-pH 0 .0 1

pH DOC .086 .0 0 0 .085 (pH+inter.)-DOC 0 .0 1
pH & DOC - .087 - .168 (DOC+pH+inter.) 0 .0 2  trace .01
* = inter-correlation

6.4.5 Assessing the Viability of DOC for Developing a Transfer Function 

Exploration of lake water chemistry in the study area highlighted the acid sensitive nature of the 

Connemara surface waters. Research hypotheses to explain the origin of this acidity were then 

developed. In order to test these hypotheses historical data on water quality are necessary, but 

are not available. In the absence of measured environmental data, diatoms can be used to infer 

environmental conditions using transfer functions. To develop diatom-based inference models for 

the Connemara lakes the relative explanatory strength of environmental variables in explaining 

diatom variation was examined using RDA, single variable constrained RDA and forward 

selection. These data analyses identified the important relationship between organic acidity 

(DOC) and diatom assemblage composition in the training-set samples.

A standard guide to identity if potential variables are viable for developing a diatom transfer function 

is the ratio of the variance accounted for by each variable individually in relation to the variance for the 

entire data-set (e.g. ter Braak, 1987; Dixit et a l,  1991; Hall & Smol, 1992; Kingston et al., 1992; 

Moser et a l, inpress). The ratio of the eigenvalue (A.) o f the first axis constrained by the variable 

of interest to the second (unconstrained) axis (Ai/A2) is an indication of the significance of the 

environmental variable in explaining species variation (ter Braak, 1988). It is recommended that 

the calibration variable should be the dominant variable in determining species composition (ter 

Braak, 1987). Environmental variables with high XjIX2 ratios (generally > 1.0) are therefore 

considered potential candidates for developing predictive models (ter Braak, 1988; Kingston et 

a l, 1992).

The output of single variable constrained ordination o f the species data for DOC is shown in 

Table 6.11. The first axis constrained to DOC explains 8.2% of the variation in the species data
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while the second axis represents the remaining variance in the data-set with 18.5%. The ratio of 

the first to the second axis (XiA 2) is 0.44, well below the 1.0 level.

Table 6.11: RDA of DOC and 8 6  diatom species__________________________________________
Axes 1 2 3 4 Total

Variance
Eigenvalues (X) 0.082 
Cumulative percentage variance of species data 8.2 
Sum of all canonical eigenvalues

0.185
26.8

0.099
36.7

0.068
43.5

1

0.082

Inference models of explanatory variables with less than ideal A,i/A,2 ratios can still be used for 

calibration, but are considered less robust and have larger errors of prediction (Hall & Smol, 

1992; Dixit et al., 1993; Bennion, 1993). Low axis l:axis 2 ratios, where less than 10% of the 

variance in biological data are explained, can occur (ter Braak, 1987). In a Canadian training-set 

Dixit et a l  (1991) chose an Xi:X2 ratio of > 0.5 as a cut off point for developing transfer 

functions where there was a significant independent diatom signal. Ratios below this were 

considered unrealistic for the development of inference models. Transfer functions can still be 

derived from variables with low A,i/A,2 ratios but cautious interpretation is recommended (ter 

Braak, 1987). Table 6.12 illustrates X i/A,2 ratios for a number of environmental variables used 

for transfer functions from different training-sets. The relatively poor response to DOC as the 

primary variable in the diatom taxa in the current training-set compared to the literature (Table 

6.12) may be as a result of the short gradient in the species data (< 2 SD), the small number of 

sites in the training-set, the confounding influence of other variables (measured and unmeasured), 

or the complex species response for this particular variable.

This chapter has established the importance of DOC in terms of a biological response in the training- 

set and hence its suitability for modelling this response using a transfer function. The selection of 

DOC however does not preclude the fact that other variables also influence the distribution of the 

surface sediment diatom assemblages. Dissolved organic carbon was found to explain 8.2% of 

the species response, was significant under forward selection of all significant measured 

environmental variables (p = 0.01) and under constrained ordination (p = 0.02). The Xi/X2 ratio 

(0.44) is considered high enough to be used as the basis for a transfer-function with a training-set 

of this size and length of species gradient (2.1 SD). It is acknowledged that the DOC signal in 

the diatom data is marginal. However, this marginality is typical of DOC in other training-sets 

(Dixit et a l, 1993, Kingston et a l ,  1992). Therefore, it is proposed that a model of the diatom-



DOC response is appropriate in the current training-set as it still is one of the best explanatory 

variables.

Table 6.12: X\/X2 ratio for a num ber of training-sets
Training-Set No of sites in 

Data-set
Variable X1/X2

Dixit et a l, 1993 62 pH 1.50
DOC 0 .2 1

Bennion, 1993 31 TP 0.50
Hall & Smol, 1992 37 TP 0.40
Dixit et al., 1991 72 pH 0.84

Ca2+ 0 .6 8

Al 0.67
Fritz et al., 1993 42 TP 1.57

chlorophyll a 1.52
Secchi depth 0.28

Kingston et a l, 1992 37 pH 0.60
DOC 0.47

Current research 2 2 DOC 0.44

In summary, the surface sediment diatom assemblages from the Connemara training-set constitute 

predominately pennate-araphidae benthic species with infrequent but important planktonic (and 

centric) occurrences. The acidophilic and circumneutral genera Eunotia, Fragilaria, Brachysira 

and Frustulia dominate the assemblages as well as a limited occurrence of acidobiontic species. 

No unusual or endemic species occurrences were found. The exploration of the diatom species 

data along with measured environmental data confirms the importance of organic acidity in these 

systems and DOC in terms of explaining the variation in the surface sediment diatom 

assemblages. DOC was identified using constrained ordination and forward selection as having a 

significant independent signal in variation in diatom assemblages.

The primary gradient found in constrained ordination analysis was altitude. It is concluded that 

this is a complex gradient incorporating geographical components as well as habitat factors. 

Insufficient data on these components and on habitat type were collected to fully evaluate the 

diatom-altitude relationship. The most important chemical variable influencing the diatom 

assemblages is organic acidity. Independent pH-diatom and DOC-diatom responses were 

identified, and conflict with the highly correlated pH/DOC response in the chemistry data. This 

paradox is difficult to resolve and may be an ecological or statistical artefact. There is significant 

independent diatom response to DOC and the relative ratio of the variance associated with DOC 

compared with the variance for the whole data-set is considered important enough to develop a 

diatom-DOC transfer function.
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CHAPTER 7

Construction of a Diatom-Based DOC Transfer Function

7.1 Introduction

The primary reason for developing a Connemara calibration training-set was to establish a 

diatom transfer-function which would provide a basis for the quantitative reconstruction of lake 

water DOC. DOC was recognised as a key variable in the chemistry data representing the acidity 

of these systems in Chapter 5. The role of DOC (a surrogate for organic acidity) is therefore 

central to the research hypotheses investigating temporal changes in acidity in these waters. In 

Chapter 6  multivariate ordination analysis was used to establish how the surface sediment diatom 

assemblages respond to a range of environmental variables. DOC was identified as a key 

variable accounting for a significant proportion of the variation in diatom assemblages. Transfer 

functions for diatoms and DOC have previously been developed using modem training-sets by 

Davis et al., (1985), Stevenson et ah, (1991), Kingston & Birks, (1990), Pienitz & Smol (1993) 

and Dixit et al., (1993). These ‘modem’ diatom samples span a range of organic acidity and in 

theory, taxa are therefore optimally present in samples of certain levels of DOC. This 

relationship can be described in terms of a mathematical equation. This chapter aims to create a 

diatom-organic acidity transfer function for Connemara by expressing DOC as a function of the 

diatom species data. Calibration is achieved by applying a number of different predictive models 

to the training-set and the predictive powers are compared and evaluated. Finally the chapter 

aims to identify important diatom taxa in order to understand what is driving the model.

7.2 Calibration Modelling

The calibration data, in this instance, consist of a training-set of 22 samples with modem 

biological data (8 6  diatom species) and associated environmental data (annual mean DOC 

measurements). Investigations of organic acidity and its attributes (annual mean DOC, seasonal 

DOC measurements and organic anion (Oliver et al., 1983) (see Chapter 4)) were carried out, 

using constrained ordination. This was conducted in an attempt to ascertain which surrogate for 

organic acidity maximises the species-environment correlation and best explains variation in the 

diatom assemblages. Constrained ordination of the diatom assemblages indicate that spring DOC 

values have the best measured relationship with the diatom species capturing 9% of the variation 

as opposed to 8.2% using annual mean DOC. The difference in the percentage diatom variation 

explained by these surrogates for organic acidity is small and the ecological significance could
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not be determined due to the small differences in species variation (see section 7.3). Calibration, 

therefore, is performed for annual mean DOC.

Environmental variables found significant under the processes of forward selection and 

constrained ordination and with sufficient (see Chapter 6 ) are considered statistically robust 

for the development of inference models (Pientiz & Smol, 1993). The sole variable that satisfies 

these selection criteria is DOC. A short gradient of 2.1 SD units was found in the species data in 

Chapter 6  and is summarised in Table 7.1. In an RDA with DOC as the only predictor variable, 

8 .2 % of the total variance in the modem diatom assemblages is explained and the relationship is 

statistically significant (p = 0.02, 999 unrestricted Monte Carlo permutations (ter Braak, 1990)) 

(Table 7.1). The underlying assumption in developing a model for DOC reconstruction is that the 

diatom assemblages are ecologically related to DOC, or to some covariable factor. The potential 

for predicting lake-water DOC using diatom assemblages therefore exists.

Table 7.1: Sum m ary results of the Connem ara training-set; 
as a pred ictor variable

a) species data , b) with DOC

a) .............................
DC A Xi 0.239
G radient Length SD units 2 .1

% V ariance explained 20.5
b)
RDA Xi 0.082
Xi/X2 0.44
Cum ulative % variance of species data 8 .2

p-value (999 perm utations) 0 .0 2

% Variance explained 7.7

A variety of methods are available to quantify the species-environmental relationship which 

establish a relational equation or transfer function (see Birks, 1995) (see Chapter 4). Linear 

methods include partial least squares regression (PLS) (Geladi & Kowalski, 1986) while 

unimodal methods include weighted averaging (WA) (ter Braak, 1987) and weighted average 

partial least squares regression (WA-PLS) (ter Braak et al., 1993). The short gradient length 

indicates that the diatom species have a linear species response (ter Braak 1988; Birks, 1995). 

This implies that linear calibration methods are most suitable for the development of an inference 

model. However, comparison of a number of calibration methods is recommended (Birks, 1995; 

Korsman & Birks, 1995) and the current study applies the linear method PLS (Geladi & 

Kowalski, 1986) and unimodal methods WA-PLS (Birks, 1995), WA and WAtoj (ter Braak,

1987) to explore the predictive abilities of diatoms for DOC in the Connemara data. Model



performances are then compared. The principles behind these methods are outlined in detail in 

Chapter 4.

Untransformed, log transformed and square root transformed species data were all explored in the 

development of inference models. In all cases square root transformation of species data resulted 

in a higher species-environment correlation for the models. The models presented below therefore 

are based on log-transformed values for dissolved organic carbon and square root transformed 

species data.

7.2.1 Calibration using Partial Least Squares (PLS)

Partial Least Squares (PLS) was implemented in CALIBRATE (Juggins & ter Braak, 1993). 

The method and model evaluation parameters are described fully in Chapter 4. PLS translates 

the diatom-DOC data matrix into ranked scores and from this extracts model ‘components’ 

representing maximum correlation between the response data and predictor variable. The number 

of components chosen for the model is analogous to ‘limits of detection’ (Geladi & Kowalski, 

1986). The model output (Table 7.2) illustrates the two-step regression and calibration phases. 

Both phases describe the default components (6 ) extracted for the model. As each component is 

extracted the correlation (r2) and associated error (RMSE) for that model component is 

calculated.

The PLS regression model shows that as each component is extracted the RM SE is reduced and 

the correlation increases. The six component calibration model gives an RMSE of 0.0046 and an 

r2 of 0.9995. The model estimates have very high r2 and low RMSE. This is as a result of 

regression using the training-set data alone and therefore real errors are underestimated (Table 

7.2). It is more realistic to consider the results of the calibration or cross-validation phase.

The PLS model is validated using leave-one-out jack-knifing by estimating the error in the 

prediction of DOC in test samples. This cross-validation exercise is an approximation of the 

calibration or prediction error (RMSEPjaCk) (Kowalski & Seasholtz, 1991). The cross-validation 

indicates that the five component model has the smallest RMSEPjaCk and highest correlation (r2) 

(Table 7.2). Models with less than five components have lower correlations and larger 

RMSEPjack.
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Table 7.2: PLS model calibration results for DOC

Regression Errors of Estimation
No. of Components MSE RMSE r 2
1 0.0081 0.0900 0.8236
2 0.0030 0.0548 0.9346
3 0.0007 0.0267 0.9845
4 0 .0002 0.0150 0.9951
5 0.0001 0.0078 0.9987
6 0 .0000 0.0046 0.9995
Calibration Prediction Errors
No. of Components MSEP R M S E P iack r 2
1 0.0333 0.1825 0.2846
2 0.0307 0.1751 0.3427
3 0.0305 0.1746 0.3464
4 0.0291 0.1704 0.3757
5 0.0286 0.1690 0.3893
6 0.0295 0.1718 0.3709

Five PLS components therefore minimises the calibration error (RMSEPjaCk = 0.1690). The 

associated r2 for the five component PLS calibration of DOC is 0.3893. It is possible to 

calculate as many PLS components as there are ranks in the data, but not all are useful in terms 

of the model. Smaller components are often correlated with noise in the data (Geladi & 

Kowalski, 1986). The large number of components in the model suggest that there is a large 

amount of residual structure (after the structure associated with DOC has been accounted for) in 

the data. In order to select the optimal number of components in a model a 5% reduction in 

RMSEPjack is recommended with each additional model component (H.J.B. Birks, pers. comm.). 

With the addition of the 2nd component in the PLS model there is only a 4.1% reduction of 

RMSEPjaCk. This suggests that a one component PLS model (RMSEPjaCk 0.1825, r2 = 0.28) is the 

best modelled DOC response in the species data. Figure 7.1a illustrates the relationship between 

annual average DOC measurements at each site and the jack-knifed (RMSEPjaCk) predicted 

PLS(l) DOC values (one component model). There is a large spread in the data indicating that 

the modelled relationship is poor. Figure 7.1b illustrates the residuals (observed DOC - PLS 

model predicted DOC) plotted with observed DOC values. The PLS model shows a clear 

downward trend in the residuals with increasing DOC. This indicates that the model 

overestimates DOC (positive residuals) at sites with lower levels of DOC (ACLO, AUNI, 

SHAW)and underestimates DOC (negative residuals) at sites with high DOC levels (OUGH, 

LYEL, BEAL). No obvious outliers were apparent in the model.
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Figure 7.1b: Observed DOC and PLS (1) 
model residuals (observed DOC - predicted 
DOC)

7.2.2 Calibration using W eighted Average (WA) and W eighted Average Tolerance 

Downweighted (W Atoi)

The weighted average (WA) calibration model estimates each diatom species response to DOC 

across its gradient in the training-set. Species are weighted proportional to their abundance and 

an average of all the species DOC optima are then taken as the calibrated values for each site (ter 

Braak, 1987). Deshrinking (see Chapter 4) using the ‘inverse’ approach in WA was used with 

the Connemara data as it generally performs better for diatom reconstructions using fossil data 

(Table 7.3) (ter Braak, 1987; Birks, 1995). WAl0] calibration in which species are additionally 

weighted according to their tolerance was also applied to the training-set. WA and WAtoi were 

implemented using the computer programme CALIBRATE (Juggins & ter Braak, 1993).

Table 7.3: WA and W Atoi model calibration results fo r DOC

M SE R M SE r2

Regression
WA 0.0091 0.0953 0.8021
W Al0l 0.0104 0 .1 0 2 1 0.7727
Calibration M SEP R M SE P Cross Val r 2

Cross Val WA 0.0360 0.1896 0.2279
Cross Val W At0i 0.0475 0.2180 0.0573
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The cross-validated WA model RMSEP is 0.1896 and WAt0, RMSEP is 0.2180 (Table 7.4). The 

correlations between observed and predicted values are very low with WA r2 = 0.2279 and W Atoi 

r2 = 0.0573. The WA model therefore performs better than WAtoi but both the models have poor 

predictive powers. Residual WA model plots are very similar to the residual plots from the PLS 

model, with over/under estimation of DOC consistent for individual sites, but with a greater 

spread in the data (Figure 7.2a and 7.2b).

7 .23  Calibration using Weighted Average - Partial Least Squares (WA-PLS)

WA-PLS is generally most suited to species rich data over longer gradients, but has also been 

known to perform well with short gradients (ter Braak et a l, 1993) and is therefore applied to the 

Connemara data. WA-PLS combines the principal of species weighted averaging (see Chapter 4) and 

model residual information to improve estimates of species. Calibration was achieved using WA-PLS 

Version 1.1 (Juggins & ter Braak, 1996) and cross-validated using jack-knifing (Table 7.4).

Table 7.4: WA-PLS model calibration results for DOC
Regression Errors of Estimation
No. of Components MSE RMSE r 2
1 0.0091 0.0953 0.8022
2 0.0038 0.0618 0.9167
3 0.0011 0.0327 0.9767
4 0.0006 0.0242 0.9872
5 0 .0002 0.0127 0.996S
6 0.0001 0.0117 0.9970
Calibration Prediction Errors
No. of Components MSEP RMSEPjack r 2
1 0.0359 0.1895 0.2309
2 0.0309 0.1758 0.3337
3 0.0304 0.1743 0.3471
4 0.0287 0.1693 0.3783
5 0.0281 0.1678 0.3914
6 0.0276 0.1660 0.4035
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The W A -P L S  model output is similar to that of P L S  (Table 7.2), comprising regression and 

calibration or cross-validation components. The first component W A -P L S  model is analogous to 

weighted averaging (ter Braak et a l,  1993). A s  with P L S ,  the calibration models overestimate r2 

and underestimate R M S E . With reference to the prediction results, the R M S E P jack is minimised 

and r2 is maximised using six components. The addition of the second component in the W A -P L S  

model reduces the R M S E P jack by 6.3%, whereas the addition of the third component reduces it by 

less than 1%. Therefore, the optimal W A -P L S  model uses just two components with an 

R M S E P jack of 0.1758 and r2 = 0.33. Figures 7.3a and 7.3b illustrate observed D O C  against 

W A -P L S  model predicted D O C  and residuals. The W A -P L S  model residuals indicate that the 

model overestimates at lower D O C  levels and underestimates at higher levels of D O C  in similar 

fashion to the P L S  model and at similar sites (Figure 7.1b).
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1 3  Model Comparison

The performances of the different calibration models applied are summarised in Table 7.5. No 

single calibration method out-performs the others. All models show relatively low predictive 

powers for DOC with large discrepancies between jack-knifed RMSE and apparent RMSE. The 

performances under the validation exercise reflects the heterogeneous nature of the data and the 

small size of the data-set whereby many samples dominated by taxa with low abundances were 

poorly predicted when omitted from the training-set. No sample outliers were selected for
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deletion in any of the models. The small size of the data-set meant that removal of outliers would 

result in loss of ecological information and potentially make the model less reliable.

The unimodal method W A -P L S  has the lowest R M SE Pjack. the lowest bias and the highest 

prediction power. The W A -P L S  model explains 3 3 %  of the jack-knifed variance and the P L S  

model 2 8 % . The linear method P L S  performs just slightly better than the W A  models with lower 

maximum bias. The W A  and W A toi models have the highest cross validated R M S E P  and the 

lowest modelled r2. Therefore the ‘best’ model using these criteria is the W A - P L S  2  component 

model.

Table 7.5: Com parison of calibration models for DOC
M ethod No Components RMSEPjack r 2 Average Bias Maximum

Bias
PLS 1 0.1825 0.2846 -1.5439e-02 0.1084
W A-PLS 2 0.1758 0.3337 -7.6346e-03 0.1051*
WA (inv.) 0.1896 0.2279 -0.01033 0.1457
W At0, (inv.) 0.2180 0.0573 -0.002214 0.1904
* best model

The WA-PLS model utilises information contained within the residuals (the difference between 

the measured DOC and model predicted DOC) and for this reason it out-performs the WA 

methods. The predictive powers of the WA-PLS model are a slight improvement on the PLS 

model, in that it corrects for non-linear effects (e.g. unimodal species responses) but overall 

performance of both models is similar. The relative performance of WA-PLS to PLS generally 

increases with increases in length of calibration gradient for the predictor variable and also the 

number of species (ter Braak et al., 1993). WA-PLS has performed well in this research for a 

short gradient. This corresponds with results from simulated data-sets (ter Braak et al., 1993).

The WA-PLS modelled diatom-DOC response has moderate predictive powers for this short 

gradient length. The RMSEP was 0.18 (log mg I' 1 DOC) or 1.5 mg f 1 DOC (back-transformed) for 

the training-set representing 9% of the range for DOC. The predictive power of the regression 

model is essentially a measure of the strength of the relationship between DOC and the surface 

sediment diatom assemblages of the training-set. The low ratio of variation in the diatom 

assemblages constrained to DOC compared to variation for the whole data-set found in Chapter 6  

has had implications for the predictive power of the model. Systematic error (represented by 

mean and maximum bias (ter Braak & Juggins, 1993)) in the model has already been identified 

by trends in residual plots (Figure 7.3b). There is overestimation of modelled DOC values with
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positive residuals at the lower end of the gradient and underestimation and negative residuals at 

the higher end of the DOC gradient. The change from positive to negative residuals occurs 

between 5-10 mg I"1 DOC, i.e. residuals are positive with measured DOC values <5 mg I' 1 and 

negative with measured DOC values >10 mg I 1.

Trends in model residuals have been found in a number of models (Taylor et al., 1986; Stevenson 

et al., 1991; Pienitz & Smol, 1993; Larsen et al., 1996). Some model bias is always present due 

to the influence of other factors on the variable being modelled (ter Braak et al., 1993). Bias was 

ascribed to deslirinking, or taking averages of averages, which is implicit in inverse regression. 

Pienitz & Smol (1993) describe a tendency to pull inferred values towards the mean of the 

observed value, leading to over-prediction at the low end of the DOC gradient and under

prediction at the high end. Residual trends have also been attributed to functional interactions (or 

high correlations) between pH and DOC (Birks et al., 1990). Residual patterns have also been 

found in pH calibration models where small differences between observed and modelled predicted 

values were found between pH 5.3-5 .8  and larger differences around pH 5.2 and 6.0 (Taylor et 

al., 1986; Larsen et a l, 1996). This was attributed to seasonal changes in pH and variable 

alkalinity levels. High correlation between pH and DOC in the data-set could result in this effect 

being reflected in the DOC model residuals.

Predictive models have generally been developed for pH on the basis of single water chemistry 

measurements (Stevenson et al, 1991; Hall & Smol, 1992; Pienitz & Smol, 1993; Dixit et al, 

1993 & Korsman & Birks 1995). This was considered suitable in acid lakes (pH < 5) where 

there was little seasonal change. However, where large variation in annual chemistry occurs, 

seasonal measurements may be more important. For example, Flower (1986) found that diatom 

distributions were more closely related to summer pH values when diatoms are actively growing. 

Calibration models based on annual mean values could introduce bias in the model by 

contributing to the high model residuals. Contrary to these suggestions Bennion (1993) found 

that although transfer functions were developed for both summer and annual mean TP, the latter 

performed equally well. Preliminary explorations of seasonal DOC measurements in the current 

research indicated a slightly stronger spring-DOC signal in the diatom assemblages (not 

reported). Further investigations however, indicated that the use of spring DOC measurements 

did not elicit more significant species responses than the annual mean data and therefore they are 

not reported in detail.
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Attempts to explore effects on the WA-PLS model were made by looking at influences on 

residual structure, sample leverage (influence) and effective number of species occurrences (N2). 

However no trends were found in the results and these analyses are therefore not reported.

A statistical model has therefore been developed for DOC which explains 33% of the variation in 

the species data. The performance of the model is considered moderately successful given the 

low number of sites and the restricted species gradient length. In order to ascertain if the results 

are ecologically interpretable an examination of individual species response to DOC is necessary. 

This exercise enabled evaluation of significant responses and elucidation o f which diatom taxa 

are important in the model.

7.3.1 Individual Species Response to DOC

One of the main assumptions in developing a diatom-DOC transfer function is that the diatom 

species are responding to DOC. The nature of this response is pivotal to this study. In Chapter 6  

the response of the whole data-set to DOC was demonstrated using constrained ordination. The 

proportion of the species variance constrained to DOC compared to the variance of the rest o f the 

data-set was 0.44, indicating that it was not a dominant explanatory variable. It was concluded 

that DOC’s moderate importance in determining diatom composition could be attributed to the 

complex nature o f DOC as a variable of influence, the short gradient length in the species data or 

as a result of the small number of sites in the data-set. Examination o f individual species 

response to DOC was therefore undertaken to evaluate the ecological significance of the WA- 

PLS model. Diatom responses to DOC were explored by calculating species optima and 

tolerances for DOC and identifying significant taxon responses.

The relationships between diatoms and DOC were modelled using Gaussian logit regression (GLR) 

Version 1.1 (Juggins, 1997) described in Chapter 4. GLR, as opposed to weighted averaging, was 

used to estimate and compare species optima as GLR generates optima only where there are significant 

species responses, whereas WA only provides an approximation of species optima and the statistical 

significance of a species fit cannot be assessed. GLR was also used to facilitate species optima 

comparisons in different data-sets as it is less sensitive to different gradient lengths (see below).

GLR species optima and tolerances for DOC in the training-set are presented in Figure 7.4 and Table 

7.6. Species optima were not calculated for species with less than five occurrences and other species 

had unreliable derived optima with estimates beyond the sampled range of DOC. More importantly,
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GLR failed to converge for 41 species. Failure to calculate optima is generally related to the 

distribution of the environmental variable e.g. where most of its potential range was not included or 

because of the acute nature of the response curve. No significant modelled fits could be made for 

these 41 species.

Estimates of DOC optima for the diatom taxa used in the WA-PLS model were achieved for just 

34% of the species data-set (Figure 7.4). This suggests that 60% of the species are more strongly 

related to other environmental factors. Where GLR optima were derived, the taxa have DOC 

optima in the range 2.2-15.6 mg I"1 DOC. Four taxa have low DOC optima (< 5 mg I'1) and 

could be considered Clearwater taxa in this data-set (Navicula leptostriata, Eunotia exigua, 

Cymbella gaeumannii and Cymbella microcephala), while 19 taxa have optima between 5-10 

mg I 1 and six taxa have high DOC optima (> 10 mg I’1). The GLR DOC optima were highest for 

Achnanthes austriaca var. helvetica, Eunotia pectinalis var. undulata, Eunotia rhomboidea, 

Pinnularia appendiculata, Navicula seminulum and Frustulia rhomboides var. viridula. 

Species with wide tolerances include Brachysira serians, Eunotia pectinalis var. undulata, 

Frustulia rhomboides as well as generic species of Eunotia and Pinnularia. Species with narrow 

tolerances include Semiorbis hemicyclus, Surirella delicatissima, Tabellaria quadriseptata, 

Cymbella minuta and Navicula hoefleri.

Taxa with relatively reliable optima and tolerance estimates are only considered significant where 

there is an effective number (N2) of species occurrences (Hill, 1973) (see Table 7.6). Taxa with 

widespread occurrence (N2 > 15.0) and GLR derived optima include Eunotia sp., Frustulia 

rhomboides var. saxonica, Pinnularia sp., Frustulia rhomboides var. viridula, Cymbella 

perpusilla, Eunotia pectinalis var. undulata and Brachysira serians. This suggests that these 

species are important species underlying the WA-PLS diatom model for DOC. The generic 

species of Eunotia and Pinnularia as well as P. viridis and E. pectinalis var. undulata have low 

relative maximum abundance and therefore have less reliable optima. GLR failed to derive 

optima for the taxa with the highest N2 (> 18.7) in the training-set {Cymbella lunata, Pinnularia 

viridis and Eunotia incisa). The former two species have low maximum abundances of 8 % and 

4% while E. incisa has a high maximum abundance of 16%. Failure to derive optima for these 

important species reflects the complexity in the relationship between diatoms and DOC in the 

current training-set. No GLR optima were calculated for taxa with N2 ^  4.5. These species 

have few occurrences and low maximum abundances.
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GLR estimated DOC optima (mg/1)
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Figure 7.4: GLR estimated DOC optima (solid squares) and tolerances (solid lines) of 
diatom taxa. The tolerances represent 1 (abundance weighted) SD unit. Taxa are arranged 
from high to low DOC optima

174



Further exploration of the species response in the DOC model, in addition to GLR optima, was 

carried out in order to fmd the simplest significant response model that explains the observed 

patterns of occurrence and abundance. GLR is limited in that it assumes an underlying Gaussian 

response model. In order to fmd the simplest response model to describe the species response to 

DOC a series of distribution models were fitted using the programme HOF (Huisman et al., 

1993). The Gaussian response model (GLR) corresponds to model IV of Huisman et al. (1993). 

HOF is described in more detail in Chapter 4. The HOF model responses for diatom taxa (with 

greater than five sample occurrences) are presented in Table 7.7. These represent the simplest 

significant distribution model for each taxon. Most taxa fall into the null model (no significant 

relationship between species distribution and DOC). Only six taxa have a significant unimodal 

symmetric model and 14 taxa have a significant sigmoidal linear model. Twenty-five percent of 

all taxa therefore have significant HOF modelled responses to DOC in the Connemara training- 

set. This illustrates that the majority of the species do not have a strong relationship with DOC. 

Scatter plots of the species with significant HOF modelled responses along the DOC gradient are 

illustrated in Figure 7.5.

Some taxa appear to occur at the end of their ecological ranges e.g. Brachysira vitrea (Figure 7.5). As 

the DOC gradient increases the abundance of Brachysira vitrea decreases suggesting that this species 

will not tolerate higher levels of DOC. Of the significant species responses, the low maximum 

abundance of some taxa, however, indicate that the data should be interpreted cautiously (e.g. 

Cymbella gaeumannii (1.2%), C. minuta (1.4%), Eunotia meisteri (1.9%), Cymbella 

microcephala (2.1%), Eunotia tridentula (2.2%)). It is important to note that the most common 

species in the data-set, Fragilaria virescens var. exigua and Frustulia rhomboides var. saxonica 

show no significant response to DOC. Species already identified using GLR as having narrow 

tolerance ranges for DOC such as Tabellaria quadriseptata, Navicula hoefleri, N. subtilissima, 

Semiorbis hemicyclus and Surirella delicatissima have significant HOF unimodal responses. 

Eunotia incisa, E. vanheurckii and Pinnularia biceps have significant increasing sigmoidal linear 

responses while Brachysira vitrea and Cymbella descripta have significant decreasing sigmoidal 

linear responses. Of the significant HOF responses only the taxa with unimodal symmetric 

responses and Cymbella microcephala and C. gaeumannii have GLR derived optima. The lack 

of agreement between these different species response models undermines the DOC optima 

generated in the training-set and the significance of the species responses.
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Table 7.6: List of back-transformed DOC optima and tolerance ranges, and diversity 
statistics for 86 common taxa (present at > 1 % and >1 sample) (SL = Sigmoidal linear, US = 
Unimodal Symmetric
Species Taxon

Code
%

V ariance
explained

Species
O ccu rren ce

M ax. % 
S p ecies  

A bun dance

N 2 G L R  
optim a  
m g I 1

T o leran ce
R an ge
m g r 1

H O F
m ode]

Achnanthes minutissima A C 013A 31 14 4 10.8 SL

Asterionella form osa AS 001A 0 7 51 4.7 7 .64 2 .6

Brachysira vitrea B R 001A 40 22 26 17.9 SL

Brachysira serians BR 003A 5 14 4 11.9 6.1

Brachysira brebissonii BR 006A 0 19 17 15.1 6.67 6.3

Cymbella microcephala CM 004A 18 6 2 5.4 2.22 - SL

Cymbella perpusilla CM 010A 6 19 6 16.4 5.83 6.1

Cymbella gaeumannii CM 020A 21 5 1 4.8 3.15 3.3 SL

Cymbella minuta C M 031A 6 5 1 4 .6 2.1 US

Cymbella lunata CM 048A 3 22 8 19.8 - -

Cymbella descripta CM 052A 19 9 3 7 .0 - - SL

Cymbella sp. CM 9999 14 12 1 11.4 1.83 -

Cyclotella [kuetzingiana agg.] C Y  9991 25 8 8 6.4 - - SL

Eunotia pectinalis var. minor E U 0 0 2 B 7 16 4 13.2 169 .04 3 3 .6

Eunotia pectinalis var. undulata E U 0 0 2 D 5 18 4 15.1 14.13 5.9

Eunotia exigua E U 009A 18 16 3 13.4 3 .68 5 .6

Eunotia rhomboidea EU O il A 22 12 7 10.1 13.24 5.3

Eunotia robusta var. tetraodon EU 012C 0 5 1 4.7 - -

Eunotia arcus arcus EU 013A 1 9 . 1 8.7 - -

Eunotia meisteri E U 0 2 0 A 25 9 2 7.9 - - SL

Eunotia incisa EU 047A 31 22 16 18.7 - - SL.

Eunotia curvata E U 0 4 9 A 0 14 2 12.3 - -

Eunotia vanheurckii E U 051A 27 16 4 13.9 - 6.1 SL

Eunotia tridentula EU 053A 40 6 2 5.0 66 .22 10.8 SL

Eunotia sp. EU 9999 0 22 5 18.6 7 .28 7.3

Fragilaria virescens F R 005A 0 17 9 13.9 - -

Fragilaria virescens var. exigua F R 005D 0 22 41 18.1 - -

Fragilaria capucina var. rumpens F R 009G 0 4 8 3 .0 - 3 .2

Frustulia rhomboides var. saxonica F U 0 0 2 B 1 22 28 18.5 6 .58 6 .6

Frustulia rhomboides var. viridula F U 0 0 2 F 12 20 9 17.1 10.12 5 .0

Gomphonema parvulum G O 013A 1 9 2 7.5 8 .83 3.5

Melosira arentii M E 019A 2 10 8 6.3 9.23 4 .7

Navicula radiosa  var. tenella N A  003B 9 12 2 10.7 - -

Navicula seminulum N A 0 0 5 A 3 10 3 8.3 10.52 4 .6

Navicula mediocris NA 006A 0 17 6 12.8 - 7 .7

Navicula pupula NA 014A 4 11 2 9.7 - 10.7

Navicula leptostriata NA 156 A 15 17 25 10.5 4.73 2.8

Navicula hoefleri NA 167 A 2 11 7 8.2 6 .78 2.1 US

Navicula sp. NA 9999 0 14 3 11.0 7 .59 5 .4

Nitzschia perminuta N I0 0 5 A 19 14 7 11.1 - - SL

Nitzschia gracilis N I0 1 7 A 20 21 15 15.6 - - SL

Nitzschia sp. N I 9999 0 11 1 10.0 1.51 6.7

Peronia fibula P E 002A 20 15 3 13.6 - -

Pinnularia viridis P I007A 22 21 4 19.1 - -

Pinnularia microstauron PI O ilA 17 12 3 9.8 52 .4 8 - SL

Pinnularia biceps PI 018A 29 8 5 6.2 - -

Pinnularia irrorata PI 023A 9 10 4 7.3 - 6.9
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Sp ecies T axon
C ode

%
V ariance
explained

Species
O ccurrence

M ax. Sp ecies  
A bun dance

N 2 G L R
optim a

Tolerance
Range

H O F
m odel

Semiorbis hemicyclus SE 0 01A 1 8 12 4.8 6.68 1.3 US

Stenopterobia sigmatella SP 002A 7 11 1 9.8 5.33 5.1

Tabellaria flocculosa T A 0 0 1 A 9 2 0 9 18.0 282 .49 7.6

Tabellaria quadriseptata T A 0 0 4 A 4 13 11 9.3 6 .52 1.2 US

Achnanthes austriaca var. minor A C 0 1 4 B 1 6 2 5.5 - 24.3

Achnanthes austriaca var. helvetica A C 0 1 4 C 7 9 2 8.1 15.63 4.1

Achnanthes [minutissima] var. AC 9964 20 5 4 4.1 - - SL

scotica
Aulacoseira cf. lirata AU 004A 1 4 7 3 .0 - 4.1

Eunotia pectinalis E U 0 0 2 A  ' • 7 12 2 10.6 - -

Fragilaria construens var. venter F R 0 0 2 C 33 7 5 6 .2 - -

Fragilaria capucina var. gracilis F R 0 0 9 H 1 7 1 6.5 - 18.6

Frustulia rhomboides var. F U 0 0 2 A 0 8 3 7.1 6.55 9.3

rhomboides 
Navicula radiosa N A  003A 3 10 1 9.3 - -

Navicula rhyncocephala NA 008A 2 6 1 5.3 - 5.3

Navicula indifferens N A 016A 0 7 4 5.7 7.23 3.1

Navicula bryophila N A 045A 6 7 2 6 .0 - -

Navicula soehrensis N A 0 4 8 A 7 5 9 3 .4 - 3.3

Navicula difficillima N A  115A 1 2 6 1.8 - 2.3

Navicula vitiosa N A  738A 1 3 1 2.9 - 2.3

Nitzschia recta N I0 2 5 A 2 8 2 6.9 - -

Pinnularia subcapitata  var. hilseana PI 022B 1 11 2 9 .8 - 5.5

Pinnularia sp. PI 9999 1 20 2 18.3 8.97 8.0

Achnanthes pseudoswazi AC 004A 11 6 2 4.8 - -

Achnanthes altaica AC 046A 2 7 2 5.9 - -

Cymbella hebridica 

Eunotia naegelii

CM 017A  

EU 048A

0

0 12

1

5

9 .0

10.2 - -

Gomphonema gracile GO 004A 0 5 1 4 .8 - -

Navicula subtilissima N A  033A 10 13 6 8.8 5 .60 1.7 US

Navicula festiva NA 039A 3 12 2 10.5 0 .36 9.1

Tabellaria flocculosa agg. TA 9996 5 7 5 6 .6 - -

Nitzschia palea N I0 0 9 A 0 6 4 5 .0 - -

Surirella delicatissima SU 006A 1 7 8 4 .8 6.75 1.2 US

Eunotia serra  var. diadema EU 032B 4 2 1 1.8 - -

Navicula minima NA 042A 0 5 1 4.5 7 .40 2.8

Eunotia pectinalis var. minor f. E U 0 0 2 E 2 2 2 1.8 - 5.7

impressa
Pinnularia appendiculata PI 014A 4 5 2 4.5 11.78 4.6

Aulacoseira cf. ambigua A U 002A 2 3 3 2 .4 - 2.2

Eunotia iatriaensis E U 0 1 9 A 0 3 1 2.7 - 0.8

Stenopterobia intermedia S P 0 0 1 A 0 2 1 2 .0 - -

HOF modelling indicated a low percentage of significant species responses to DOC reflecting the 

low model r2. These results for the Connemara training-set do not compare well with other
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training-sets. Of 117 taxa in the PIRLA project lakes Kingston & Birks (1990) found 63 species 

(or 54%) with a significant modelled relationship with DOC. In the SWAP data-set (Birks et al., 

1990) 74% of the taxa had a significant relation with pH providing strong confirmation that there 

is a good correlation between pH and relative abundance of diatoms.
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Figure 7.5: Scatter plots of selected diatoms (with significant HOF responses) along the 
DOC gradient
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Table 7.7: HOF model responses for diatom taxa with significant response to the DOC 
gradient (n = 81)______________________________________________________________________

No. of taxa Model Response
Null Model Sigmoidal linear (SL) 

(decreasing)
Sigmoidal linear (SL) 
(increasing)

Unimodal Symmetric (US)

61 taxa 

(not listed)

Achnanthes minutissima 

A. minutissima var. scotica 

Brachysira vitrea 

Cymbella microcephala 

C. gaeumannii 

C. descripta 

Cyclotella kuetzingiana 

Nitzschia perminuta

Eunotia meisteri 

E. incisa 

E. vanheurckii 

E. tridentula 

Nitzschia gracilis 

Pinnularia biceps

Cymbella minuta 

Navicula hoefleri 

N. subtilissima 

Semiorbis hemicyclus 

Surirella delicatissima 

Tabellaria quadriseptata

In summary, a DOC transfer function has been derived using diatom assemblages. Examination 

of the species optima for DOC confirmed that the WA-PLS model is supported by a relatively 

small number of significant species responses.

7.4 Comparison of DOC Models in Other Studies

The overall objective in gathering information on individual species response to DOC was in view 

to inferring DOC from fossil assemblages. Consequently it is of importance to compare the 

distribution patterns of the same species outside the training-set with DOC data from other data

sets. A review of other diatom-DOC transfer functions and species DOC optima would serve to 

highlight variation in optima when modelling DOC.

A comparison of the Connemara WA-PLS model for DOC with other DOC transfer functions in 

the literature is presented in Table 7.8. This comparison highlights overall differences between 

training-sets for DOC as an introduction to examining the DOC optima from different data-sets. 

DOC models (e.g. Kingston & Birks, 1990; Stevenson et a l, 1991; Pienitz & Smol, 1993; 

Korsman & Birks, 1995) are considered reasonably strong but less so than predictive models for 

pH (e.g. Birks et a l, 1990; Dixit et a l,  1993; Larsen et a l ,  1996).

Of note is the variation in the range of DOC concentrations across the data-sets (Table 7.8). Many of 

the measuring units for organic matter are different between data-sets and are inpossible to 

standardise. This exemplifies the variety of measurement techniques used and the limitations in 

comparisons between data-sets. The Davis et a l, (1985) data-set is from 35 study lakes in southern 

Norway (0.6-5.9 ppm TOC, median 2.2 ppm), Huttunen et al., (1988) include 84 lakes from eastern
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Finland (colour range 5-200 mg PT I'1, mean 51 mg PT I'1), the SWAP data-set in Stevenson et al, 

(1991) comprises 138 lakes across Norway, Sweden and Great Britain (TOC range 0.1-11.6 mg I 1, 

mean 3.2 mg I 1), the Korsman & Birks (1995) data-set consists of 119 sites situated in northern 

Sweden (colour range 5-200 mg PT I 1, mean 48 mg PT I"1), Pienitz & Smol (1993) contains data from 

22 lakes in Canada (DOC range 1.6-9.1 mg I'1, mean 4.3 mg I'1) and finally the small and large PIRLA 

data-set from North America (Kingston & Birks, 1990) consists of 36 lakes (DOC range 62-899 

pmol f 1) and 145 lakes (DOC range 21-1039 pmol I'1) respectively. These are compared with the 

Connemara training-set of 22 sites (DOC range 2.0-39.2 mg I'1; mean 7.9 mg f 1). In terms of mean 

chemical differences the Connemara training-set is more humic than most of the other data-sets and 

reflects its ‘clean’ area status i.e. reflecting the limited influence of acid rain on the pH of these 

systems. This potentially makes the detection of pure DOC impacts easier. It is notable that 

correlations between pH and DOC for many other training-sets were unrelated or positive 

whereas the Connemara data and the Korsman & Birks (1995) data express strong negative 

correlation. This serves to highlight the different type of systems that have been used for 

developing diatom-DOC transfer functions.

Table 7.8: Summary diatom-DOC/Colour calibration transfer functions
Training-set
Reference

No. of 
Lakes

Model
Error

Estimate
RMSE

Validation
Error

RMSEPjack

r2 Ratio
R M S E :D O C

/C olou r

D O C
R ange

C o lo u r
R a n g e

pH /D O C
(r)

Davis et al.
(1985)
(Norway)

35 1.05 m g I'1 
(Sc)

0.61

'

0 .6-5 .9  ppm  
(TOC)

unrelated

Hutunnen et al.
(1988)
(Finland)

84 0.71 0-2 5 0  PT negative

Kingston & Birks, 
(1990) PIRLA  
(U SA )

36
(mini)

146  
(3  reg)

80.1 pm ol I'1 
(1 .15 m g I 1)

146.1 nm ol I’1 
(1.75 m g r 1)

-

0.09

0.14

62 -899  
pmol r1

2 1 -1 0 3 9  
pm ol l'1

unrelated

(l S tevenson et al. 
(1991) SW AP

123 1.25 m g I'1 
(TOC)

1.58 m g I'1 0.84
(r)

0.10 0 .1 -1 1 .6
(TO C)

D ixit et al.,
(1993)
(USA )

71 84  pM  
(1.01 m g I'1)

123 pM  
(1.48 mg I'1)

0.64 0.16 -2 5 -5 5 0
pM

0.14

Pienitz & Smol
(1993)
(Canada)

22 1.48 m gl*1 0.66 0.19 1.6-9.1 m g l '1 0.35

Korsman & Birks 
(1995)
(Sweden)

119 28.73  
(mg I'1 PT)

35.39  
(mg I'1 PT)

0.60 0.14 5 -200  m g I'1 
PT

-0.50

Current research 
(Ireland)

22 1.15 mg T* 1.49 mg I'1 0.33 0.07 3 .1 -19 .7
m g l'1

-0.78

(l) Amalgamation o f  training-sets from Scotland, England, W ales, Norway, and Sweden

Comparison between training-sets is difficult due to the lack of standard methodology for 

representing organic matter. In these examples organic carbon is represented as total organic
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carbon, dissolved organic carbon and as colour. The performance value (r2) of the transfer 

function is often used to assess models but is implicitly linked to gradient length in the species 

data and therefore training-sets with more sites and longer species gradients will have higher r2. 

A more useful evaluation parameter is the RMSEP (RMSEPjaCk or RMSEPboot). However, this 

validation exercise has not always been performed (e.g. Davis et a l, 1985; Huttunen et al., 1988; 

Kingston & Birks, 1990; Pienitz & Smol, 1993). In order to compare the performance of the DOC 

models the estimated model error (RMSE) was divided by the range of DOC measured for each data

set (Table 7.8). The ratio of estimated error to measured range is greatest for Pienitz & Smol (1993) 

(ratio = 0.19), Korsman & Birks (1995) (ratio = 0.14) and the PIRLA regional data-set (Kingston & 

Birks, 1990) (ratio = 0.14). The Connemara DOC transfer function and the PIRLA mini data-set 

(Kingston & Birks, 1990) perform the best in terms of the ratio of RMSE to DOC gradient. The root 

mean square error of prediction (RMSEPjaCk) for the Connemara training-set was 1.49 peq I' 1 DOC and 

this lies within the prediction limits of other diatom-DOC calibration functions (Birks et a l, 1990; 

Pienitz & Smol, 1993, Dixit et a l, 1993).

7.4.1 Comparison of Species DOC Optima in Other Studies

A selection of diatom taxa, mentioned in the literature, with strong preferences for humic surface 

waters and their published references (Davis et a l, 1985; Taylor et a l, 1986; Anderson et al., 1986; 

Huttunen & Turkia, 1990; Kingston & Birks, 1990; Stevenson et al., 1991; Pienitz & Smol, 1993 & 

Korsman & Birks, 1995) are presented in Table 7.9.

Few consistencies in species occurrences are found between data-sets. Some studies indicate just 

a few species with responses to high DOC (Taylor et a l, 1986; Stevenson et al., 1991) while others 

quote 30-50% (Anderson et a l, 1986; Huttunen & Turkia, 1990). Anomoeoneis serians var. 

brachysira (= Brachysira brebissonii) and Frustulia rhomboides have been quoted as often having 

high DOC optima (Davis et al, 1985; Anderson et al., 1986), however this does not hold true for all 

studies. These species are not highlighted in Taylor et a l, (1986), Huttunen & Turkia, (1990), 

Kingston & Birks, (1990) and Korsman & Birks (1995). Aulacoseira (cf. Melosira) distans var. 

tenella is also quoted as having high DOC preferences (Huttunen & Turkia, 1990; Kingston & Birks, 

1990; Stevenson et al., 1991) but is not mentioned in other texts. Navicula subtilissima and 

Brachysira vitrea are only mentioned by Pienitz & Smol, (1993) while Navicula mediocris and 

Achnanthes linearis are unique to Kingston & Birks (1990).

181



In an effort to eliminate the influence of the measured DOC gradient GLR was used to calculate 

optima for three available data-sets. These include the SWAP data-set (Stevenson et a l, 1991), the 

Korsman & Birks (1995) data-set and the Connemara data-set (Table 7.10). The Korsman & Birks 

(1995) DOC units are in mg I' 1 PT and so impede direct comparison between data-sets. To overcome 

differences in measuring units, the GLR DOC optima for all taxa with significant fits common between 

the data-sets are plotted in Figures 7.6 (a-c). The SWAP data-set and the Korsman & Birks (1995) 

data-set have the most species in common with significant fits. Comparisons with the Connemara data 

is much more limited due to the fewer species with significant fits. However, even when species are 

common the DOC optima are quite different between data-sets.

(a)

SWAP GLR Optima

(b)

CL

10 -

•  • •

SWAP GLR Optima

(C)

Korsman & Birks (1995) GLR Optima

Figure 7.6: Comparison of DOC optima from Korsman & Birks (1995), Stevenson et a l (1991) 
and the Connemara training-set
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Table 7.10: A selection of GLR diatom-DQC optima from different training-sets
Species C onnem ara Stevenson et al., (1991) K orsm an & B irks (1995)

O ptim a derived GLR G LR G LR

D O C /T O C  units R ange m g I'1 
2.0-39.2  

(7.9)

R ange m g I'1 
0 .1 -11 .6

(3.2)

R ange m g I'1 PT  
5 -2 0 0  
(51)

Achnanthes austriaca  var. helvetica 15.63 - 110

A. m arginulata - - -

A. m inutissim a - 4.89 -

A sterionella  form osa 7.64 10.12 65

A ulacoseira  lirata  var. biserata - 8.96 -

B rachysira brebissonii - 3.44 56

B. vitrea - 1.24 -

B. serians 6.67 3.68 87

C yclo tella  kuetzingiana - - 28

C ym bella gaeum annii 3.15 - -

C. m icrocephala 2.22 5.32 -

C. minuta 9.40 5.69 -

C. perpu silla 5.83 1.74 33

Eunotia curvata - 11.31 115

E. exigua 3.68 - 29

E. incisa - 4.63 176

E. naegelii - 4.81 126

E. pectin a lis  var. undulata 14.13 9.21 -

E. rhom boidea 13.24 5.01 -
E. vanheurckii - 5.22 57

F ragilaria virescens  var. exigua - - 2 10

F. construens  var. venter - 12.34 119

Frustulia rhom boides 6.55 7.63 139

F. rhom boides  var. saxonica 6.58 6.68 163

F. rhom boides  var. viridula 10.12 7.94 168

G om phonem a parvulum 8.83 5.67 -

M elosira arentii 9.23 12.02 188

Navicula fe s tiv a 0.40 - -

N. hoefleri 6.80 4.35 -

N. indifferens 7.23 11.80 141

N. leptostria ta 4.73 1.67 58

N. m ediocris - -

N. minima 7 .40 - 175

N. pupula - 11.39 31

N. radiosa - 8.63 4 6

N. radiosa  var. tenella - 11.34 76

N. seminulum 10.5 12.04 -

N. soehrensis  var. hassica - 8.08 -

N. subtilissim a 5.60 1.31 49

N itzschia gracilis - 13.58 94

Peronia fibu la - - 123

Pinnularia appendiculata 11.8 3.19 -

P. biceps - - -

P. subcapita ta  var. hilseana - 4.38 29

S em iorbis hem icyclus 6.68 4.35 12

Stenopterobia  sigm atella 5.33 10.47 112

Surirella delicatissim a 6 .70 - -

T abellaria floccu losa - 5.57 174

T. floccu losa  agg. - 8.37 104

T. quadrisepta ta 6.52 | 3.62 -
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No taxa with high GLR optima were common to all three data-sets. Frustulia rhomboides var. 

viridula had a high optima for DOC in the Connemara data-set and the Swedish data-set but had a low 

optimum in SWAP. Tabellaria binalis, T. flocculosa and Eunotia incisa have high optima in the 

Swedish data-set but contrasting low optima in SWAP. Fragilaria pinnata had a high optimum in 

both the SWAP and Swedish data-sets but had a non-significant response in Connemara. Interestingly 

there are more species with derived DOC optima, at the lower end of the DOC gradient, common to all 

data-sets. The species Navicula leptostriata and Cymbella perpusilla show the greatest similarity in 

species response (low DOC optima) between all three data-sets. Brachysira serians and Navicula 

angusta have low optima in the Swedish and SWAP training-sets and while Navicula subtilissima has 

low optima in the Connemara and SWAP data-sets.

In summary, exploration of diatom species response to DOC reveals the difficulties of comparing 

data from different training-sets. Initial conclusions from this comparison of species response suggest 

that the species show greater similarities in optima at the lower end of the DOC gradient and this 

comparability decreases and variation increases with higher optima for DOC. Inconsistencies 

between measuring units for DOC, range of the DOC gradient considered, presence of species in 

the assemblages, effective number of species occurrences and significant modelled species 

responses all have implications for the species optima in different training-sets with consequences 

for DOC transfer functions. DOC transfer functions, however, are still viable and necessary 

because of the heterogeneity of organic matter and further research is needed to explore the 

chemical and ecological consequences. The results of this research will ultimately contribute 

valuable information to our understanding of chemical and biological responses in acid systems. 

Possible explanations for why the species optima for DOC are so different across training-sets 

are considered now in the discussion.

7.5 Discussion

A diatom-DOC model using WA-PLS (RMSEP 0.1758, r2 = 0.33) has been produced for the 

Connemara training-set. However, by applying a number of evaluation techniques and 

comparing the results with other transfer functions it is apparent that species responses that 

underpin a model are not always reliable. Some of the main issues raised in the development of 

the transfer function for DOC and in the comparison with other data-sets are now considered.

The development of the Connemara transfer function has highlighted the importance of the 

environmental gradient considered. Despite the wide range of organic acidity measured in the current 

study the species response is limited, with substantial overlap in the assemblages between sites and
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truncated species distributions. The environmental gradient in any study is constrained, first of all, 

by the scope of the study and this, in turn, limits the ecological range. The current research has 

shown that even when the environmental range chosen has been maximised (to include a wide 

range of DOC and low pH) this does not guarantee an adequate ecological range. Figure 7.7 

shows a graphical illustration of the type of sites included in the training-set. The shaded boxes 

indicate the range of sites covered in the current study Strategies to extend the gradient included 

consideration of other acid lakes outside the study area. No other lakes with such low levels of 

acidity and high DOC were available in the region so extension of the gradient could not be 

achieved in this way. A future strategy to lengthen the gradient could entail inclusion of forested 

sites with high DOC and high pH and additional sites with low DOC and low pH.

p H  non-forested forested

Low DOC 

High pH

High DOC 

High pH

Low DOC 

Low pH

HighDOC 

Low pH

------------------------------------------------------► DOC

Figure 7.7: Schematic representation of the type of sites considered in the study

More precise and accurate calibration equations have been generated from small training-sets 

(Birks, 1990). These small data-sets are based in similar sedimentary environments and are 

assumed to have comparable taphonomies. The small number of sites selected for the Connemara 

training-set was based on this assumption and also on time constraints and the project resources. 

The addition of more lakes to a calibration model has two potential benefits. First, the 

environmental gradient could be extended and second, the addition of more sites could contribute 

more information and potentially improve species response to a particular variable. An 

investigation of data-set size on diatom inference models for salinity concluded that the predictive 

power improves as more sites are added with more taxa (Wilson et a l, 1996). They found the 

best improvement in model prediction error occurred with more than 23 sites but not more that 56 

sites. Expansion of the Connemara training-set with more sites from the same region would not 

necessarily extend the DOC gradient. However, a model derived from a larger set o f lakes may 

have achieved more significant species responses to the predictor variable and more reliable
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inferences of lake water chemistry. The implications are that as many sites as possible should be 

sampled to form a training-set when an environmental gradient has complex or weak response in 

the species data.

The current data-set had the advantage of controlling strong acid influences, however, the effect 

of an interference function or a nuisance gradient can be most influential on model performance 

when dealing with short, primary, calibration gradients (ter Braak et al., 1993). If the predictor 

variable being modelled is not a dominant influence in species variation, other variables can be 

present with more important influences. It is more difficult to control the influence of other 

variables when dealing with short calibration gradients and this can contribute to the statistical 

performance of a model. Generally WA-PLS is capable of incorporating this information if  the 

variation has structure i.e. when related to other influential variables. If this nuisance effect is 

related to noise then there will be no structure and the performance of the model will be poor.

Two sources of variation can generally be attributed to models of species response; first, 

variability in the species optima estimates; and secondly, variation in species abundances at a 

position on the environmental gradient (Kent & Coker, 1992). Physical and chemical factors 

affecting the diatom responses to DOC were outlined in Chapter 6 , e.g. functional interactions 

with pH, light attenuation, nutrient availability, complexing of metals etc. (Taylor et al., 1986; 

Huttunen & Merilainen, 1986; Engstrom, 1987; Pienitz & Smol, 1993). These influences, as 

well as the complex chemical nature of DOC itself, may have resulted in the relatively poor 

performances of attempts to model the species response to DOC. A review of other studies 

indicated that few diatom species are consistent in terms of their relationship to the DOC gradient from 

region to region. The inconsistencies in DOC optima across data-sets could be explained by the range 

of an environmental gradient measured in the data. Species have been known to have different 

distribution patterns on regional and on international scales and to have different ecological preferences 

along these unequal gradients (Odland et al, 1995). Some data-sets incorporate the more extreme 

high end of an environmental gradient which is less well represented in the other data-sets.

In addition the difference in training-set optima could be related to the type of organic matter present in 

each system and its contribution to acidity. The use of surrogate measurements of organic matter does 

not enable interpretation of its properties and origin. ‘Catch-all’ measurements for DOC cannot 

account for different types of organic matter (Hemond, 1990; Kramer et al., 1990; Petersen, 

1990), and as such may represent a more complicated species response. DOC could also be a 

surrogate for different physical and chemical characteristics in different training-sets. DOC
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measured in the Norwegian data-set may have completely different acid-base characteristics compared 

to the Connemara data-set with corresponding differences in the species response. This is in 

accordance with suggestions by Hemond (1994) and Kingston & Birks (1990) of differences in diatom 

response due to different sources and types of DOC. Kingston & Birks (1990) cautioned that diatom 

indicators for various humic acid surrogates may differ from region to region and suggested differing 

characteristics for DOC leachate from upland soils compared to Sphagnum bog. Across the gradient 

of DOC there may also be a change in the importance of chemical and physical influences e.g. the acid- 

base characteristics may be important in clearwater lakes whereas light attenuation may be more 

relevant in highly humic waters. There may also be a non-linear response or a threshold of DOC above 

which ‘no’ further biological inpact occurs (R.W. Battarbee, pers. comm). It would have been 

interesting to test this, although further research is needed to fmd suitable analytical parameters for 

organic matter that can be related more readily to biological data. Further experimental research 

is also necessary to ascertain the nature of the diatom-DOC relationship and what role is played 

by pH, metal toxicity and physical modifications to the aquatic habitat.

Many diatom training-sets have been designed to avoid the confounding factors of systems with 

high levels of DOC and so achieve better modelled relationships (e.g. Kingston & Birks, 1990 

and Anderson et al., 1993). Calibration models have not been generated for humic-rich lake 

waters. It has been suggested that it may be desirable to develop separate predictive equations 

for oligotrophic/humic-rich lakes (Taylor et al., 1986) because the diatom assemblages found in 

humic-rich lakes are quite different from the assemblages found in humic-poor environments. 

Therefore, if the SWAP pH-transfer function (Stevenson et al., 1991) was applied to the 

Connemara sites it would over-estimate pH because of the occurrence o f less acid tolerant taxa in 

waters of low pH. Transfer functions to date have not been developed to explore change in DOC 

itself but mainly as an adjunct to pH. However, in climate studies looking at change in the 

character of catchment vegetation and soils, changes in DOC may be more relevant. 

Development of DOC transfer functions as the prime predictor are clearly necessary, but, a 

number of issues must be highlighted. The use of DOC as a surrogate for organic acidity has 

been considered moderately successful in humic-poor systems. In highly humic systems, 

however, the complexity and heterogeneity of the organic matter will contribute substantial 

variability. This heterogeneity has led to variation in individual species response to DOC. The 

joint exploration of highly correlated environmental variables (e.g. pH and DOC) might seem 

appropriate where such interactions occur in diatom training-sets. However, Korsman and Birks 

(1995) performed joint multivariate PLS calibration of a number of variables to see if colour 

predictions (a surrogate for DOC) could be improved in a Scandinavian training-set. They used
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combinations of pH and colour, and alkalinity and colour. They found that knowledge of 

environmental variables other than the one of interest did not result in any major improvement the 

prediction powers of the model (Korsman & Birks, 1995). These results reflect similar 

conclusions by ter Braak et al. (1993).

In summary, the transfer function for annual mean DOC, using the 22 site training-set has 

moderate predictive ability across a wide range of DOC concentrations. The training-set yielded 

limited estimates of diatom taxon optima and tolerances by GLR. This suggests that the 

applicability for WA-PLS calibration to infer past DOC concentrations from fossil diatom 

assemblages in sediment cores, and thus reconstruct the organic acidity histories of lakes in the 

region, is possible but with large errors. However, in a comparison with other DOC models the 

Connemara model confirmed that individual regional DOC models such as the Connemara training-set 

are still the most reliable and consequently most appropriate for historical reconstruction of fossil data 

given the apparent optima differences across data-sets. These reconstructions should be interpreted 

cautiously.
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CHAPTER 8 

Palaeolimnological Reconstruction of Loughaunyeila

8.1 Introduction

This chapter is concerned with the use of palaeolimnological data to help elucidate causes of 

change in the chemical history of an aquatic system over time. This has been achieved through 

the application of diatom transfer functions to lake sediment cores (e.g. Charles & Whitehead, 

1986; Flower et a l ,  1987; Fritz et a l ,  1991; Bennion, 1993; Anderson, 1993). pH has been the 

primary variable used in reconstructions of lake acidity (Battarbee, 1984; Jones et a l,  1986; 

Patrick & Stevenson, 1990; Anderson & Korsman, 1990). However, the important interactions 

between acidity and levels of DOC have also led to reconstructions of DOC (Davis et a l ,  1985; 

Stevenson et a l,  1991; Kingston & Birks, 1990; Pienitz et a l, 1993). Palaeolimnological 

applications of diatom-DOC reconstructions include a Norwegian investigation demonstrated that 

organic matter loss accompanies lake acidification (Davis et a l, 1985; Pienitz et a l ,  1999), 

examination of the influence of spruce immigration on lake water acidity (Pienitz et a l ,  1993; 

Korsman & Segerstrom, 1998), the reconstruction of DOC over the Holocene in relation to 

changing vegetation, soils, land-use (Pienitz et a l ,  1999) and atmospheric inputs (Birks et a l,  

1990; Korsman et a l, 1994) and a test of hypotheses of chemical interactions during 

acidification (Kingston & Birks, 1990).

This chapter aims to explore trends in the diatom assemblages and diatom-inferred chemistry of a 

long sediment core from Connemara to ascertain the DOC history of the site and determine 

possible causes of the observed acidity status. Exploration of the chemistry of these systems 

indicated that the acidity status was best described as high organic acidity and was positively 

associated with afforestation in the catchments. The chemical assessment enabled construction of 

the research hypotheses that either blanket peat development or recent catchment afforestation were 

the cause of the high organic acidity status of these lake systems. This chapter now aims to apply the 

diatom-DOC calibration model derived in Chapter 7 in order evaluate these hypotheses.

This chapter first introduces the site, Loughaunyeila, which was chosen for study. This is 

followed by a description of the sediment characteristics and sediment lithology. A sediment 

chronology is then constructed using 210Pb and 14C dating. Pollen stratigraphy is also used as a 

chronological aid. Detailed diatom analyses enables description of the fossil assemblages and 

major changes are identified. The inference model (WA-PLS) for DOC is then applied to the
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fossil assemblages enabling reconstruction of DOC over the core history. The chapter concludes 

with a chronological discussion of the history of the site while detailed consideration of the 

research hypotheses is addressed in Chapter 9.

8.2 Site Selection and Site Characteristics

Seasonal analysis of water lake water chemistry enabled the identification of the major organic acidity 

gradient in the training-set (Chapter 5). From this gradient, sites of high and low DOC, in afforested 

and non-forested catchments were identified. In order to address the research hypotheses using 

palaeolimnological techniques a single-basin lake was required. A matrix of sites suitable for sediment 

coring were drawn up which best explained this synopsis of chemical and catchment variation, and 

fulfilling the criteria required to test the research hypotheses (outlined in Chapter 5). From among 

seven possible sites (which fulfilled the research criteria of sufficient peat development, substantial 

catchment afforestation, minimal anthropogenic disturbance and suitability for sediment coring) 

Loughaunyeila (LYEL) was identified as an appropriate site. It is assumed that the Loughaunyeila 

sediment core record is representative of other forested peatland sites. Table 8.1 summarises the 

catchment characteristics and annual mean pH and DOC for Loughaunyeila. Loughaunyeila was 

selected for palaeolimnological investigation according to its annual mean chemistry, position on the 

ordination gradient, as well as lake size and catchment characteristics. In the constrained ordination of 

chemistry data, LYEL was important on the first ordination axis with high levels of DOC associated 

with catchment afforestation (Chapter 5). In constrained ordination of the surface sediment diatom 

assemblages LYEL was associated with high levels of DOC and with species Eunotia rhomboidea, E. 

incisa and Pinnualaria biceps. An annual mean pH of 4.6 and 14.6 mg I' 1 DOC was measured for 

Loughaunyeila in 1994/95.

Table 8.1: Loughaunyeila lake and catchment characteristics
Loughaunyeila (LYEL)
Catchment area 
Lake area
Forestry (mainly Pinus + Picea) 
Grid Reference 
Lake Altitude
Maximum altitude in catchment 
Maximum lake depth 
pH annual mean 
DOC annual mean

10.07 km2 

0 .1 2  km2 

60%
M 100306 
90 m 
2 2 0  m 
3.2 m
4.6 units, range 4.2 - 5.0 units 
14.56 mg F1, range 7.1- 25.9 mg I' 1

Loughaunyeila is located in the centre of the research training-set (Grid Reference: M l00306) at 

an elevation of 90 m a.s.l. (Figure 3.9a). It lies in the southern part of Cloosh forest (3.9b). A 

map of the LYEL catchment is presented in Figure 8.1 and a lake bathymetry in Figure 8.2. The
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Figure 8.1: Loughaunyeila catchm ent
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Figure 8.2: Loughaunyeila bathym etry
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modem surface area of the lake is 0.12 km2 (12.5 ha). The lake has two (un-named) inflow 

streams, the main one drains direct from Lough Bealnambrack and the catchment headwaters in 

the north-west and a second inflow enters from the forest immediately north of the lake. 

Bealnambrack was also considered for sediment coring, however, shallow lakewaters and 

extensive macrophyte growth precluded its selection. Differences in the inflow stream 

contribution may exist due to the presence of Bealnambrak upstream, however, these are more 

likely to effect sediment inputs as both lakes have similar chemistry (see Chapter 5). It is 

assumed therefore that no transformation of DOC has taken place. An outflow channel 

(Owenboliska) drains into the Owenboliska river system to the south. Land use in the catchment 

is primarily coniferous plantation forestry (60%) with the dominant tree species lodgepole pine 

(Pinus contorta) and sitka spruce (Picea stitchensis). The remainder of the catchment is 

extensively grazed by cattle and sheep. The modem lake basin is relatively shallow compared to 

other sites in the training-set (maximum depth 3.2 m) as determined from water depth using 

bathymetry measurements (Figure 8.2). The water depth is less than 2 m over the majority of the 

lake basin. The uniform morphometry of the Loughaunyeila basin enabled the assumption that a 

single core from the deepest point was representative of the whole lake basin (Jones & Flower, 

1986; Whitehead et a l, 1990).

Single-core studies constitute the most popular approach in palaeolimnology (e.g. Jones et a l, 1986; 

Fritz et a l, 1989; Birks et al, 1990; Steinberg et a l, 1991; Reinikainen & Hyvarinen, 1997; 

Korsman & Segerstrom, 1998). The ‘one lake, one core’ approach is considered a suitable 

investigative option, in this instance, as it enables both possible hypotheses to be investigated 

simultaneously for a single site. Variability in basin shape and size and within individual lake 

sediment bodies can only be properly investigated however, by taking multiple cores and using 

probes (Anderson (N.J.) et a l, 1986; Allott, 1991). Sediment dynamics are difficult and 

expensive to measure and factors such as distribution and intensity of currents are often 

considered only qualitatively. Interpretation of a single sediment core is therefore potentially 

inadequate. Elucidation of any ecological information based on single core samples therefore 

must be cautious and assumptions acknowledged. The current research assumes the sediment 

record is representative of other forested sites in peatland catchments.

8.3 Sedim ent Description

A 1,176 cm sediment core was extracted from Loughaunyeila in April 1995 from the deepest 

point (3.2 m) of the lake basin (Figure 8.2), using a Livingstone corer (see Chapter 4). The mud- 

water interface and top 50 cm of the core was retrieved intact using a modified Livingstone corer.
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The same borehole was used for the full core sequence. The time taken to retrieve this large 

quantity of sediment prevented extraction of parallel cores for overlap. This depth o f sediment 

could represent a much deeper lake basin in the past which has filled in. The shape o f the 

geological lake-basin was not established in this research.

The entire core is markedly uniform in appearance, consisting of dark brown organic mud 

(humus-rich gyttja) (Troels-Smith, 1955) (Figure 8.3). Lighter layers (1-4 cm in depth) 

throughout the core are the only striking variation and appeared to be more m inerogenic in nature. 

The sediment was well consolidated below 50 cm depth. The LYEL core did not have a base of 

late-glacial clay despite reaching the geological basin. The bottom 26 cm of the core consists of 

less dense, spongier organic mud, darker in nature than the overlying sediments and more 

minerogenic in composition. The core base samples (1,174-1,176 cm) consisted o f fine sands 

with little organic matter.

a) b)

Figure 8 3 :  a) sediment extrusion b) extruded sediment

The core was initially divided into 0.5 cm intervals to 5 cm depth and then in 1 cm  intervals for 

the remainder of the core. This resulted in a total of 1,181 samples available for high resolution 

investigations. The sub-core sampling interval for analysis depended on the type o f investigation. 

Initially the core was screened at coarse (100 cm) intervals and then intervening levels were filled 

in at 50, 10, 5, 1 and 0.5 cm depending on the analysis (Table 8.2). High resolution sub

sampling was carried out at the top o f the core to establish recent change associated with possible 

afforestation effects, and at the base of the core where the sediments were more consolidated.
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Munsell Soil colour and Troels-Smith analyses were undertaken at 100 cm intervals due to the 

uniform nature of the sediment, and layers of lighter sediment were noted. The results are 

presented in Table 8.3. The sediments are characterised as dy-gyttja or brown/black flocculant 

organic mud (Troels-Smith, 1955), with silt sized grains of mineral particles, and is generally rich 

in diatom remains. The gyttja becomes more gritty in some of the lighter layers and at the base of 

the core.

Table 8.2: Loughaunyeila sediment core sampling interva s
Type of Analysis Sampling Interval (cm) No. of Samples Analysed
210Pb dates 2-4 13
BC dates 258; 552; 712; 1,000; 1,167 5 paired dates (humic & humin)
Humification 25 42
Wet Density 20 55
Dry Weight 0.5 (1-5 cm)

1.0 (5-30; 1,159-1195) 
10 (30-1159 cm)

155

% LOI 0.5 (1-5 cm)
1.0 (5-30; 1,159-1,195) 
5 (30-1,159 cm)

259

Pollen 50 20
Diatoms 0.5 (1-5 cm)

1.0 (5-30; 1,159-1,175) 
10 (30-1,159 cm)

153

Munsell/Troels-Smith 100 13

8.3.1 Sediment Lithology

Measurements of sediment bulk density (wet density g m3), dry matter (% dry weight), organic 

matter (% LOI) and humification (mg I' 1 tannic acid) are plotted against depth of sediment in 

Figure 8.4. Results for the top 85 cm are shown in Figure 8.5 because of the interest in possible 

afforestation effects in the more recent sediments. The analytical methods are described in 

Chapter 4. Radiocarbon and 210Pb dates are also indicated and are discussed in section 8.3.2. 

Sediment bulk or wet density measurements varied between 1.01 and 1.14 g cm3. Little overall 

change in bulk density is apparent. The maximum measurement is found at 920 cm depth and 

corresponds to increases in dry matter. The dry weight or dry matter data exhibit a relatively 

uniform profile up the core with dry matter averaging around 12%. O f note are four peaks in dry 

matter, one at the base of the core and three more between 1 ,0 0 0  and 800 cm rising to a 

maximum of 18% at 860 cm. Higher levels of dry matter are sometimes coincident with the 

lighter sediment layers (Table 8.3) which suggests a minerogenic catchment input. However, this 

is not always the case as some lighter layers also have low measured % DW. In the upper 

sediments values decrease from 10% DW at 30 cm to about 5% DW at the core top (Figure 8.5).
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This corresponds to the less consolidated nature of the surface sediments and their higher water 

content. These results indicate that the character of the sediment is relatively unchanging up the 

core, reflecting its visual uniformity.

A depth profile of organic matter for LYEL shows a trend o f gradually increasing organic content 

up the core (Figure 8.4). The profile is spiky and may be indicative of periodic mineral-inwash. 

Changes in organic matter parallel changes in lithology, with % LOI increasing up the core from 

low basal percentages in the gritty gyttja (< 1,170 cm) to more than 40% in the dark brown dy- 

gyttja (c. 500 cm). The basal sediments comprise a minerogenic layer characterised by low % 

LOI with only 6.3% organic matter recorded. A peak in % LOI levels (41.3%) is found at 1,168- 

9 cm. Levels of organic matter then drop to 17% at 1,140 cm, coincident with a peak in % DW 

and a lighter sediment layer suggesting a mineral inwash event. Percentage LOI values rise 

steadily to 54% at 475 cm then fall slightly before rising in the top 200 cm of the core. Levels of 

organic content remain very high in the surface sediments and average 50% LOI in the top 5 cm 

(Figure 8.5). The lighter sediment layers noted in the core (Table 8.3) are not consistently 

reflected in decreases in organic content.

Measurements of humification (mg i' 1 tannic acid) were used in this research as an independent 

measure for sedimentary humics for comparison with % LOI and diatom-inferred DOC. 

Humification was measured at coarse resolution (25 cm intervals) in LYEL to identify general 

trends. A humification profile for LYEL is presented in Figure 8.4. The humification 

measurements have a similar profile to % LOI. This suggests that allochthonous organic matter 

forms most of the organic content of the lake sediments throughout its history. The high positive 

correlation between humics and organic matter from % LOI (r = 0.8) is further illustrated in a 

correlation biplot (Figure 8 .6 ). This high correlation between % LOI and humification indicates 

that % LOI can be used as the independent test for carbon dynamics as more sediment core 

measurements are available. Due to the high correlation between % LOI and humification 

measurements it was decided to proceed with % LOI measurements for further comparisons with 

biologically-inferred results.

In summary, there are no major stratigraphic changes or zones readily identifiable from visual 

inspection and lithological evaluation of the Loughaunyeila core. A progressive increase in 

organic content is apparent up the core and this suggests increasing catchment biomass over the 

time period of the core.
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Table 83: Loughaunyella sediment characteristics
Depth (cm) Troels-Smith

Classification
Munsell Soil 
Colour Class

Notes Lighter Layers 
depth (cm)

1,175 Ld4 Lso+ 2.5Y 2/N2 grit layer
1,150 Ld4 Lso+ 2.5Y 2/N2 change to spongy 

lighter brown mud
1,141-1,142

1,050 - 5Y 2.5/1 friable dark brown 
mud

973-975
990-991

950 Dg2 Ld2 - 2.5Y 2/N2 more mineral 
inwash layers

869-870
931-932

850 - 5Y 4/2 inwash inwash layers 771-774
792-794
840-841

750 Ld4 Lso+ 2.5Y 2/N2 friable, very black
650 Ld4 5Y 2.5 mud more friable, 

dark brown mud
560-563
578-580
602-606
640-643

550 Ld4 Lso+ 5Y2.5 brown organic mud 463-464
473-474
482-484
528-530

450 Ld3 Dgl Lso 5Y 2.5 brown organic mud 361-362
378-381
447-448

350 D1+ Dh2 Ld2 
Ld3 Dgl Lso

5Y 2.5/1 
5Y3.2 
2.5Y 2/N2

very black, dark 
olive brown

264-267
287-288
307-308
310-311
324-329
333-335
344-346

250 Dhl Ld3+Lso 2.5Y3/3 
5Y 2.5

inwash 161-163
241-242

150 Ld3 Dgl 
Ld3 Dgl ++

5Y 2.5/1 
5Y 2.5/2

dark brown/green 62-66
109-110

50 Ld3 Dgl 5Y 2.5/1 consolidated
sediment

Ld = organic fragments
Dg = fragment of ligneous and herbaceous plants
Dh = fragments of herbaceous plants
Lso = siliceous fragments
D1 = fragments of ligneous plants

■o 45o
CO 40

.o
§  35 iS

^  30 
E
c  25 
o

'g 20

r=0 .

E3I
50 7010 30

% Loss-on-ignition

Figure 8.6: Correlation biplot % LOI and humification (mg I 1 tannic acid) for
Loughaunyella
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8.3.2 Sediment Chronology

Three different methods were available to provide a sediment chronology for the Loughaunyella 

core. These were pollen stratigraphy, 210Pb dating and AMS radiocarbon (14C) dating. The 

methods are described in Chapter 4. Pollen analysis was used to establish a general stratigraphy 

to select samples for radiocarbon dating. For this reason only low resolution analysis (every 50 

cm) was employed. The use of both 210Pb and 14C dating enabled a full chronology to be 

developed for the Loughaunyella core sequence. Sediment accumulation rates derived from 14C 

and 210Pb dates are presented in section 8.3.3.

8.3.2.1 Pollen Stratigraphy

Pollen grains preserved in lake sediments potentially contain a history of vegetation change 

(Moore et a l., 1978). Pollen analysis in this research provides a chronological structure for the 

core. It helped confirm the integrity of the Loughaunyella lake sediment core sequence by 

correlation with other local pollen sequences (e.g. O’Connell et al., 1988; O ’Connell, 1990; 

Huang & O ’Connell, 1992). Summary pollen profiles, counted by Dr. Anson Mackay, are 

presented in Figure 8.7. Summary pollen percentages for different core depths and major 

changes in the pollen profile are highlighted in Table 8.4. Full details of the pollen record may be 

found in Appendix 8.1. An abridged profile of peatland indicator species (O’Connell, 1990) is 

also shown and these include the genera Ericaceae, Myrica, Sphagnum, Narthecium, Cyperaceae, 

Calluna, Drosera and Empetrum. Pollen grain counts are missing for levels 50, 250, 300 and 

1100 cm as samples were destroyed due to errors in preparation. Further work is necessary to 

complete a more representative profile.

The presence of Alnus at the base of the Loughaunyella core provides confirmation that the core 

does not represent a full Holocene record. Another palynology study in the region (O’Connell et 

al., 1988) shows Alnus crossing the 1% threshold at 7,200 BP indicating local establishment and 

achieving full expansion by 6,700 BP. Alnus is found at levels of 8-10% at the base of LYEL. 

The arboreal pollen sum declines up core from -58 to -30%  indicating a large decline in tree taxa 

in the Loughaunyella catchment through the time period represented by the core. Present levels 

of 30% arboreal pollen can mainly be attributed to the Cloosh conifer plantation. Declines are 

also apparent in the total shrub pollen count with decreases from -20  to - 8 % up the core. These 

are paralleled with up-core increases in herbaceous pollen (-1 9  to -46% ) and dwarf shrubs (-4  

to -13% ). Peatland indicator species also increase from early core sums of -9%  to -35%  in 

recent sediments reflecting the development of catchment peats. The apparent decline in
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woodland and expansion of blanket peat suggested in the pollen profile corresponds to other 

palynology studies in the region (O’Connell et a l, 1988; O ’Connell, 1990). The elm decline is 

not clearly distinguished, although Ulmus pollen declines from 800 cm. There is also some 

evidence of anthropogenic disturbance with the presence of Plantago lanceolata (Moore et al., 

1978) from about 800 cm concurrent with charcoal representation in the core. The pollen profile 

from Loughaunyella is therefore consistent with a transition from post-glacial woodlands to peat 

bog development in the catchment.

Pinus was extinct in Connemara by 200 BC-100 AD and reintroduced in the 1600’s and this 

could account for the increase in pollen grains in the top of the core. Levels of Picea are only 

ever found occasionally and this is though to be due to its dispersal patterns; heavier grains drop 

close to the tree. The percentage of deciduous pollen grains in the recent sediments is substantial 

given the low frequency of trees in the region at present while the relatively low conifer pollen 

percentages reflects under-representation of Picea. High levels of deciduous pollen could also be 

accounted for by inwash of older organic catchment peats with a higher arboreal pollen 

concentration or as a result of sediment mixing in the lake.

Table 8.4: Summary of pollen stratigraphic changes in Loughaunyella
14c  Age 
(yr. BP)

DEPTH cm 
(approx.)

% POLLEN Change in Pollen Profile

7,050±110

3,855±65

2,485±60

2,025±70

1,330±55

1,176-1,000 Arboreal pollen -58% 
Shrubs -20%
Dwarf Shrub -4% 
Herbaceous pollen -19% 
Peatland indicators -9%

• Maximum presence of tree taxa Quercus, 
Corylus, Alnus Ulmus and Pinus.

•  Alnus present therefore truncated 
Holocene record

1,000-700 Arboreal pollen -40% 
Herbaceous pollen -27% 
Peatland indicators -18%

• Decline in arboreal pollen
• Expansion in Poaceae and peatland 

indicator species
(804) Arboreal pollen -40% • Peak in arboreal pollen (Pinus, Quercus)
700-550 Herbaceous pollen -32% • Declines in tree species (Pinus, Alnus)

• increase in herbaceous species (Calluna and 
Poaceae

• Possible Ulmus decline
5 5 0 -2 5 0 Arboreal pollen -36% 

Herbaceous pollen -40%
• Tree taxa decline, Corylus decline
• Increase in herbaceous species.
•  Sphagnum increases

2 5 0 -0 Arboreal pollen -30% 
Shrubs - 8 %
Dwarf shrub - 1 3 %  
Herbaceous pollen -46% 
Peatland indicators - 3 5 %

• Increases in Calluna & Sphagnum

The pollen stratigraphy results helped the age of approximately 7-8,000 years to be estimated for 

the base of the LYEL sediment core. Examination of the pollen stratigraphy also allowed the
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definition of areas of change in the pollen assemblages. These included the arboreal maxima at 

the base of the core, followed by a decline in tree taxa and expansion of herbaceous taxa and 

expansion peatland indicator species. These areas of change represent important catchment 

changes, and were subsequently radiocarbon-dated to support the hypothesised chronology of 

events.

8.3.2.2 14C Dating

The objective in obtaining radiocarbon dates was to provide a reliable supportive chronology for 

the Loughaunyella core and to determine sediment accumulation rates. A 14C chronology was 

needed for the purpose of outlining the history of organic acidity associated with landscape 

change. The 14C dates could also be used in conjunction with 210Pb dates to provide a continuous 

chronology of landscape evolution. This research sought dates for levels where major landscape 

changes had been identified through pollen analysis. Five paired dates (humic and humin) were 

obtained (from NERC Radiocarbon Laboratory, East Kilbride and the University of Arizona 

NSF-AMS facility. Dating of two carbon fractions was conducted to help validate the accuracy 

of the sample date (Harkness & Walker, 1991) (see Chapter 4). Radiocarbon dates were 

obtained for the following levels; (i) 258-267 cm, (ii) 552-560 cm, (iii) 712-720 cm, (iv) 1,000- 

1,010 cm; and (v) 1,167-1,176 cm and are listed in Table 8.5.

Radiocarbon dates for Loughaunyella indicate that the LYEL core dates to between 7-8,000 

uncalibrated years BP and therefore confirmed the pollen stratigraphy estimates. The results 

(illustrated in Table 8.5 and Figure 8 .8 ) show that there is general discordance between humic 

and humin dates. The first paired dates at 258-267 cm compare well with dates of 1,330 (humic) 

and 1,260 (humin) years BP. The age difference of 70 years is within the error term associated 

with these dates (55-65 years). The fraction dates diverge for the next date at 552-560 cm with 

the humin date (2,315 BP) 290 years older than the humic date (2,025 BP). The pattern changes 

for the next two I4C dates with the humic fractions giving conventional dates lower than the 

humin fractions. The dates differ by 305 years BP at level 712-720 cm and by 860 at level 

1,000-1,010 cm. A temporal inversion is associated with the humic dates at 712-720 cm, where 

younger sediments are found under older sediments. The final date at the base of the core reverts 

to the original pattern with humin dates 990 years older than humic dates for level 1,167-1,176 

cm. The discrepancy between the paired dates, therefore, is not systematic and the age 

differences range from 70-990 14C years BP.
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The stable carbon isotope (6 13C) value for sample 1,000-1,010 cm (-25.5), and to a lesser extent 

sample 712-720 cm (-27.3), are slightly different from the other 5 13C values for the core (~ - 

28.5) (Table 8.5). 13C ratios for natural materials range from -27% for terrestrial vegetation 

surrounding lakes, -42 to -26% for plankton, while sediments in lakes and rivers generally have 

levels -30 to -15% (Boutton, 1991). Variations may occur in the ratio of minerogenic to organic 

carbon sources and in the ratio of allochthonous to autochthonous organic material. The 

deviation in S13C ratios at 1,010 and 720 cm in LYEL could indicate a change in carbon sources 

to the sediment during this time (C. Bryant, pers. comm.). This decline, while limited, could 

reflect a change in the catchment source material (e.g. paludification of catchment soils and 

development of peat bog). However, the variation in 6 13C ratios may also be a function of 

changes in levels of dissolved C 0 2 and plant uptake. Further measurements are necessary to 

validate inferred change.

Humin dates have been considered more recalcitrant providing the least biogeochemical distorted 

timescale (Harkness & Walker, 1991). Humics, on the otherhand, are regarded as more mobile 

diffusing vertically within the sediment matrix (Harkness & Walker, 1991). These assumptions 

have recently been challenged using discrete macrofossil dates which were found to correspond 

better to humic dates for the sediment matrix (D. Harkness, pers. comm.). This suggests that the 

humic dates in this core offer a more acceptable chronology with a consistent trend of 

successively younger dates, and therefore are used for interpretation of the stratigraphic record.

8.3.2.3 210Pb  Dating

Sediments from LYEL were analysed for 210Pb, ^ R a ,  241 Am and 137Cs by gamma ray 

spectrometry (Appleby et al., 1986). The results are shown in Table 8 .6  and displayed in Figure 

8.9. Figure 8.9 shows a composite age versus depth profile of the 210Pb, 137Cs and 241 Am dates as 

well as sediment accumulation rates for the Loughaunyella sediment core. Individual profiles of 

210Pb activity, unsupported 210Pb activity, 137Cs and 241 Am activity versus depth are found in 

Appendix 8.2.

Decay of 2I0Pb reaches equilibrium with ^ R a  at a depth of around 30 cm in the Loughaunyella 

core. This corresponds to approximately 122 years of sediment accumulation (P.G. Appleby, 

pers. comm.). Comparison of the CRC and CIC models for the 210Pb dates show good 

agreement, with both indicating constant dry mass accumulation rates in the last 1 0 0  years with a 

similar mean value of 0.025 ± 0.002 g cm '2 y' 1 (0.26 ± 0.02 cm y '1). Both models show a 

generally exponential decline in 210Pb decay, however there are a number of discrepancies in this
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Table 8.5: Loughaunyella radiocarbon dates obtained by AMS radiometric (decay) counting
of bulk samipies
Laboratory Sample Depth & Carbon S13Cpdb 14C Dates ± Error
Reference Thickness (cm) Content 

(% by wt.)
±0.1% (uncorrected 

radiocarbon years BP)
(yr. BP)

AA-23858 i) LYEL 258-267 cm 
(Humic)

48.3 -28.4 1,330 55

AA-23859 LYEL 258-267 cm 
(Humin)

5.7 -28.3 1,260 65

AA-23860 ii) LYEL 552-560 cm 
(Humic)

50.3 -28.8 2,025 70

AA-23861 LYEL 552-560 cm 
(Humin)

6.7 -28.5 2,315 60

AA-23862 iii) LYEL 712-720 cm 
(Humic)

47.7 -28.4 2,485 60

AA-23863 LYEL 712-720 cm 
(Humin)

5.6 -27.3 2,180 60

AA-23864 iv) LYEL 1000-1010 cm 
(Humic)

54.5 -28.3 3,855 65

AA-23865 LYEL 1000-1010 cm 
(Humin)

6.7 -25.5 2,995 60

AA-23866 v) LYEL 1167-1176 cm 
(Humic)

54.9 -28.6 7,050 110

AA-23867 LYEL 1167-1176 cm 
(Humin)

5.3 -28.7 8,040 80

D00

2000

3000

4000 00

Sedimentation Rates 
(Humic)
1. 0.05 cm yr'1
2. 0.21 cm yr'1
3. 0.36 cm yr'1
4. 0.42 cm yr'1
5. 0.19 cm y r1

5000

6000

 □ ------ J4-C (humic)

■ ♦  M-C (humin)
7000

8000

9000
1176 276560720

Depth (cm)

Figure 8.8: Composite age/depth curve for Loughaunyella
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Table 8.6: Loughaunyella 210Pb (supported and unsupported),137Cs and 241Am data

Depth
cm gem'2

Total
210Pb
Bq kg'1 ±

Unsupp.
210pb
Bq kg'1 ±

Supp.
210pb
Bq kg'1 ±

■/j

137Cs 
Bq kg'1 ±

241 Am 
Bq kg'1 ±

0.75 0.05 701.8 27.3 521.4 28.0 180.4 5.8 463.7 9.5 3.8 1.7
1.75 0.12 753.5 32.1 550.0 32.9 203.5 7.0 501.9 7.5 9.1 2.5
3.25 0.23 628.1 30.3 423.7 30.9 204.4 6.0 440.3 9.4 4.1 2.1
4.75 0.34 673.9 24.7 433.4 25.6 240.5 6.5 457.0 9.8 7.2 2.0
5.50 0.39 674.1 28.0 437.3 28.8 236.8 6.8 421.7 9.6 5.6 1.9
8.50 0.68 435.5 19.1 221.6 19.7 213.9 4.9 77.2 4.4 0.0 0.0

10.50 0.87 410.1 15.8 200.1 16.3 210.1 3.8 45.6 2.5 0.0 0.0
14.50 1.26 423.1 21.9 178.8 22.7 244.2 6.2 53.2 4.0 0.0 0.0
18.50 1.67 346.8 17.5 82.5 18.0 264.4 4.4 21.4 2.1 0.0 0.0
20.50 1.90 334.4 17.5 75.4 18.2 259.0 4.9 21.7 2.6 0.0 0.0
24.50 2.35 292.2 16.7 24.7 17.5 267.6 5.3 12.2 2.4 0.0 0.0
27.50 2.69 332.1 15.2 33.3 15.9 298.8 4.7 8.8 1.9 0.0 0.0
30.50 3.07 288.8 8.0 -8.7 8.4 297.5 2.5 7.4 1.0 0.0 0.0

profile. These ‘non-linear’ periods occur between 1-2, 3-6, 8-14, 18-20 and 24-28 cm and 

appear to represent episodic changes in sediment accumulation. A sharp decline in 210Pb activity 

after 5.5 cm depth coincides with an increase in dry bulk density (not illustrated). The initial low 

concentrations or flattening out of 210Pb at the top of the core may be associated with the lower 

densities in the uppermost sediments. 210Pb dates at 13 cm depth correspond approximately to 

AD 1953 (Table 8.7 & 8.9), the date Cloosh forest was planted.

137Cs and 241 Am fallout from known dates of weapons testing and the Chernobyl incident were 

measured to validate the 210Pb dates. Most of the 137Cs fallout and 241 Am occurs in the top 6  cm 

of the core (Table 8 .6 ). Below this level there is no 241 Am. The low levels o f 137Cs below 6  cm 

may be a result of downward transport through the core (Davison et al., 1993). This latter 

phenomenon has been known to obscure the weapons testing peak in 1963 in some instances 

(Appleby et al., 1993) and has been attributed to high water content and the associated loose 

consistency of the uppermost sediment (Azert & Steinberg, 1984). Two small peaks in 241 Am 

and 137Cs occur at similar depths (1.75 and 4.75 cm) in this section although relatively high 137Cs 

is recorded throughout the top 6  cm. These peaks could not be identified as fallout from 

Chernobyl and weapons testing as 137Cs, normally used to partition the artificial radionuclides, 

was too low to measure (P.G. Appleby, pers. comm.). 241 Am is frequently used to as an 

alternative to 137Cs in dating lake sediments as it has been found significantly less mobile and its 

distribution more closely reflects 1963 weapons fallout (Appleby et al, 1991). This therefore 

presents a second potential chronology supporting the 137Cs peak and indicates that the 1963 

weapons fallout occurs in the top 5 cm of the core (Table 8.7). If this chronology is extrapolated 

the 1953 catchment afforestation corresponds to 6.5 cm in the Loughaunyella sediment core 

(Table 8.7).
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This comparison of the 210Pb and 137Cs/241Am dates highlights a major discrepancy between the 

radiometric methods (Table 8.7). 210Pb dates weapons fallout and the Chernobyl incident at 

depths of 4 cm and 10.5 cm respectively, whereas other radionuclide dates indicate that they 

occur above 5 cm. The 10.5 cm 210Pb peak is below the point where 137Cs ceases to be 

important. Post-depositional mobility of 137Cs in the sediment column and low sediment 

accumulation rates have been suggested as possible factors in acid waters (Flower et al., 1987). 

Post-depositional mobility of 137Cs was also observed in the core from Maumwee, another lake in 

the Connemara region with a similar sedimentary environment (Flower et al., 1994). However, 

241 Am supports radiocaesium. This discrepancy undermines the chronology for the recent 

sediments and further interpretation will be based on the 210Pb activity record alone. High 

resolution pollen analysis for the top 2 0  cm of the sediment could have helped resolve the 

discrepancies between the dating methods and further work is necessary.

Table 8.7: Comparison of 210Pb and 137Cs chronology for nuclear weapons fallout, the 
Chernobyl incident and afforestation of Cloosh___________________________________________
Dating Method 1986 Chernobyl 

incident
1963 weapons fallout 1953 Afforestation of 

Cloosh

Estimated 
sediment depth (cm)

Estimated 
sediment depth (cm)

Estimated 
sediment depth (cm)

210Pb 4.00 10.50 13

137Cs 1.75 4.75 6.5

241Am 1.75 4.75 6.5

8 .33  Sediment Accumulation

The extraction of a 11.76 m sediment core from 3.2 m of lakewater suggests a much deeper 

geological lake basin or an exceptionally deep point in the palaeo-lake basin. Sediment 

accumulation rates for Loughaunyella were calculated for the core chronology using 14C and 

210Pb measurements. Accumulation rates were required for comparison with other 

palaeolimnological signals to aid interpretation. Linear extrapolation is used to interpolate ages 

between dates and extrapolate to the top of the sediment core in TDLIA (Grimm, 1991). This 

constrains interpretation for intervening levels and determination of changes does not account for 

deviations in accumulation rate.

(i) Mid-Holocene Sediment Accumulation rates ( I4C derived)

Uncalibrated radiocarbon years BP were used to calculate sediment accumulation rates (Table 

8 .8 ). The age-depth profile (Figure 8 .8 ) for Loughaunyella and lowest date is consistent with a
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slow sedimentation rate in the base of the core. The estimated rate is approximately 0.05 cm yr' 1 

(or 18.2 yr cm'1) and corresponds to the oldest sediments from 7,050-3,855 years BP. Following 

this, during the last 4,000 years BP a markedly higher sediment accumulation rate is indicated. A 

four-fold increase in sediment accumulation rate is calculated between 3,855-2,485 years BP with 

0.21 cm yr' 1 (or 4.8 yr cm'1) representing a substantial change in the sedimentation regime of the 

lake. The rate of accumulation then doubles over the next 1,155 years BP to 0.35 with 0.42 cm 

yr ' 1 representing the fastest sediment accumulation period in the core (2.9 to 2.4 yr cm'1). A 

reduced accumulation rate is estimated for the last 1,330 years of 0.19 cm yr' 1 or 5.3 yr cm '1.

Table 8.8: Sediment accumulation rates derived from AMS radiocarbon dates
Time Period 
Years BP

Depth
(cm)

No. of 
Years

Rate of Sediment 
accumulation 

cm yr'1

Rate of Sediment 
accumulation 

yr cm'1
Humic Dates
7,050-3,855 176 3,195 0.05 18.2
3,855-2,485 288 1,370 0.21 4.8
2,485-2,025 160 460 0.35 2.9
2,025-1,330 294 695 0.42 2.4
1,330-0 257 1330 0.19 5.3

(ii) Recent Sediment Accumulation Rates (210Pb derived)

2l0Pb dates represent average sediment accumulation in the past 100 years in Loughaunyella as 

0.025 ± 0.002 g cm '2 y' 1 (0.26 ± 0.02 cm y'1) (Table 8.9). The chronology shows a steady 

increase in sediment accumulation since the last century with a fairly constant increase in 

sedimentation rate from 0.16-to 0.40 cm y' 1 up the core (Table 8.9). An accumulation rate of 

0.16 cm y' 1 was determined for 1888 AD, and averages around 0.20 cm y ' 1 for the following 60 

years. From 1954 sediment accumulation rates begin to rise and reaches 0.32 cm y ' 1 by 1971. 

Highest accumulation rates were determined for the top 4 cm from 1985 onwards (0.36-0.40 cm 

y '1) although this may be an artefact of the less consolidated upper sediments (P. Appleby, pers. 

comm.).

In summary, the sediment accumulation rate as estimated by radiocarbon dates indicates a slow 

sediment accumulation rate at the base of the core with 175 cm of sediment accumulating in just 

under 3,000 years. Following this a marked change occurs with a further 1,000 cm of sediment 

accumulating in the last 4,000 years. Radiocarbon dates estimate a mean accumulation rate of 

0.19 cm yr' 1 in the uppermost sediments while 210Pb dates for the past 100 years indicate an 

accumulation rate of 0.26 cm yr'1. The similarity of the sediment accumulation rates for these 

more recent sediments as estimated by the different dating techniques helps reinforce the core
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chronology. The higher rates estimated by 210Pb probably reflect the greater sensitivity of this 

dating technique to recent events (e.g. afforestation) compared to the extrapolated radiocarbon 

dates.

Table 8.9: Loughaunyella 210 *b chronology
Depth Chronology Sediment Accumm. Rate
cm g e m 1 Date

AD
Age
(yr.)

g cm ' 2 y' 1 cm y' 1

0 .0 0 .00 1995 0 - -

1.0 0.07 1993 2 0.028 0.39
2 .0 0.14 1990 5 0.026 0.36
3.0 0.21 1987 8 0.028 0.40
4.0 0.28 1985 10 0.027 0.38
5.0 0.35 1982 13 0.024 0.32
6 .0 0.44 1979 16 0.025 0.26
7.0 0.53 1975 20 0.028 0.29
8.0 0.63 1971 24 0.031 0.32
9.0 0.73 1968 27 0.032 0.33

10.0 0.82 1965 30 0.030 0.31
11.0 0.92 1961 34 0.028 0.30
12.0 1.02 1957 38 0.026 0.27
13.0 1.11 1954 41 0.024 0.24
14.0 1.21 1950 45 0 .0 2 2 0 .2 2
15.0 1.31 1945 50 0 .021 0.21
16.0 1.41 1941 54 0 .0 2 2 0.21
17.0 1.52 1936 59 0.023 0 .2 2
18.0 1.62 1931 64 0.024 0.23
19.0 1.73 1926 69 0.023 0 .2 2
20 .0 1.84 1921 74 0 .021 0.19
2 1 .0 1.95 1917 78 0 .021 0.19
2 2 .0 2.06 1912 83 0.025 0 .2 2
23.0 2.18 1907 88 0.029 0.25
24.0 2.29 1903 92 0.032 0.29
25.0 2.40 1898 97 0.031 0.27
26.0 2.52 1893 102 0.025 0 .2 2
27.0 2.63 1888 107 0.019 0.16

8.4 Diatom Stratigraphy

This section aims to describe the sediment core fossil assemblages and diatom concentrations. 

Classification and ordination techniques were used to identify areas of major floristic change. 

Core samples were examined for diatoms at a sampling interval of 10 cm. This sampling 

resolution was considered adequate to represent floristic change in the assemblages for LYEL, as 

no major shifts in the assemblage composition were observed. The sampling resolution was 

increased at the top of the core to investigate a possible response to forestry and at the bottom of 

the core where sediments were more consolidated.
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Diatom preservation is problematic for a major section of the core, particularly between 1,000 

and 600 cm. The diatoms are well preserved at the base of the core between 1,176 - 1,000 cm 

and in the upper 240 cm. Preservation deteriorates between c. 1,000 cm and 600 cm where 

many samples contained few or no diatoms, and a high percentage of those present were broken, 

fragmented and partly dissolved. Many levels between 600 and 240 cm are also poorly 

preserved. Only heavily silicified species with highly distinctive frustules or characteristic 

component parts are included in the counts for these levels. Twenty-one sample levels (984, 964- 

945, 934-924, 904, 884-824, 794, 724, 654, 654, 634 and 584 cm) have no diatoms present. 

Levels either side of these samples were also checked for diatoms but none or very few were 

present. Enumeration of the total count (300 valves) was rarely achieved for the intervening 

levels (average count 182 valves). Other levels with poor preservation are 1.5, 114, 274 cm. 

The diatom preservation problems experienced suggests that part of the sediment core sequence 

can not be reliably used for diatom palaeo-reconstructions.

A summary diatom TILIAGRAPH is presented in Figure 8.10 and full diagram is found in 

Appendix 8.3. The diatom assemblages were clustered using CONISS (Grimm, 1987) (see 

Chapter 4) to facilitate interpretation. The CONISS zones for the Loughaunyella core are 

illustrated in Figure 8.10 and major changes between zones are highlighted in Table 8.10. Only 

four biostratigraphic zones are recognised here and these correspond to changes in composition of 

the most dominant species; zone 1 is characterised by a dominance of Frustulia rhomboides var. 

saxonica and Brachysira vitrea (1,176-1,020 cm), zone 2 has poor diatom preservation (1,020- 

600), zone 3 is exemplified by Eunotia incisa and Fragilaria virescens var. exigua (600-240) 

and zone 4 by F. virescens var. exigua (240-0 cm). The diatom assemblages are considered here 

in terms of their position in the sediment record, while temporal changes are addressed in the 

discussion (section 8 .6 ).

A total of 226 diatom species were identified in 153 samples selected from the Loughaunyella 

core. The number of diatom taxa found in each sample typically varies between 30 and 60, and 

the sample heterogeneity (diversity index N2) for different core depths ranges from 6-22 through 

the core (Figure 8.11). Generally the pattern of taxa numbers reflects sample heterogeneity 

through the core, with major declines in both in zone 2. Maximum sample heterogeneity is 

achieved at the bottom of the core and in the most recent sediments (N2 > 20). Diatom genera 

found in the sediment core assemblages and not found in the training-set included Amphora, 

Caloneis, Diploneis, Epithemia, Rhopalodia and Synedra, however these genera have very low
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abundances (< 2%) and few occurrences (< 3 samples). Most of the common taxa are well 

represented in the training-set.

The majority of the core taxa can be described as acidophilous benthic species forms similar to 

those in the modem training-set diatoms. The predominance of benthic species in the 

Loughaunyella fossil assemblages and their dependence on habitat distribution (Jones & Flower, 

1986) has implications for their frequency and occurrence in the sediment stratigraphy. 

Loughaunyella appears to be dominated throughout the core history by Eunotia incisa, 

Fragilaria virescens var. exigua, Frustulia rhomboides var. saxonica and Brachysira vitrea 

(Figure 8.10). F. virescens var. exigua achieved a maximum percentage abundance of 

approximately 30% of the total species assemblages, while both Brachysira and Frustulia 

achieve in the region of 20%. Notably absent are planktonic and acidobiontic species. These 

species assemblages parallel assemblages from polyhumic sites in Finland (Huttunen & 

Merilainen, 1983; Simola, et al., 1994) and acid water sites in Wales (Fritz et al., 1990) and 

Norway (Battarbee et a l, 1997). The fossil assemblages appear to change more in terms of 

species proportions than in terms of species composition. Variation in taxon frequencies occur 

down the core and these are now discussed in more detail.

Zone 1 (1,176-1,020 cm) Frustulia/Brachysira

Starting at the deepest point of the core, the fossil assemblages in the first CONISS zone are 

readily identifiable by the presence of high levels of Frustulia rhomboides var. saxonica (30%), 

Brachysira vitrea {18%), Cymbella lunata (10%), and B. brebissonii (15%). There are notable 

but limited (< 5%) occurrences of planktonic species Aulacoseira lirata var. biseriata, A. 

ambigua, Cyclotella kuetzingiana, C. rossii, C. radiosa in the bottom 30 cm of the core 

(Appendix 8.3). The assemblages at the base of the core are also distinguished by the presence of 

Navicula cocconeiformis, N. leptostriata, N. radiosa, Achnanthes minutissima, B. follis, 

Cymbella descripta, C. microcephala, Eunotia arcus and Gomphonema acuminatum  var. 

coronatum  (with percentage occurrence of between 5-10%). Many of these species are not 

present, or are present in much lower abundances, in the assemblages later in the sediment core. 

This basal assemblage is very distinctive compared to the rest of the core thus highlighting an 

unusual phase in the lakes diatom stratigraphy. Cyclotella kuetzingiana, Cymbella descripta and 

C. microcephala have significant negative responses to DOC in the training-set sites, while 

Aulacoseira lirata var. biseriata and Navicula leptostriata have low GLR DOC optima (Chapter 

7). Frustulia rhomboides var. saxonica and Brachysira brebissonii however have higher derived 

optima of 6 .6  and 6.3 mg I*1 DOC. These relatively high levels of planktonic species in the
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lowest part o f the core could indicate a period of deeper waters with higher pH and alkalinity and 

low to medium DOC levels.

Changes apparent in the proportions of the dominant species in zone 1 are reflected in other 

species. Frustulia rhomboides var. saxonica declines abruptly from a basal zone high of 30% 

(1,172 cm) to a mid-zone low of 6 % (1,124 cm) before rising again toward the top of the zone. 

The sharp rise and fall in this taxon is preceded by a peak of mineral matter at 1,140 cm (Figure

8.4). A minerogenic input may have resulted in higher lake water pH values with consequent 

declines in acidophilous Frustulia species. The fall and rise in Frustulia is reflected in 

percentages of Cymbella lunata, C. descripta and Eunotia pectinalis var. undulata. This pattern 

could also be an artefact of proportional change in closed percentage data (ter Braak & Prentice, 

1988). Concurrent with increases in % LOI mid-way through the zone there are noticeable 

changes in the fossil assemblages which could indicate a more humic phase. There are increases 

in the acidobiontic species Brachysira serians and acidophilic species Cymbella perpusilla, 

Eunotia vanheurckii, E. flexuosa, E. incisa, E. naegelii, Fragilaria virescens var. exigua, 

Frustulia rhomboides var. saxonica and F. rhomboides var. viridula. Many of these species 

have positive responses to DOC and training-set DOC optima of ~ 6.0 mg I'1. These changes 

coincide with major decreases in the less acidophilous Brachysira vitrea and B. brebissonii.

Zone 2 (1,019-600 cm) Poor Diatom Preservation

CONISS zone 2 is delimited by the deterioration in diatom preservation around 1,000 cm. The 

diatom frequency profiles for zone 2  show many gaps in the diatom record and substantial 

variation throughout the zone and this makes interpretation difficult. Many core levels have few 

or no diatoms and sporadic highs in more robust species. The dominant species include Frustulia 

rhomboides var. saxonica, Fragilaria virescens var. exigua, Eunotia incisa, E. vanheurckii, 

Brachysira vitrea and Cymbella lunata, all notable for their more robust valves or distinctive 

frustule attributes that are readily identifiable after breakage or dissolution e.g. the central raphe 

areas of F. rhomboides var. saxonica and C. lunata. Samples which are countable include 664, 

674, 684, 734, 814, 994 cm and it is apparent from these that patterns established in zone 1 are 

maintained in zone 2. These include gradual increases in F. virescens var. exigua, E. incisa, and 

steady levels o f C. lunata and F. rhomboides var. saxonica. However because few valves were 

found and many levels were without diatoms no further assessment can be made.
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Zone 3 (619-240 cm) Fragilaria/Eunotia zone

The biostratigraphic zone 3 is coincident with a maximum in sediment organic matter (Figure

8.4). The transition to biostratigraphic zone 3 occurs at a point in the profile where preservation 

in the diatom assemblages improves and there are reappearances of taxa that disappeared in zone 

2. These taxa include; Eunotia rhomboidea, E. pectinalis, Cymbella microcephala, Navicula 

mediocris, Peronia fibula  and Nitzschia perminuta. The apparent declines in Frustulia 

rhomboides var. saxonica, Brachysira serians, B. brebissonii and Pinnularia species are mainly 

related to proportional change in diatom percentages as more countable taxa are present in the 

samples. The diatom frequency profile (for zone 3) shows notable presences of Fragilaria 

construens var. venter, F. elliptica and Achnanthes minutissima var. scotica. These species are 

notable for their higher pH optima and are indicators of more productive systems (Stevenson et 

al., 1991; Hall & Smol, 1992). GLR DOC optima failed to converge for F. construens var. 

venter and A. minutissima var. scotica in the training-set, while F. elliptica was only present in 

abundances of < 1 % and therefore was eliminated during calibration (Chapter 7). Increases in 

Fragilaria virescens var. exigua, Eunotia incisa, and decreases in Frustulia rhomboides var. 

saxonica, F. rhomboides var. viridula characterise this zone. The high abundance o f Eunotia 

incisa (generally > 10% and with a maximum of 17.5% at 594 cm) could indicate an acidic 

phase however this trend is not bome out in the profiles of other acidophilic diatom taxa nor by 

the presence of the more alkaliphilous Fragilaria construens var. venter. Fluctuating 

percentages of these major taxa in this zone are difficult to interpret and may be associated with 

changes in valve concentration (see section 8.4.1).

Zone 4 (239-0 cm) Fragilaria zone

CONISS zone 4 begins with further declines in acidophilic Eunotia incisa and E. vanheurckii 

and steady levels are maintained in the other dominant taxa Brachysira vitrea and Frustulia 

rhomboides var. saxonica. Fragilaria virescens var. exigua continues its steady increase up the 

core profile and achieves an abundance of 25% at 174 cm. This increase in now paralleled with 

further increases in Fragilaria construens var. venter, Fragilaria elliptica, Navicula vitiosa  and 

Navicula mediocris (all which have notably higher pH optima (Denys, 1992; van Dam et al., 

1994)). The presence of these three species help delineate zone 4 from zone 3. No GLR DOC 

optima were derived for these species. Fragilaria elliptica reaches a maximum presence o f 5.1% 

at 94 cm while Navicula vitiosa achieves maximum representation of 4.0% (Appendix 8.3). 

Notably both species then decline toward the top of the core. There are increases in Brachysira 

vitrea , Fragilaria virescens var. exigua and Tabellaria flocculosa  var. flocculosa  above 100 cm 

and above 50 cm there are increases in Brachysira brebissonii, Frustulia rhomboides var.
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saxonica, F. rhomboides var. viridula and Eunotia incisa (Figure 8.12). These increases are 

paralleled above 30 cm by general declines in Brachysira vitrea, Fragilaria virescens var. 

exigua and further increases in Eunotia pectinalis var. undulata and E. rhomboidea. Fragilaria 

construens var. venter reaches a maximum of 8.2 % at 19 cm. These changes in the assemblages 

may indicate slightly more enriched conditions above 100 cm, an acidic phase above 50 cm and 

finally a more humic period in the top 5 cm.

Table 8.10: Diatom biostratigraphic zones in Loughaunyella (CONISS)

CONISS
Zones

Dominant Taxa 
(>1 0 % occurrence)

Notable Changes

Zone 1 
(1,176-1,020)

Frustulia rhomboides var. 
saxonica 
Brachysira vitrea 
B. brebissonii 
Cymbella lunata

1,170-1,175 cm: high levels of centric species and Navicula 
radiosa, N. cocconeiformis, Gomphonema acuminatum var. 
coronatum, Eunotia arcus, Brachysira follis, Achnanthes 
spp.
1,100 cm: increases in Navicula leptostriata, N. mediocris, 
Cymbella perpusilla, Eunotia flexuosa, E. incisa, E. naegelli

Zone 2 
(1,019-620)

Frustulia rhomboides var. 
saxonica
Fragilaria virescens var. exigua 
Eunotia vanheurckii 
E. incisa 
Cymbella lunata

Zone 2: some levels with no diatoms (574, 584, 644, 654,
724, 794, 884-804,904, 924, 934, 954 and 984 cm) and
sporadic highs in more robust species
825 cm: increases in Fragilaria virescens var. exigua
Eunotia incisa, and decreases in Frustulia rhomboides var.
saxonica

Zone 3 
(619-240)

Frustulia rhomboides var. 
saxonica
Fragilaria virescens var. exigua 
Eunotia incisa 
Brachysira vitrea 
Pinnularia spp.

600 cm: notable presence of Fragilaria construens var. 
venter throughout zone. Increases in Fragilaria virescens 
var. exigua, Eunotia incisa, and decreases in Frustulia 
rhomboides var. saxonica
375 cm: declines in Brachysira vitrea, Eunotia incisa and 
increases in Frustulia rhomboides var. saxonica, Fragilaria 
virescens var. exigua

Zone 4 
(240-0)

Fragilaria virescens var. exigua 
Brachysira vitrea 
Frustulia rhomboides var. 
saxonica

225 cm: declines in Eunotia incisa, increases in Fragilaria 
virescens var. exigua, F. construens var. venter, F. elliptica, 
Navicula vitiosa
50 cm: declines in Brachysira vitrea, Cymbella descripta, 
Fragilaria virescens var. exigua and increases in Frustulia 
rhomboides var. saxonica

(top 5 cm) Frustulia rhomboides var. 
saxonica
Fragilaria virescens var. exigua 
Brachysira vitrea

5 cm: declines in Brachysira vitrea, Cymbella lunata, 
Fragilaria virescens var. exigua, Frustulia rhomboides var. 
saxonica. Increases in Navicula mediocris, N. angusta, 
Nitzschia palea, N. gracilis, Pinnularia appendiculata, 
Tabellaria flocculosa var. flocculosa, Frustulia rhomboides 
var. viridula, Eunotia rhomboidea

The top of the core, represented by the first 5 cm of sediment, contains a number o f species 

changes that are important to note (Figure 8.12). These most recent sediments are characterised 

by decreases in Brachysira vitrea, Cymbella lunata, Fragilaria virescens var. exigua, F. 

construens var. venter and Frustulia rhomboides var. saxonica. These decreases are paralleled 

by increases in Navicula mediocris, N. angusta, Nitzschia palea, N. gracilis, Pinnularia
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appendiculata, Tabellaria flocculosa  agg., Frustulia rhomboides var. viridula, Eunotia 

rhomboidea and E. pectinalis var. undulata. Many of these species have notably lower pH 

preferences and this could indicate a decline in pH toward the top of the core. Frustulia 

rhomboides var. viridula, Eunotia rhomboidea and E. pectinalis var. undulata have high GLR 

derived DOC optima and their increase suggests elevated DOC levels associated with organic 

acidity.

8.4.1 Diatom Concentrations

Diatom concentrations for the Loughaunyella sediment core were calculated using the polystyrene 

microsphere method (Battarbee & Keen, 1982) which is outlined in the methodology (Chapter 4). 

The concentration of diatom valves per gram of wet sediment is illustrated in Figure 8.11. Valve 

concentrations are highly variable down the profile. Concentrations are highest at the base of the 

core with peaks of up to 12 and 15 x 107 valves g W S ' 1 (at 1,024 and 1,074 cm). This is 

followed by a period of zero and low diatom concentrations between 1,014-750 cm. Maximum 

levels for this period are 1.3 x 107 valves g WS ' 1 at 814 cm. Between 750-200 cm concentrations 

range from 0.0-3 .8  x 107 valves g WS ' 1 cm. Many samples have broken and dissolved frustules 

and this may have led to inaccuracies in the total counts. Above 200 cm the valve concentrations 

rise again and reached a high of 7.6 x 107 valves g WS ' 1 (at 154 cm).

The CONISS biostratigraphic zones correspond to the changes in diatom concentrations (Figure 

8.11). Highest diatom concentrations are found in zone 1 (Figure 8.11 & 8.15). This period has 

the slowest radiocarbon-derived sediment accumulation rates and generally low basal levels of 

sediment organic matter. Zone 2 marks periods of zero and low diatom concentrations coincident 

with episodic dry matter peaks and a gradual rise in sediment organic matter. Zone 3 with high 

levels of organic matter also has low diatom concentrations but overall has higher concentrations 

than zone 2. In zone 4, diatom valve concentrations are not as high as at the base of the core, but 

are higher than the previous two zones. The diatom concentration profile is reflected most closely 

in the profile of Brachysira vitrea with highest valve concentrations in zone 1, declines in zone 2, 

general increases (with fluctuations) in zone 3 and more steady levels in zone 4.

The sharp decrease in diatom concentrations (at 1,014 cm) occurs around the same time as the 

increase in sediment accumulation as determined by 14C dates. This decline in diatom valve 

concentration could constitute a period of low lake productivity, dissolution and breakage in the
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lake sediment and dissolution in the water column (Fritz et al., 1993). However, differential 

sediment accumulation rates, sediment focusing, contamination by eroded material, redistribution 

of older sediment within the system and sediment water content (bulk density) (Anderson, 1989) 

restricts valid interpretation. Interpretations using single-core inferences for whole basins are 

also potentially flawed due to variability in accumulation rates (Anderson (N.J.) et al., 1986). 

Valve concentrations are only indirect proxies for diatom productivity as accumulation rates will 

not be constant. In order to correct for sediment accumulation rates diatom accumulation rates 

(DAR cm '2 year'1) (see Chapter 4) were calculated (Figure 8.11). The DAR profile is similar to 

the diatom concentration profile with higher rates at the base of the core, and great variability 

reflecting highs and lows in diatom concentrations for the remainder of the core. The DAR rates 

are highest, suggesting greatest diatom productivity, for the period of lowest sediment 

accumulation in zone 1. The sharp decline in diatom concentrations is reflected in low DAR. 

However, comparisons are limited due to the constraints of extrapolated sediment accumulation 

rates. The magnitude of change in diatom concentrations is much greater than change in sediment 

accumulation rates therefore the DAR results reflect diatom concentrations as opposed to the 

more constant rate of delivery to the sediment.

In summary, Loughaunyella is dominated by acidophilous benthic taxa. A switch occurs in the 

dominant diatoms in the fossil species assemblages from the base o f the Loughaunyella sediment 

core to the core top. The major changes are primarily represented by a switch from a basal 

Brachysira/Frustulia phase with a notable plankton presence, followed by a period of transition 

that reduces the number of countable diatoms, through a possible mid-core acidic Fragilaria 

virescens var. exigua/Eunotia incisa phase and finally a less acidic Fragilaria virescens var. 

exigua phase in the top 250 cm of the sediment core. Diatom concentrations and accumulation 

rates are highest in the lake’s early history, concomitant with low sediment accumulation rates. 

Extremely low concentrations prevail for a major section of the core and may result from dilution 

by eroding catchment material. Diatom concentrations recover in the more recent sediments but 

do not achieve earlier levels, possibly reflecting the higher sediment accumulation rates.

8.4.2 Ind irect G rad ien t Analysis

Ordination analysis was used to illustrate the floristic signal in the core by reducing the species 

variation to a few ordination axes. As outlined in previous chapters, indirect ordination 

maximises variation between samples. In this ordination changes in ordination sample scores 

represent variation in species assemblages with depth and thus through time. Ordination of the 

fossil diatom assemblages using DCA gave an axis 1 gradient o f 1.3 SD units so the data were
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subjected to principal components analysis (PCA). This short gradient in the fossil data confirms 

that the assemblages throughout the core have many species in common. The PCA biplot of axes 

1 and 2 is represented in Figure 8.13 (a & b). The zones derived in cluster analysis (CONISS) of 

the species data are imposed on the ordination biplot (Figure 8.13a) and help emphasise the 

floristic distinctiveness between the zones. Zone 4 (240 - 0 cm) and zone 1 (1,176-1,020 cm) 

have the most dissimilar assemblages while zone 2 and zone 3 have many species in common. 

PCA axis scores are also represented as TILIAGRAPH profiles in Figure 8.11 and Figure 8.14.

Ordination of the core fossil assemblages provides an effective summary of species variation 

during the history of the lake. A switch in the dominant taxa in the assemblage composition 

occurs during this time. The first or main ordination axis representing variation in the fossil 

species is associated with Fragilaria virescens var. exigua, Frustulia rhomboides var. saxonica, 

F. construens var. venter and F. elliptica (Figure 8.13a). The PCA axis 1 profile closely 

resembles the switch from F. rhomboides var. saxonica to F. virescens var. exigua (Figure 8.10). 

The second axis splits the deep core levels dominated by Brachysira vitrea, Cymbella 

microcephala and Achnanthes minutissima var. scotica from poorly preserved sample levels in 

zone 2 with high frequencies of Eunotia vanheurckii and Pinnularia sp. The second axis profile 

best resembles the Brachysira spp. profiles. The noisiness in the fossil data associated with low 

diatom concentrations in zone 2 is reflected in fluctuating scores on both axes. A clear negative 

trend is apparent up the core in the sample scores on the first ordination axis (Figure 8.10). This 

parallels declining percentages of Frustulia rhomboides var. saxonica. A  general increase is 

visible in on the second axis reflecting Brachysira spp. The switch in taxa is clearly shown in the 

sample scores up the core, providing an effective summary o f change.

The ecological significance of these patterns is difficult to interpret. No training-set optima were 

derived for the main species driving the ordination. Consideration of the species where high 

training-set DOC optima were derived (Eunotia pectinalis var. undulata, Eunotia rhomboidea, 

Pinnularia appendiculata, Navicula seminulum and Frustulia rhomboides var. viridula) or 

species which had significant increasing HOF responses (Eunotia incisa, E. vanheurckii and 

Pinnularia biceps) (see Chapter 7) suggests periods of high DOC at the top o f zone 1, in zone 2 

and 3 (see Figure 8.1) and in the top 5 cm (see Figure 8 .12). However, zone 2 and some of zone 

3 will be biased due the poor state of diatom preservation. References in the literature indicate 

wide tolerance ranges for DOC and pH for many of these species (see Chapter 6 ; Kingston &
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Birks, 1990; Stevenson et al., 1991; Pienitz & Smol, 1993; Korsman & Birks, 1995). 

Brachysira vitrea is probably one of the better chemical indicators in the core assemblages i.e. 

least tolerant of acidic conditions and high DOC levels. Its dominance in the zone 1 assemblages 

suggests that Loughaunyella was less acid with lower DOC levels between 7,000 and 3,855 BP. 

The more recent increases in Fragilaria virescens var. exigua and declines in Frustulia 

rhomboides var. saxonica in zones 3 and 4 are more difficult to understand. The former has very 

widespread occurrence in this and other training-sets while the latter has occasionally been 

attributed to more humic systems. The limited ecological importance of these shifts in the species 

assemblages suggests that factors other than DOC and pH are influencing change in the diatom 

record.

8.5 Application of the DOC Transfer Function

The assumption in this exercise is that lake diatom communities are sufficiently related to modem 

environmental variables to make inferring past lake ecosystems a valid objective. In Chapter 6 

multivariate analysis indicated that DOC was significantly related, although not a dominant 

factor in the training-set diatom assemblages and this relationship was modelled in Chapter 7. 

The modelled relationship was moderately successful. However, exploration of species optima 

for DOC highlighted few taxa with significant responses. The transfer-function is applied to the 

Loughaunyella sediment core despite these limitations in order to make the best possible 

evaluation of the likely chemical change. It must also be noted that fossil samples with no 

diatoms and core sections with low diatom concentrations preclude or will contain high errors in 

fossil diatom reconstructions of DOC.

8.5.1 WA-PLS Inferred DOC

The WA-PLS diatom-DOC transfer function derived from the Connemara training set in Chapter 

7 was applied to the fossil assemblages from the Loughaunyella core using WA-PLS Version 1.1 

(Juggins & ter Braak, 1996). Inferences for historical DOC were obtained by adding core fossil 

diatom counts from different sediment depths as passive samples to the 2 2  surface sediment 

calibration samples using the WA-PLS (2) model. The modelled relationship between diatoms 

and DOC was used to infer DOC levels for the assemblages at different depths in the core. Log- 

inferred DOC values were back-transformed to original units for the core levels. A 

TDLIAGRAPH of the diatom-DOC reconstruction is illustrated in Figure 8.14 and the top 85 cm 

of the core in Figure 8.15. Jack-knifed inferred DOC for each core sample and their error terms 

(as determined from the RMSEP of the training-set) are presented in Appendix 8.4.

224



The sediment core coarse sampling resolution (10 cm) is likely to contribute to the spiky WA- 

PLS inferred DOC profile in the first instance (Figure 8.14). A higher sample resolution would 

have helped determine if some apparently sharp trends in the reconstructed profile were real. A 

three-sample moving average was applied to exclude some noise in the data and the smoothed 

reconstruction is also illustrated in Figure 8.14. Eleven core sample levels have good analogues 

with more than 95% of the species present in the training-set. The majority of core samples (8 6  

out of 134) have more than 90% present, while ten levels at the base of the core (744, 764, 784, 

1124, 1144, 1159, 1164, 1171, 1174, 1175 cm ) have only 70-80% training-set species and are 

considered poor analogues (H.J.B. Birks, pers. comm.). Reconstructions for these levels may be 

less reliable. The low and fluctuating diatom concentrations in the middle section o f the core 

(zone 2) limit interpretation of diatom-inferred values. Only the top 250 cm and the bottom 170 

cm of the core can be included in any realistic assessment of diatom-reconstructed DOC.

Inferred DOC for the fossil samples gives a fluctuating range between 2.9 and 15.8 mg I' 1 DOC 

throughout the history of the core (Figure 8.14). Zone 1, c. 7,005 and 3,855 years BP, was a 

period of increasing diatom-inferred DOC ranging from a basal-low of 4.5 mg I'1, sharply rising 

to over 8.0 mg I' 1 and dropping to 2.9 mg I 1 DOC at 1,159 cm. Zone 1 has an average diatom- 

inferred DOC of 5.9 mg I"1 with a maximum of 8.7 mg f 1. High inferred DOC levels at the top of 

zone 1 reflect the presence of high levels of Eunotia pectinalis var. undulata and Frustulia 

rhomboides var. viridula. Inferred DOC estimates for zone 2 are highly variable with highs and 

lows in inferred values reflecting the very variable diatom concentrations for this period. Peaks 

in inferred DOC values are associated with high levels of the robust frustules of Eunotia 

vanheurckii (11-19%) and E. incisa (5-9%), which have significant positive responses to DOC , 

and with Frustulia rhomboides var. saxonica. Preferential preservation of these species has been 

suggested (see section 8.4.1) therefore the high inferred values associated with high frequencies of 

these species creates bias in the reconstructed DOC values and renders further interpretation 

redundant. Diatom-inferred DOC values for zone 2 oscillate in a similar fashion to the PCA 

scores and reflect changes in valve concentrations.

Zone 3 has peaks in inferred levels of DOC (> 14 mg f 1) for samples at 274, 304 and 414 cm. 

The fossil assemblages for these levels are characterised by low species counts and low diversity. 

These samples are again biased by the presence of high levels o f Frustulia rhomboides var. 

saxonica and Eunotia vanheurckii. If these peaks are ignored there is no apparent change in the 

inferred DOC for the zone. The average diatom-inferred DOC for zone 3 is 8.2 mg I' 1 and is 

therefore notably higher than in zone 1. Zone 4, post 1,300 years BP, sees an initial fall in
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inferred DOC to 4.5 mg I' 1 at 194 cm and then a gradual rise to 8.3 mg I' 1 at 74 cm. Another 

decline to 4.2 mg I' 1 at 44 cm follows before a steady rise in diatom-inferred DOC values to the 

top of the core (Figure 8.15). There is a doubling of reconstructed DOC in the top 40 cm of the 

core from 4.2-10.0 mg f 1. At no other point in the core is there such an obvious change in 

diatom-reconstructed DOC. This acceleration of diatom-inferred DOC pre-dates catchment 

afforestation according to 210Pb (1953 at 13 cm), however, a further increase in inferred values is 

evident around this time (see Figure 8.15). This increase is associated with increases in 

Brachysira brebissonii, Frustulia rhomboides var. saxonica, F. rhomboides var. viridula, 

Eunotia incisa, E. pectinalis var. undulata, E. rhomboidea, and declines in Brachysira vitrea 

and Fragilaria virescens var. exigua. The other notable changes in the species assemblages in 

the top 5 cm (highlighted in section 8.4) (as the forest has matured) is represented by further 

increases in diatom-inferred DOC. The reconstructed value of the uppermost sample (10.0 mg I' 1 

DOC) is underestimated compared to the mean modem measured value of 14.6 mg I' 1 DOC. 

This reflects the trend in the WA-PLS transfer function where DOC was underestimated at the 

higher end of the gradient (see Chapter 7).

There is a generally small but increasing trend in the reconstructed DOC values, from an average 

of 5.9 mg I’1 DOC for zone 1, to 8.2 mg I' 1 DOC for zone 3 followed by a sharp increase in 

inferred DOC to 10.0 mg I' 1 DOC at the top of the core. Occasionally higher reconstructed 

values are more readily related to poor preservation and bias in the species counts. The only 

marked changes are the increases in species with high DOC preferences in the training-set, at the 

top of zone 1 and in the most recent 40 cm which correspond to increases in diatom-inferred 

DOC (see Figure 8.15). The overall change in the composition of the fossil diatom assemblages 

from a Brachysira!Frustulia dominated early history to a present day predominantly Fragilaria 

assemblage is not reflected in a change in diatom-inferred DOC. This corresponds with the non

significant DOC response for these species observed in the training-set in Chapter 7. This 

suggests that factors other than DOC are responsible for the major changes in species 

composition through time (see section 8 .6 ).

8.5.2 Reconstruction Comparison

8.5.2.1 Modern Analogue Technique

The modem analogue technique (MAT) (Juggins, 1994b) presents the possibility of
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reconstructing chemical and environmental conditions using similarity coefficients (analogues) as 

an alternative to modelled transfer functions (Flower et al., 1997). The technique is described in 

Chapter 4. This approach, therefore, can be compared with the reconstruction derived from 

modelled transfer functions. Any reconstructed value is more reliable if  the fossil assemblages 

have close modem analogues in the modem training-set.

The lower the dissimilarity coefficient (DC) the more similarity between the fossil and modem 

assemblages. The minimum acceptable dissimilarity coefficient using the 2nd percentile was 

calculated as 0.365 for the Connemara training-set (Table 8.11). This was calculated in MAT 

by weighting diatom proportions to emphasise the difference between different assemblages. 

Three analogue matches were advised (H.J.B. Birks, pers. comm.) due to the small size of the 

data-set.

Table 8.11: Dissimilarity Coefficient (Chi-squared distance betw een m odem  and fossil 
sam ples)__________________________________ ___________________________________________

Percentile Chi-squared distance

1st percentile 0.331
2 nd percentile 0.365
5th percentile 0.422
1 0 th percentile 0.499
2 0 th percentile 0.580

Most fossil assemblages in the sediment core do not have good analogues, with D C ’s > 0.37. 

Only the following sediment core levels apart from the surface sediment have good modem 

analogues: 1, 2, 2.5, 3, 4.5, 1,044 and 1,134 cm. The full results are presented in Appendix 8.4. 

Only 25% of the fossil assemblages have a good analogue at the less rigorous 5th percentile. The 

samples which have the highest DC (> 0.6) are mainly those with poor preservation in zone 2 as 

well as the basal sediments (1,170-1,174 cm) and correspond to those identified already under 

WA-PLS as having poor analogues. Most sample levels are considered significantly different 

from the modem training-set samples therefore MAT-inferred DOC cannot be made or 

interpreted with confidence.

Nevertheless, the Loughaunyella DOC reconstruction using M AT is presented in Figure 8.14. A 

three-sample moving average was applied and the smoothed reconstruction is also illustrated in 

Figure 8.14. Figure 8.16 contains a correlation biplot of M AT analogue estimated DOC and
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W A-PLS(2) estimated DOC for the fossil assemblages. Both reconstruction techniques show 

good agreement (r = 0.72). However the MAT reconstructed DOC results had poor modem 

analogues, therefore they cannot be used to support the WA-PLS (2) DOC inferences for the 

Loughaunyella sediment core. These results were not unexpected given the rigorousness of the 

MAT technique.

Figure 8.16: Correlation biplot of MAT inferred DOC and WA-PLS inferred DOC for the 
fossil assemblages (includes all samples)

8.5.2.2 Sediment Organic Matter

Increasing organic carbon has been found related to post-glacial development of catchment soils 

and vegetation producing organic acids in leachate to aquatic systems (Steinberg et al., 1991). 

Organic substances largely derived from catchment sources have been used (as humification 

measurements) to assess catchment vegetation history (Engstrom & Hansen, 1984) and climate 

change (Blackford & Chambers, 1995). Increases in humification of lake sediments parallel 

increases in catchment vegetation and large increases have been found coinciding with forestation 

including a closed canopy signal (Engstrom & Hansen, 1984). A measure of sediment organic 

matter, therefore, could potentially reflect the release of DOC into catchment drainage and hence 

lakewater. In theory, this could provide an independent assessment o f lakewater DOC change to 

test the diatom-reconstructed DOC.

An exploration of the relationship between the WA-PLS (2) diatom-inferred DOC values for the 

Loughaunyella core and sediment organic matter represented by humification (mg I' 1 tannic acid) 

and % LOI was carried out to see if these surrogates for sediment organic carbon increase in 

conjunction with diatom-inferred DOC values. Some similarities are evident at the base of the 

sediment record in the % LOI profile (Figure 8.4) and the W A-PLS profile (Figure 8.14). A
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sharp rise from 5 to 40 % LOI in the first 10 cm of zone 1 suggest a clear change in the 

allochthonous input to the lake sediments, followed by a fall to 25% in the next 20 cm (Figure

8.4). This initial rise and fall in sediment organic matter is paralleled by diatom-inferred DOC 

values. No trends, however, are shown for the rest of the core. Following data manipulation 

(removal of samples with low diatom concentrations and therefore high error-inferred DOC) there 

is no correlation between WA-PLS (2) inferred DOC and humification (mg I' 1 tannic acid) 

(Figure 8.17a) and % LOI (Figure 8.17b). The results therefore do not support the use organic 

carbon to strengthen interpretation of inferred diatom-DOC.
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The poor correlation between diatom-inferred DOC and sediment organic matter (as determined 

through humification measurements and % LOI) may reflect the complex nature of organic 

matter and also the limitations already described in the inferred diatom-DOC reconstruction (see 

section 8.5.1). Loss-on-ignition measurements represent amorphous organic constituents. It has 

been suggested that further breakdown of these organic substances (e.g. humine, humic and fulvic 

acid fractions (Reinikainen & Hyvarinen, 1997)) may elucidate trends not apparent in the % LOI 

measurements and refine the relationship with diatom-inferred DOC.

8.5.2.3 SW AP Reconstructed pH

The strong covariance between pH and DOC (r = -0.78) meant that an independent transfer 

function for pH could not be generated using the Connemara training-set. However, exploration 

of pH change is important in terms of the reconstruction of water chemistry. Particularly 

important in terms of the research hypotheses is the historical relationship between pH and DOC.
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This could include clarification of whether the system has always been dystrophic and dominated 

by organic acids. An independent test for pH using diatoms is necessary to infer historical 

acidity. The SWAP pH transfer function (Birks et al., 1990) is applied despite the fact that the 

calibration data-set was not designed for high DOC waters. There is a weak positive 

relationship between pH and DOC in the SWAP training-set (r = 0.17) (see Chapter 7) and 

therefore the influence of DOC on the modelled diatom-pH relationship is not strong.

pH values for the Loughaunyella fossil diatom assemblages have been inferred using the SWAP 

diatom pH model (Birks et al., 1990). The inverse relationship between SW AP inferred pH 

values and the inferred values for DOC using the Connemara calibration data-set is striking in the 

core profiles (Figure 8.14). This is further exemplified in a biplot of SW AP inferred pH and 

WA-PLS derived DOC (r = -0.65) (Figure 8.18). This inverse relationship in reconstructed pH 

and DOC values suggests a dystrophic regime throughout the core profile. The data support a 

system where DOC is clearly driving the acidity. The minimum diatom inferred pH value at 

approximately 2,200 BP is most likely an artefact of low diatom concentrations, poor frustule 

preservation and a biased presence of acidophilous species for this level.

6.1

5.9

5.7
X 
Q.

<  5.5
£ w

5.3

5.1

4.9
0 5 10 15 20

WA-PLS(2) DOC

Figure 8.18: Correlation plot o f SWAP (WA) inferred pH and WA-PLS inferred DOC

In summary, the diatom assemblages and reconstructions for Loughaunyella indicate a dystrophic 

regime throughout the period covered by the sediment core. Both the WA-PLS inferred DOC and 

the MAT DOC reconstructions indicate an average of c. 7.0 mg f 1 DOC throughout the period 

represented by the core. These reconstructions, however, have some limitations; i) the poor state 

of diatom frustule preservation, ii) the limited number of significant species responses to DOC 

and iii) the lack of good modem analogues for the fossil assemblages. The gradual change in

=-0.65
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species assemblage composition, reflected in the ordination o f'the  fossil assemblages, is not 

reflected by the WA-PLS diatom-DOC reconstruction. Interpretation of diatom-inferred DOC 

can only be made with confidence for the core base (zone 1) and core top (zone 4). The earliest 

part of the core indicates a period of more stable catchment conditions with lowest levels of 

inferred DOC, while the most recent sediments encapsulate a sharp increase in DOC and the 

highest levels for the core.

8 .6  Discussion

This chapter introduced the palaeolimnological test site Loughaunyella, described its sediment 

lithology and chronology, represented the diatom and pollen stratigraphy and presented 

quantitative reconstructed influences of chemistry. The research hypotheses of possible causes of 

the organic acid nature of these Connemara systems were introduced in Chapter 5. This final 

discussion aims to evaluate the potential lines of evidence for environmental or chemical change 

using the sediment core data at Loughaunyella, and so provide a basis to evaluate these 

hypotheses (see Chapter 9).

The lake sediment record for Loughaunyella illustrates changes in its lithology, vegetation history 

and DOC reconstructions through time. The UC chronology indicated that the Loughaunyella 

stratigraphy was intact. The rapid sediment accumulation rate in the recent millennia (4,000 

years BP) appears to be of great influence in the history of the site. The structure of this 

discussion will reflect the inferred history of change at the site based on palaeolimnological 

parameters, starting with the oldest sediments first. The discussion will focus on the core 

chronology, sediment accumulation rate and evidence for landscape change from the literature. 

The biogeochemical history will be discussed in terms of the four diatom zones delineated earlier. 

The chronological structure used in the discussion is loosely applied as it is based on a 

combination o f radiocarbon dates for a single core at just one site, and may contain errors 

introduced by linear extrapolation of sediment accumulation rates.

(i) -7,000-4,000 years BP

14C dates (humic) indicate that the mid-postglacial core history (-7,000-4,000 years BP) is 

represented in the basal 176 cm of sediment. The period between these two dates (-3 ,000 years) 

constitutes the first part of this discussion. This phase of the core is o f particular interest due to 

the nature of the palaeolimnological signals, particularly sediment accumulation rate, which differ 

from the rest of the core. Other lake sediment core chronologies based on pollen stratigraphies in 

Connemara have indicated that Boreal-primeval woodland was established by 8,600 years BP
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(O’Connell et al., 1988; O’Connell, 1990). This period is represented by the basal sediments in 

the Loughaunyella core. During this time the Connemara region supported a tall canopied mixed 

woodland of Pinus, Quercus, Ulmus, Betula, Alnus, and Corylus (Whilde, 1994). These taxa 

were the dominant arboreal pollen found at the base of the Loughaunyella core and reflect a well 

developed forest in the catchment.

The lowest sediment accumulation rate of 0.05 cm yr' 1 or 18.2 yr cm ' 1 (as determined by the 14C 

chronology) was found at the base of the core. Low rates of sediment accumulation have been 

attributed in other studies to relatively dry climatic conditions, stable catchments and low lake 

levels for the period c. 8,000 to 5,000 years BP (Huttunen et al., 1978; Engstrom & Hansen, 

1984; Jones et al., 1989; Reinikainen & Hyvarinen, 1997). Accumulation rates in the order of 

20-30 cm in 3-800 years are typical of Boreal (c. 8,000 year BP) forest lakes (Korsman et al., 

1994) and this corresponds well with the early part of the Loughaunyella core.

The Loughaunyella sediment lithology initially shows high concentrations of organic matter at the 

core base (43% LOI). These levels of organic matter suggest a supply o f allochthonous material 

from the catchment and are similar to other forested lakes (e.g. Engstrom & Hansen, 1984; 

Steinberg et al., 1991). For example, Betula/Quercus woodland has a significant production of 

easily decomposable litter (Steinberg et a l, 1991).

Diatom evidence indicates that conditions favouring planktonic species are only present in the 

early part of the Loughaunyella core history. This may indicate that the lake was less acidic, and 

that there was sufficient water depth and light penetration for plankton development. Planktonic 

taxa (Aulacoseira lirata var. biseriata, A. ambigua, Cyclotella kuetzingiana, C. rossii, C. 

radiosa) and high frequencies of Brachysira spp. as well as Navicula cocconeiformis, N. 

leptostriata, N. radiosa, Achnanthes minutissima, Cymbella descripta, C. microcephala, 

Eunotia arcus and Gomphonema acuminatum  var. coronatum  found during the early part of this 

period are notable for their higher pH and lower DOC preferences in the training-set. The 

composition of these basal assemblages are distinctive from those found later in the fossil record. 

A  period of relatively high pH and high water transparency is deduced from the floristic evidence. This 

is supported by relatively low diatom-inferred DOC and higher inferred pH for these basal levels. 

Higher productivity in the Boreal period was found in other studies (e.g. Huttunen, et a l, 1978; 

Korsman et a l, 1994) where increases in Aulacoseira spp. and Cyclotella kuetzingiana were 

attributed to a slight enrichment. The Loughaunyella lakewaters may have been more productive 

at this time and the subsequent disappearance of plankton and many of the more circumneutral-
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alkaliphilous species suggest some alteration in lake water chemistry. These changes in the 

species assemblages are reflected in an increased diatom-inferred DOC and lower inferred pH.

These diatom assemblages are succeeded by acidophilous, benthic and epiphytic diatoms which 

are dominant throughout the rest of the core. The succession to non-planktonic species has been 

interpreted as a result of decrease in water clarity and a decline in pH (Huvane & Whitehead, 

1996). Natural long-term acidification has been inferred with early post-glacial changes from 

indifferent and alkaliphilic diatoms to acidophilic diatom flora (Steinberg et al., 1991; Renberg et 

al., 1993a; Battarbee & Charles, 1994). The change in assemblage composition and diatom- 

inferred increase in DOC for zone 1 may indicate a natural acidification progression. However, 

solid bedrock was encountered at the bottom of the sediment core and only a few levels contained 

the more clearwater-alkaliphilous assemblage. In addition the decline in diatom preservation at 

the top of this zone further limits interpretation.

The sediment accumulation rate rises four-fold to 0.21 cm yr' 1 or 4.8 yr cm ' 1 by -4 ,000 years BP. 

A palynology study in the region indicated that podzilisation of the soils, a precursor to peat 

development, was underway by 6,700 years BP (O’Connell, 1990). Climatic deterioration and 

heavy rainfall is thought to be a contributory factor resulting in iron being leached from surface 

soils and deposited as an impermeable layer resulting in waterlogged soils, allowing peat 

initiation (Moore, 1975; O ’Connell, 1990). Acidic, incompletely oxidised peat soils were formed 

with accelerated transport of organic matter to lake sediments. The transition to a waterlogged 

peat environment in the Connemara region was hastened by human activity, including canopy 

clearance and Neolithic farming activity, which has been dated as early as 5,100 years BP 

(O’Connell, 1990). Increased rainfall and paludification o f catchment soils as well as the 

contribution of human activity are therefore probable causes for changes in the sediment 

accumulation rate as well as the water chemistry at Loughaunyella. These mechanisms are 

discussed in more detail in the next section along with the potential lines of evidence from the 

core record.

In summary, the low sediment accumulation rates in the basal sediments suggest a different 

dominant sediment source from the rest of the core and could imply more stable catchment 

conditions. A general trend of increasing diatom-inferred DOC is apparent in the base of the core 

and could constitute natural acidification between 7,000 and 4,000 years BP.
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(ii) ~ 4,000-2,000 years BP

A change in sediment lithology, increases in sediment accumulation rate and changes in 

catchment vegetation coupled with declines in the preservation of diatoms signal major changes in 

the history of Loughaunyella from c. 4,000 BP. Higher resolution analysis and more 14C dates 

would help refine the timing of these events and show if they were synchronous.

At Loughaunyella a change is evident in the pollen stratigraphy (at 1,000 cm or from c. 4,000 

years BP) with declines in Pinus and expansion of Alnus and peatland indicator species. The 

pollen chronology from the Loughaunyella core does not have a sufficiently high sample 

resolution for detailed interpretation. However, the switch from tree taxa to dwarf shrubs and 

herbaceous taxa and an expansion of peatland indicator species visible in the pollen profile is a 

reasonable guide to a change in the catchment vegetation. These results correspond with the 

results of other palynology studies (Foss, 1987; O ’Connell et a l,  1988; O ’Connell, 1990) which 

indicate that peat bog development was established by 4,000 years BP and suggested major 

human impact on vegetation and soils (land clearance, over-grazing) from about 3,000 yr. BP 

contributing to further expansion of peatbogs. Pollen evidence in the Loughaunyella core shows 

a decline in tree taxa over this period, increases in herbaceous pollen and importantly a decline in 

JJlmus, the presence of Plantago lanceolata (an indicator of woodland openings) and the 

presence of charcoal in the sediment record.

Radiocarbon dates indicate a markedly higher rate in sediment accumulation compared to the 

preceding millennia. A sedimentation rate of 0.21 cm yr' 1 (at 1,005 cm) was estimated at 3,855 

years BP rising to 0.35 cm yr' 1 by 2,485 years BP. The very large amount of sediment (1176 

cm) obtained from a relatively shallow lake water depth of 3.2 m  was much greater than 

anticipated. Almost 4,000 years are incorporated in 10 metres of sediment (compared to 1.76 m 

in the previous 3,000 years) and this fast accumulation of sediment is indicative o f a dynamically 

changing landscape. Discrepancies in the radiocarbon chronology were found for the mid-core 

section. A temporal inversion in the humic dates and a difference in the stable carbon isotope 

(,3C) ratio suggest a change in the carbon source around this time. Acceleration in sediment 

accumulation rates at c. 5-4,000 years BP have been repeatedly observed in other sediment cores 

from small lakes (e.g. Jones et al., 1989; McGee & Bradshaw, 1990; Stevenson et al., 1990; 

Reinikainen & Hyvarinen, 1997). Large inputs o f allochthonous organic material have been 

attributed to conditions of increased effective humidity and rising lake levels (Reinikainen & 

Hyvarinen, 1997). Peat inwash associated with the Ulmus decline and Neolithic activity was also 

hypothesised (McGee & Bradshaw, 1990). The Loughaunyella lake core supports this same
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pattern of allochthonous input. The low levels of sediment accumulation at the base of the core 

and subsequent acceleration in accumulation rates most likely parallel the onset and development 

of blanket peat in the Loughaunyella catchment. Fast accumulation rates are typical of peaty 

catchments (McGee & Bradshaw, 1990; Korhola, 1992; Korhola, 1995; Reinikainen & 

Hyvarinen, 1997). The sediment thickness suggests that the lake was much deeper in the early 

Holocene.

The increased sedimentation rate coincides with some major changes in the stratigraphic profiles 

including increases in organic matter, humification and fluctuations in dry weight. Increases in 

organic matter have indicated peat development and peat erosion in other studies (Stevenson et 

al., 1990; Korhola, 1992; Korhola, 1995). Collection of a peat core and dating of the basal 

layers in conjunction with the examination of a lake core has helped define the timing of peat 

initiation in other catchments (e.g. Jones et al., 1989) but was not carried out in the current 

research.

These changes are coincident with a change in the concentration and preservation of the fossil 

diatom assemblages. A major decline in valve concentration and deterioration in the preservation 

of diatom assemblages is apparent for this period. This deterioration in valve preservation is 

unusual as diatom dissolution is generally more frequent in carbonate-rich systems (Flower, 

1993; Ryves, 1994). The preservation status of the few valves present suggests degradation and 

mechanical breakage (Flower, 1993) making accurate counts impossible. The conspicuous 

absence of diatoms in many core levels may result from dilution with eroding detrital material and 

also dissolution of lightly silicified valves. Poor diatom preservation is known from organic-rich 

Sphagnum peats (Foster & Fritz, 1987) in peat pore waters low in dissolved silica, although the 

mechanism has not been adequately explained. This marked change in the fossil assemblages 

occurs around the time of increased sediment accumulation rate, although higher resolution 

analysis is necessary to establish exact timing. This alteration in the diatom preservation is 

assumed to be primarily a physical change and one interpretation is that it could be associated 

with erosion of material from the catchment associated with a high energy environment and a 

large influx to drainage waters with dilution effects. An allochthonous inwash to the sediment 

record is supported by an increase in organic matter and also by sporadic increases in dry matter 

during this period.

The disruption in the diatom record between 700 and 1,000 cm (corresponding to approximately 

1,300 years) is problematic and limits evaluation of evidence o f biological change. This
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complicates the interpretation of the inferred chemical history of Loughaunyella. The application 

of the diatom-DOC transfer function here was shown to be particularly unreliable due to bias of 

heavily silicified frustules and the absence or severely reduced diatom valve concentrations.

(iii) -2,000-1,300 years BP

Two thousand years ago the climate in the region improved (Whilde, 1994). This period 

generally saw land clearances for more intensive agriculture cultivation (Huang & O’Connell, 

1992; O’Connell et al., 1988). The pollen record at Loughaunyella indicates an increasingly 

open landscape with herbaceous plants constituting the dominant pollen group. Arboreal pollen 

taxa have their lowest representation during this period with declines in Corylus and Alnus. 

Plantago lanceolata is most abundant and is coincident with cereal pollen (Cerealia and Urtica). 

Cereal type pollen is rare but when present is generally indicative of local crop cultivation. 

Charcoal concentrations also rise in this period and could result from intentional burning. 

Peatland indicator species have doubled in their percentage occurrence by this time.

The highest sediment accumulation rates (0.42 cm yr'1) were calculated for this period in the 

Loughaunyella core. This is reflected in the highest levels of sediment organic matter and 

suggests greater biomass in the catchment.

Diatom concentrations increase again throughout this upper section of the core and reflect 

increases in Fragilaria virescens var. exigua. The appearance and increase in concentrations of 

Fragilaria construens var. venter, Fragilaria elliptica and Navicula vitiosa apparent in the core 

are generally indicative of a nutrient enrichment signal (Hall & Smol, 1992) and more alkaliphilic 

conditions. Disturbance due to human activity (e.g. agricultural cultivation) in the catchment 

may have resulted in transport of eroded allochthonous material to the lake. A flux o f soil base 

cations and nutrients to the catchment drainage waters and lake system may have resulted in 

fertilisation. Overall, however, the changes are small and the diatom assemblages reflect 

relatively stable chemical conditions for this period.

(iv) 1,300 BP  - present day

A further deterioration in the climate took place during the Iron Age and resulted in the present 

day ‘warm wet’ conditions (Whilde, 1994). The final widespread clearance of the woodlands in 

the west of Ireland is thought to have taken place around the time of the spread of Christianity c. 

500 AD (Fossit, 1994). Pinus was extinct in Connemara by 2,000 years BP and was then 

reintroduced in the last 500 years (Whilde, 1994). Population increases during this time also saw
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further widespread landscape alterations (Huang & O ’Connell, 1992). Pollen evidence in 

Loughaunyella indicates further declines in Alnus, Quercus, and Corylus and increases in 

herbaceous taxa and peatland indicators in the recent sediments.

Sediment accumulation rates for Loughaunyella declined in the last 1,000 years BP with a 14C 

estimated rate of 0.19 cm yr'1. In association with this decline there was an increase in diatom 

accumulation rates. This is associated with increases in Fragilaria virescens var. exigua. The 

recovery in diatom valve concentrations and diatom accumulation rates toward the top of the core 

reflects an overall increase in alkaliphilous diatoms and a decrease in acidophilous Eunotia incisa 

and Frustulia rhomboides var. saxonica. This probably represents a slight enrichment of the 

system post 1,000 years BP and may be related to human activity in the catchment.

Sediment dry weight shows a gradual increase in the early part of this zone and then decreases to 

the top of the core while organic content and humification generally increase. This zone, 

spanning from about 1,300 years BP to the present, is not characterised by major change until the 

uppermost sediments.

The 210Pb dates appear to give a sensible chronology for the last 100 years, however the results 

could not be validated using radiocaesium. Radiocaesium has been known to be mobile in the 

sediments o f acid waters with low rates of deposition (Flower et a l,  1987; Flower et al., 1994). 

This discrepancy and the irregularities in the 210Pb profile indicate that these dates should be 

interpreted cautiously. 210Pb derived sediment accumulation rates are high in the most recent 

sediments (0-27 cm) and range from 0.16-0.40 cm yr' 1 in the last 100 years. An average 

sedimentation rate was calculated to be 0.26 cm yr'1. These accumulation rates are typical of 

low productivity lakes in peatland catchments (Stevenson et al., 1990; Flower et al., 1994). The 

slightly higher sediment accumulation rates estimated by 210Pb dates compared to 14C estimates 

for this period are probably as a result of increased erosion due to recent catchment afforestation 

and older carbon from eroding peats.

Cloosh forest, in which the Loughaunyella catchment is situated, was initially planted in 1953. 

The 210Pb date for catchment afforestation occurs at 13 cm depth, however no major changes 

occur in the lithological profiles at this point. There are no striking visual stratigraphic changes 

indicating changing sedimentation associated with drainage practices typical o f many other lakes 

with plantation forestry (e.g. Kreiser et al., 1990; Miller et al., 1990). An elevation in levels of 

sediment organic matter precedes the 210Pb date for catchment afforestation with higher values (as
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% LOI) found in the top 50 cm of the core. Peat drainage channels (up to 1 m in depth) were 

constructed in preparation for planting in 1953, 1960 and 1990 (P.J. M urray, pers. comm.). One 

would expect a sharp change in the rate of organic sediment supply as a result of this deep 

ploughing (cf. Battarbee et al, 1985a; Flower et al., 1987). Instead the sediment accumulation 

rate rises steadily throughout this period (0.24 to 0.40 cm yr*1 or 0.019-0.032 g cm y"1) and there 

are no abrupt changes in accumulation rates. These are low when compared to post afforestation 

accumulation rates for analogous sites in Scotland and Wales (Battarbee et a l, 1985a; Flower et 

al., 1987). Similar sites in Scotland where pre-afforestation ploughing saw the following 

increases at Loch Skerrow of 0.3 to 0.8 g cm y1 and of 0.2 to 2.2 g cm y' 1 at Loch Grannoch 

(Battarbee et ah, 1985). The lack of dramatic change in the sedimentation profile derived from 

210Pb dates suggest that the lake sedimentation processes have not altered as a result of recent 

catchment disturbances. Where documented effects have been minimal in afforested catchments 

drainage waters have been prohibited from entering directly to lakes (Simola et al., 1994). 

Loughaunyella is one of two lakes in its drainage catchment, the other being Lough 

Bealnambrack. The presence o f this lake upstream may act as a sink for sediment loads resulting 

from forestry practices in the catchment and effectively buffering the sedimentation regime of the 

Loughaunyella.

A clear diatom-inferred increase in DOC (from c. 5 to 10 mg I'1) and decrease in SWAP inferred pH 

(c. 5.8 to 5.4) is evident in the top 50 cm of the Loughaunyella core (the last 300 years according to 

extrapolated 210Pb dates) (see Figure 8.15). Declines in Brachysira spp. and Fragilaria spp. are 

apparent in the profile along with increases in Eunotia sp., Frustulia rhomboides var. viridula, 

Navicula mediocris, Nitzschia gracilis and Tabellaria flocculosa  agg. These represent declines 

in less acid tolerant species and increases in acidophilous, epiphytic and benthic forms and are 

typical of shallow humic lake waters (Simola et al., 1994). An acceleration of organic acidity and 

dystrophication is inferred. These changes in species proportions appear to pre-date catchment 

afforestation, but only if the 210Pb dates are accepted. This strengthens the case for the 

alternative 137Cs/241Am chronology. If this alternative chronology is accepted, changes are 

apparent in sediment lithology and the diatom assemblage in the top 6  cm of the sediment core.

In the light of this inferred chronology, a number of key palaeolimnological research issues must 

be highlighted. Overlapping sediment core drives would have helped confirm the Loughaunyella 

sediment stratigraphy more accurately and eliminated possible inaccuracies due to sediment 

slumping and more than one core from the same basin would have helped establish an overall 

pattern for the entire basin and eliminated possible abnormalities from just one sequence. Higher
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resolution analysis of the sediment core would have enabled more precise interpretation of the 

synchroneity of events as determined by the sediment proxies. Additional I4C dates would have 

allowed more accurate calculation of sediment accumulation rates for this mid-glacial sequence 

and enabled better interpretation of environmental change in the catchment. Assumptions o f lake 

basin infill were not properly tested but this interpretation could be reinforced with the 

exploration of further proxies e.g. diatom habitat form (cf. Reavie & Smol, 1997) and cladocera 

(cf. Korhola, 1992) and comparison with more lakes in the same region. Uncertainty in the 210Pb 

chronology for the recent sediments led to some ambiguity in pin-pointing an afforestation effect. 

High resolution pollen analysis or the carbonaceous particle record, used as time tracers in lake 

sediment records, could be used here to support the recent chronology (Rose, 1990).

In summary, the history of change in Loughaunyella is derived from an number of proxy records. 

The reconstruction is inferred using a combination of basic sediment properties and diatom 

analysis along with pollen, 14C and 210Pb chronologies. A progression over the last 7,000 years 

from a deeper-water lake, through catchment paludification with a high energy erosive 

environment, leading to progressive infill of the lake is inferred. Gradual basin infill may have 

occurred through time or catchment change may have resulted in a change in the rate of basin 

infill. Reconstruction using the diatom transfer function technique alone did not prove successful 

due to the poor preservation of diatom valves in part of the sediment sequence and because of the 

moderate sensitivity of the relationship between diatoms and DOC. The two research hypotheses 

are now considered in detail in the next Chapter.
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CHAPTER 9.

Evaluation of the Research Hypotheses

The primary aim of the current research was to clarify why these Connemara surface waters are 

highly acidic and humic, with very high measurements of dissolved organic carbon (DOC). 

Palaeolimnological techniques are used to ascertain pre-afforestation levels of acidity and the role 

of peat development and afforestation in acidification of the Connemara surface waters. The 

potential o f diatoms for quantitative DOC reconstruction was assessed by the development and 

application of a DOC transfer function to a fossil lake sediment sequence.

9.1 Summary Conclusions

The four analytical phases of the current research are summarised first before a full evaluation of 

the research hypotheses. The analytical phases include; sampling o f modem lake chemistry, 

examination o f surface sediment diatom assemblages, construction of a diatom transfer function 

for DOC, and application of this transfer function to a sediment core to infer the historical DOC. 

The key findings of each of these phases of analyses are outlined below.

(i) The M odem  Chemistry Data-Set

An investigation of the modem chemistry data from 22 lakes in south-east Connemara indicates 

that the lakes are highly acidic. These lakes are situated in catchments with extensive peat cover 

and are of low elevation. A strong gradient of acidity was recovered using ordination techniques 

and identified as representing organic acidity. An exploration of lake water chemistry and 

possible influential catchment variables indicates that organic acidity is strongly related to conifer 

afforestation in the catchments. The highly acid-humic waters distinguish the data-set from many 

other diatom training-sets.

This examination of contemporary chemistry enabled the development of two research 

hypotheses. The first suggests that the study lakes in Connemara have naturally high concentrations 

of DOC that evolved with the development of catchment blanket peats, and the second suggests that 

DOC concentrations have increased as a result of processes associated with recent catchment 

afforestation.
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(ii) The M odem  Diatom Data-Set

The surface diatom assemblages from the sediments of the 22 lake data-set were examined, and 

variation in the assemblages evaluated in relation to a range of potential chemical and catchment 

influences. Significant independent variation in the assemblages is attributed to DOC.

The DOC gradient, recovered from variation in the diatom assemblages using ordination 

techniques is of secondary importance compared to altitude, indicating a limited diatom response 

to DOC. Habitat factors (e.g. extent of littoral habitat, substrate variation) related to altitude are 

assumed to have an important influence on the diatom assemblages in the current study. 

However, this could not be properly tested as no comparison of life and death assemblages was 

made. Only information on contemporary diatom habitats reported from the literature was used 

and this is considered a limitation in the current study. Inconsistencies in accepted autecological 

understanding of species distributions, are found with acidobiontic taxa not occurring in the most 

acidic sites and acidophilous taxa occurring at sites with the lowest pH. The paradox of a high 

correlation between acidity predictor variables (pH and DOC) as proxies for the same diatom 

species response is also highlighted and questions the validity of reconstructing single predictor 

variables where such interactions occur.

The ratio of the total variation in the diatom assemblages compared to the variation that could be 

ascribed as unique to DOC is 0.44. This ratio is low in relation to chemical gradients in other 

training-sets (Dixit et a l, 1993; Kingston et a l, 1992; Fritz et al., 1993). This confirms that 

diatoms are only moderately sensitive in their response to organic acidity and DOC in the 

Connemara systems.

(iii) Diatom-DOC Transfer Function

A number of models were explored in the development of a diatom transfer function for DOC. 

Weighted average - partial least squares (WA-PLS) was selected to infer DOC using surface 

sediment diatom assemblages. The best model utilises two components and has an estimated r2 of 

0.92 and a cross-validated r2 of 0.33. The large discrepancy between the estimated prediction 

and the cross-validated prediction results from the moderate predictive powers o f the training-set 

diatoms for DOC, and is partly attributed to the heterogeneous data and the small size of the 

data-set. However, the error of prediction is 1.5 mg I' 1 or 9% of the range of measured DOC. 

This compares well with other transfer functions for DOC (e.g. Birks et al, 1990; Pienitz & 

Smol, 1993; Dixit et al., 1993).
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The modem calibration data do not provide sufficient information on the ecological tolerance of 

many species. An exploration of individual species response to DOC revealed that GLR optima 

were generated for just 34% of the species in the surface sediments while only 25% of the taxa 

have significant modelled responses (Huisman et al., 1993). These results do not compare well 

with other data-sets (Birks et al., 1990; Kingston & Birks, 1990). Few consistencies between 

training-sets are found in species occurrences in high DOC waters and in species optima for 

DOC. Differences in diatom-DOC optima between training-sets are attributed to the 

environmental range measured, the type of organic matter, the role of DOC as a surrogate for 

more complex constituents and the probable change in importance from chemical to physical 

influences across the gradient of DOC. It is concluded that the species response to organic 

acidity could be strengthened by sampling more sites to achieve an adequate ecological range with 

potentially more significant species responses. The necessity of finding more suitable analytical 

parameters for organic matter (e.g. organic acid anion, biomarker measurements) that can be 

related more readily to biological data is also highlighted.

(iv) The Palaeolimnological Record o f Loughaunyella

The history of change in Loughaunyella is derived from a number of proxy records. This is one of 

the training-set lakes, with predominant peat cover, an annual mean pH of 4.6 and 14.6 mg f 1 DOC 

and 60% catchment afforestation. It is therefore considered suitable to test the hypotheses that 

peat development in the catchment and recent afforestation are responsible for the present day 

high organic acidity status of the lake. The reconstruction is inferred using a combination of 

basic sediment properties and diatom analysis along with pollen, 14C and 210Pb chronologies. A 

progression from a deeper-water lake, through catchment paludification with a high energy 

erosive environment, leading to progressive infill of the lake is inferred.

The DOC transfer function is applied to a sediment core from Loughaunyella to infer DOC of the 

lake over the last 7,000 years. Reconstruction using the diatom transfer function technique alone 

did not prove successful due to the poor preservation of diatom valves in part o f the sediment 

sequence and because of the moderate sensitivity of the relationship between diatoms and DOC. 

The sediment core fossil assemblages have limited representivity in the training-set as determined 

through application of the WA-PLS transfer function and modem analogue technique. However, 

other published references of diatom optima and tolerances were used and changes in relative 

abundance were also considered to overcome the constraints in interpreting the reconstruction.
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In summary, the analytical phases of the research established a strong gradient of organic acidity 

in the training-set, significant diatom variation associated with DOC, a transfer function of 

moderate predictive powers and an inferred history of basin infill. A number of research issues 

were highlighted in terms of the strength of the species response, limited prediction power of the 

model and poor fossil diatom preservation. These are now examined in an evaluation of the 

research hypotheses.

9.2 Hypotheses Evaluation

The research hypotheses were developed to explain the high levels of organic acid measured in 

the lakewaters in south-east Connemara. Two hypotheses were derived following exploration of 

variation in water chemistry, identification of the strong organic acidity gradients and evaluation 

of catchment influences. The first hypothesis suggests that the study lakes have naturally high 

levels o f organic acidity that evolved with the development of blanket peat in the last 4-5,000 years, 

while the second, suggests that the study lakes have become acidic as a result of recent catchment 

afforestation with higher levels of organic matter released as a result of drainage and clearfelling 

operations and/or with the build up humic acids in the soils of maturing forests. In order to test these 

hypotheses palaeolimnological techniques using diatoms were used and a transfer function for 

DOC developed. In the absence of historical chemical records this transfer function was applied 

to a single test site, Loughaunyella, to reconstruct the historical acidity and evaluate the research 

hypotheses. A summary of the evidence is presented now to assess the support for the competing 

hypotheses.

(i) Natural Acidification Through Peat Bog Development

A mid-Holocene change in catchment vegetation is indicated in the Loughaunyella pollen profile 

by the switch from tree taxa to dwarf shrubs, herbaceous taxa and the expansion of peatland 

indicator species. The progressive increase in sediment organic matter at Loughaunyella also 

supports the supposition of a progression to a more peat-rich environment. This change fits well 

with the hypothesis of a transition from a woodland phase to an environment increasingly 

dominated by peat. The available evidence from other palynology studies in the region suggest 

that there was extensive blanket peat by c. 4,000 years BP (O’Connell et al., 1988; O’Connell 

1990; Fossit 1994).

Radiocarbon dates support an intact chronology for Loughaunyella, and provide evidence of slow 

sediment accumulation rates at the base of the core c. 7,000 years BP followed by accelerated 

allochthonous sediment input by c. 4,000 years BP. Measurement of stable carbon isotopes
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provide a signal of change in the carbon source to the lake sediments at this time, and an 

inversion in humin dates also reflects input of older catchment material. These factors in 

conjunction with accelerated sediment accumulation indicate a destabilisation of the catchment. 

This transition constitutes major change in the catchment c. 4,000 years BP and supports the 

hypothesis of a transition to a peat dominated landscape.

The change in sediment accumulation rate implies that Loughaunyella had approximately 13 m 

water depth pre-4,000 years BP which has infilled to a present-day maximum water depth of 3.2 

m and represents an important change in the lake system. Lake infill from 13 m to 3 m  in 4,000 

years would have had a major influence on the lake’s physical characteristics (e.g. bathymetry), 

the chemistry and consequently on the ecology. It is reasonable to conclude that deeper waters 

were only present in the earliest period covered by the sediment core and shallow open water with 

organic bottom sediments are more extensive now than they were in the past.

A plausible interpretation for these mid-Holocene changes is that Loughaunyella was a 

dynamically changing catchment responding to paludification of the catchment soils and the 

development of blanket peat, promoted initially by climatic factors but exacerbated by 

anthropogenic influences. It is probable that these developments led to increased exposure, an 

increase in catchment erosion and sediment yield to the lake over time. Erosion events are 

reflected in peaks in dry matter, elevated organic matter and inversions with older sediments and 

were probably activated by storms, Neolithic woodland clearance, burning of vegetation and 

grazing (Foss, 1987; O’Connell et a l, 1988; O’Connell, 1990; Fossit, 1994). Accumulation and 

erosion of peat in cycles through time is supported by the Loughaunyella data. The sharp peaks 

in dry matter measured in the sediment samples after 4,000 years BP implies a substantial 

inorganic input supporting the interpretation of eroded mineral soil inputs. However, sediment 

geochemical analysis (of K20  and MgO) and trace metal analysis would help confirm this and 

help define the timing of these events (McGee & Bradshaw, 1990).

The transition to an acidic peat environment with allochthonous inputs to the lake sediments 

would have had a major impact on the ecology o f Loughaunyella over time. In the pre-4,000 

years BP period a limited presence of plankton at the base of the core is followed by a switch to 

benthic acidic diatom species reflecting an acidic phase in the lakes mid-Holocene history. The 

non-retum to conditions conducive to the development of plankton indicates a permanent change 

in the ecology of the lake. This is followed by a major perturbation in the diatom stratigraphy, c. 

4,000 years BP and is generally coincident with the changes in the pollen stratigraphy and
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accelerated sediment accumulation rates, reflecting great change in the lake ecosystem. There is 

clear evidence of qualitative change with significant diatom valve breakage and degradation or 

dissolution in the fossil assemblages as well as a predominance of heavily silicified ffustules 

indicating stressed conditions in the lake ecosystem. Quantitative changes include decreases in 

valve concentrations and disturbance in N2 reflecting the unstable nature of the habitat during 

this period. A high energy erosive environment or changes in dissolved silica concentrations 

and/or alkalinity in the water column could account for this alteration in valve preservation 

(Foster & Fritz, 1987; Flower, 1993; Ryves, 1994).

The extraction of a clear trend in the diatom floristic evidence on the first ordination axis suggests 

a strong ecological response to changes in Loughaunyella over the period covered by the core. 

The significance of the complete switch in floristic change and the persistent rise in the dominant 

species Fragilaria virescens var. exigua is difficult to resolve, as this species and many of the 

dominant species (e.g. Cymbella lunata, Frustulia rhomboides var. saxonica) are widely 

distributed in the training-set and are difficult to characterise ecologically. This trend in the 

floristic evidence is not consistent with changes in the inferred DOC record. It must be noted 

however, that many species had non-significant responses to DOC in the training-set (see Chapter 

7). The diatom-inferred DOC evidence from the sediment record suggests a history of generally 

high levels of organic acidity in the lake throughout the core sequence. A change from less acidic 

clearwater diatom forms is the only indication of natural acidification in the early part o f the core 

c. 7,000 BP.

It is assumed, in the current study, that physical modifications associated with an increase in the 

rate of allochthonous sediment inputs have significantly influenced the diatom signal at 

Loughaunyella. In a palynology study of landscape evolution of Lough Namakanbeg (4 km south 

of Loughaunyella), 6  m of sediment were retrieved (O’Connell et al., 1988). This constituted 

infill sediments that have transformed the lake to a schwingmoor (layers of anaerobic waterlogged 

vegetation) over the course of the Holocene, with surface scraw (unstable bog) replacing open 

water in the last century (O’Connell et ah, 1988). In addition stands of Phragmites australis in 

the region are thought to be relicts of earlier lake-swamp phases (Praeger, 1934; W hilde 1994). 

Basin infill, or the first stage of hydroserai development from a lake to shallow open water, may 

be occurring at Loughaunyella (Walker & West, 1970). The next stage is when accumulation of 

bottom deposits has so shallowed the water that bottom-rooting macrophytes can survive. The 

cause of basin infilling has been attributed to external forcing factors including climate change 

and land clearance (Walker & West, 1970; Korhola, 1992; Korhola, 1995).
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A useful way of validating the assumption of basin infill would be to examine the habitat form of 

the fossil assemblages in an effort to provide information on past habitat status i.e. to ascertain if 

there has been a switch from planktonic diatoms, to more littoral, bottom dwelling and epipelic 

forms with infill of the lake basin. This approach has been used by Rea vie & Smol (1997) to 

infer past littoral habitat characteristics. Fragilaria construens var. venter increases towards the 

top of the Loughaunyella sediment core. This species is generally bottom-dwelling rather than 

epiphytic and is most frequently found in the quiet water of littoral zones o f large lakes or shallow 

waters (Hall & Smol, 1992). Important increases in Fragilaria and epiphytic Eunotia forms are 

associated with the first ordination axis and could reflect decreases in lake water depth with basin 

infill and expansion of bottom dwelling habitats. Preliminaiy examination of diatom habitat forms 

were inconclusive in the current research due to the ambiguous preferences of the most dominant 

species (e.g. Fragilaria virescens var. exigua, Brachysira vitrea, Frustulia rhomboides var. 

saxonica, Cymbella lunata) but further exploration could prove interesting. Another useful 

validation technique would be to examine changes in cladoceran assemblages. This approach has 

been used by Korhola (1992, 1995) as a proxy indicator to trace hydroserai development. 

Changes in cladoceran assemblages are indicative of vegetation change (e.g. with the spread of 

plants and expansion of the littoral zone in progressively shallow waters) and therefore are good 

indicators o f lake level changes (Frey, 1986).

In summary, the hypothesis of increases in organic acidity associated with peat development was 

not clearly supported by the fossil diatom record in the current study, however, a probable major 

habitat shift as the lake has infilled, favouring Fragilaria as a genus, is thought to have occurred. 

Although there is no clear evidence to promote a peat development hypothesis, there is no clear 

evidence to reject it either. There is a fairly consistent pattern of organic deposition into the lake, 

a pollen record of increasing peatland indicator species and a record of high diatom-inferred DOC 

at times.

(ii) Acidification and Recent Catchment Afforestation

The pollen evidence from the surface sediment sample from Loughaunyella is consistent with a 

catchment dominated by Pinus (Picea is only found occasionally) and maximum presence of 

herbaceous-peatland indicator species compared to the earlier period covered by the core.

Cloosh forest was planted in the Loughaunyella catchment in 1953 and 210Pb dating places this 

event at approximately 13 cm depth. An alternative chronology using 137Cs/241Am puts
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afforestation in the top 6  cm of the sediment core. The 210Pb chronology was therefore not 

supported using radiocaesium. A gradual increase in the rate of 2i0Pb inferred sediment 

accumulation is indicated in the last 120 years. Small perturbations in accumulation between 

1950-1971, 1979-1987 and 1990-1993, representing episodic changes in sediment accumulation, 

and may correspond to disturbances associated with forestry practices, however changes pre

dating afforestation were also found. The limited nature of the response and non-validation of the 

210Pb dates by radiocaesium restricts interpretation. Further high resolution pollen analysis would 

help resolve the discrepancies between the dating methods in the top of the core sequence.

Small changes in sediment source, in the top 75 cm of the core or the last 300 years (using 

extrapolated 210Pb accumulation rates) are indicated by fluctuations in wet density measurements. 

These changes are roughly coincident with declines in dry weight and increases in % LOI and 

humification measurements. All lithostratigraphic changes at Loughaunyella are minor when 

compared with other lake core studies from afforested sites (cf. Flower et al., 1987; Kreiser et 

a l ,  1990; Fritz et al., 1990). The limited lithostratigraphic response to widespread afforestation 

is puzzling. The sensitivity of the site to the afforestation signal may have been diminished by the 

presence of a lake immediately upstream of Loughaunyella. This lake (Bealnambrack) was 

considered initially for sediment coring, however it was deemed unsuitable as the water depth was 

very shallow (maximum depth 1.2 m) and the surface sediments were covered in macrophytes. A 

succession of lakes in a catchment can act as a sink retaining the sediment load from forestry 

practices and could account for the muted response in the sediment record for Loughaunyella. 

The lithostratigraphy clearly does not support an afforestation effect on sedimentation.

The biological response in the recent sediment record is difficult to resolve as there is no 

synchroneity between the biological proxies and inferred chronology. However, two changes are 

of note in the diatom stratigraphy, the first in the top 50 cm of the core (c. 1800 AD) and the 

second in the top 5 cm (c. 1982 AD). The first change occurs with increases in Achnanthes 

altaica, Brachysira brebissonii, Eunotia pectinalis var. undulata and Tabellaria flocculosa  agg. 

and declines in Cymbella descripta and Brachysira vitrea. These floristic changes are paralleled 

by decreases in diatom valve concentrations and increases in diatom accumulation rates. The 

diatom-inferred DOC levels indicate a sharp increase in the top 50 cm of the sediment. This shift 

in assemblages and inferred increases in organic acidity pre-dates afforestation in the catchment. 

The second change, in the top 5 cm of sediment, indicates a clear shift to acidophilous taxa. This 

is reflected in increases in Eunotia rhomboidea, Eunotia incisa, Eunotia pectinalis  var. 

undulata, Frustulia rhomboides var. viridula, Nitzschia gracilis and declines in Fragilaria spp.,
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Cymbella descripta and Brachysira vitrea. This shift in the assemblages represents major 

change as exemplified by the ordination scores (Figure 8.10) and is unique compared to earlier 

periods in the core. Using the 210Pb chronology this shift to a more acidic assemblage occurs post 

1982 AD, or almost 30 years after afforestation, whereas, the species response fits well with the 

^ C s / 241 Am chronology.

The inferred rise in DOC at Loughaunyella does not fit with the hypothesis of an increase in 

organic acidity with afforestation, as it pre-dates catchment afforestation, while the floristic 

change to more acidophilous species post-dates afforestation. The alternative chronology using 

137Cs/241Am has some synchroneity in terms of sediment lithology and fossil assemblage response, 

however, the limited lithological response, low inferred-sediment accumulation rate, and the fact 

that the diatom-inferred increase in acidity pre-dates afforestation do not support this alternative 

chronology. Examination of another dating proxy (e.g. carbonaceous particles (Rose, 1990) or 

high resolution pollen analysis is necessary to clarify the chronology for recent sediments of 

Loughaunyella.

In summary, no coincidence of timing between the floristic evidence and the lithostratigraphic 

data are present to support an afforestation induced increase in organic acidity. In addition, 

problems with the dating methods preclude support for the chronology. Increases in inferred 

acidity in the most recent sediments are more well defined according to the diatom assemblages 

and therefore the afforestation hypothesis can not be rejected outright.

9 3  Key C ontributions of the C urren t R esearch

Overall, this is the first study to establish a diatom training-set for acidity in an Irish context 

where relationships between diatoms and lake water chemistry are quantified using numerical 

methods. The application of the diatom transfer function to a Holocene lake sediment core for 

reconstructing the past environment and chemical history is also novel for this region.

After organic acidity was identified as the main chemical variable of interest in the training-set 

lakes the emphasis of the research switched to dissolved organic carbon. The Connemara diatom- 

DOC transfer function is the first attempt to model pure DOC effects over the Holocene for 

humic systems where there are limited or no anthropogenic mineral acids.

This research examined the role of DOC in the process of acidification. Humic substances affect 

lake water quality in a number of ways including anion-cation balance, pH and alkalinity.
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Dissolved organic matter contains a large number of diverse chemical functionalities and there is 

no single analytical method which reveals the actual concentration of humic substances in a 

sample. This study highlights important implications for future palaeolimnological research in 

terms of the lack of a universally acceptable analytical measurements for organic matter, the need 

for more critical examination of DOC as a chemical surrogate and the identification of better 

proxies for organic matter.

Critical loads for acidification studies have highlighted the complex chemical and biological 

interactions in humic aquatic systems. This includes retention of calcium in soils and slow 

release over time as well as DOC buffer effects. As a result, in the determination of predictive 

response models for critical loads for surface water acidification, lakes with peat soils in their 

catchments have been avoided. While this complexity was known and acknowledged in the 

current research it made the task of testing competing hypotheses of the causes of such high levels 

of surface water acidity more challenging.

The assumption that diatom acidity optima and DOC optima are globally applicable and that 

diatoms respond directly to DOC is not supported by the current research. An examination of 

diatom assemblages, from Connemara and other training-sets where DOC was a significant 

variable, showed inconsistencies in terms of species optima and tolerance for DOC. This 

highlights the complexity of the species response to acidity for humic systems. Dissolved humic 

substances are thought to have the main impact on the biology of water and therefore has received 

the most interest. However the dual effects of ‘physical’ light penetration in water and chemical 

‘pH ’ influence make qualification and quantification of the response to acidity more complex. 

Other studies need be more critical in their examination of DOC. There is a need for more 

information on the mechanistic relationship between diatoms and DOC. This could be achieved 

through diatom culture work. Other surrogates for organic matter with a more direct influence on 

the biology need to be found.

The differences in species response to DOC has important implications in attempts to build 

regional and more importantly inter-continental diatom training-sets. Harmonisation o f datasets 

for particular diatom-chemistry responses is based on assumptions of comparable optimal 

responses and tolerance ranges. While these limitations with diatom-DOC responses are 

acknowledged it should not preclude their inclusion in amalgamation o f datasets, for example, 

under the European Diatom Database (EDDI). Under this programme harmonisation o f multiple 

diatom datasets is currently under way for pH, TP and salinity and will refine knowledge on
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diatom optima and responses across a wide spectrum of both geographical and scientific 

expertise.

The research results highlight that the diatom optima generated in a training-set of lakes depend 

primarily on their environmental gradient and the number of lakes in the training-set. In addition, 

lake morphometric characteristics can also assume a more important role when the ecological 

response is not strong. In humic systems where the acidity is largely organic in nature other 

chemical and catchment characteristics can assume greater importance in terms of quantifying the 

species response. More information on diatom habitats is also required particularly for humic 

systems. The important influence of habitat in both the modem training-set and sediment fossil 

assemblages from Connemara has important implications for humic systems. Spatial variables 

and their derivatives often play a secondary role in diatom training-sets and can be 

underestimated. Their importance in this study highlights the need for better accountability in 

predictive models.

The ordination and transfer function techniques used in this research are recognised as the 

preferred statistical methodology in palaeolimnology research. However, the current research did 

not satisfactorily define a DOC transfer function and questions some widely held assumptions on 

species optima and tolerance ranges. Many transfer functions which do not work well are not 

published in scientific journals (H.J.B. Birks pers. comm.). Therefore it is important that the 

limitations of the transfer function methodology are brought to the attention of the scientific 

community. The dissemination of these results will be an important contribution to critical 

assessment in future palaeolimnological research.
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Appendix 4.1: Sample Replication

Table 1: W ater chem istry from  replicate samples
Summer Cond pH Na+ K+ Ca2+ Mg2+ NH4+ LM-A1 Aik. s o / c r NOj' DOC

pScm units peq I'1 peq r 1 peq T1 pq r1 peq I'1 ng r1 peq I'1 peq I’1 peq l 1 peq I'1 mg r'l
NAMOl 88 5.1 508.9 6.4 44.9 110.2 0 - -6 81.2 586.8 - -
NAM02 87 5.1 508.9 5.1 44.9 110.2 46 12 n/a 79.1 603.7 - 3.66
LYEL1 100 5.0 578.6 4.8 71.3 111.8 62 27 -6 77.1 662.9 - 14.56
LYEL2 99 5.0 - - - - - -4 77.1 - - -
LETT1 91 5.5 517.6 9.2 81.8 134.1 51 19 6 83.28 626.3 - 4.48
LETT2 90 n/a - - - - - - n/a - - 3.97
AUNI1 74 6.0 417.6 11.0 65.6 96.2 57 18 18 64.5 507.8 - 2.88
AUNI2 74 6.0 421.9 11.5 68.8 98.7 73 0 20 64.5 507.8 - 2.68
OB8 132 6.1 904.8 n/a 139.7 180.9 345 30.5 156 49.9 874.5 - 21.95
Autumn
NAMOl 73 5.12 425.00 4.60 95.31 152.18 0.00 10 6 72.87 486.20 0.16 5.78
NAM02 73 4.88 421.08 6.90 52.89 101.18 0.00 11 0 72.45 482.81 0.16 6.03
LYEL1 80 4.88 439.35 8.69 81.34 110.23 1.88 13 8 59.55 475.06 0.65 25.93
LYEL2 78 5.06 439.35 8.69 81.34 110.23 1.66 n/a 26 56.21 459.68 0.48 26.70
LETT1 75 5.70 440.22 5.63 67.86 108.58 0.00 6 14 71.41 495.37 0.00 5.21
LETT2 76 5.59 437.18 5.63 68.36 112.70 0.55 2 14 71.41 495.37 0.00 5.00
AUNI1 49 6.02 261.87 7.67 66.37 75.68 0.00 6 32 72.25 719.07 27.90 4.23
AUNI2 n/a 6.02 274.05 7.16 105.29 132.44 2.22 4 36 83.28 485.92 1.29 4.48
OB8 97 4.94 353.66 5.63 109.28 145.60 0.00 25 6 56.84 603.27 0.81 33.84
Winter
NAMOl 88 4.86 534.18 6.4 54.3 136.6 0 4 - 97.7 596.0 0 15.49
NAM02 88 4.85 556.8 7.2 58.4 139.0 0 3 - 93.6 596.0 0 5.78
LYEL1 238 4.21 789.9 11.7 89.8 166.2 0 66 - 197.6 1598.1 0 25.93
LYEL2 238 4.19 834.7 12.0 93.3 182.7 0 56 - 192.6 1577.5 0 26.45
LETT1 95 5.16 596.4 9.7 73.8 136.6 0 15 - 95.7 647.1 2.29 5.21
LETT2 96 5.16 585.1 11.3 77.3 139.8 0 14 - 94.8 675.3 2.19 5.26
AUNI1 115 5.46 564.2 14.3 85.8 140.7 0 3 - 97.7 821.2 0 4.23
AUNI2 115 5.46 572.8 14.3 101.3 162.8 0 1 - 90.5 839.2 0 4.23
OB8 370 3.73 - - - 0 n/a - n /a n/a - 33.84

Spring
NAMOl - 4.72 534.18 6.14 54.39 136.55 0.02 0.20 -13 100.56 640.1 0.65 4.02
NAM02 - 4.74 556.80 7.16 58.38 141.49 0.01 0.18 -13 103.89 634.4 0.00 -
LYEL1 - 4.74 789.96 11.76 89.82 166.17 0.03 0.45 -13 113.47 907.8 0.00 10.69
LYEL2 - 4.71 834.77 12.02 93.31 176.04 0.03 0.42 -13 107.85 895.7 0.00 -
LETT1 - 5.17 596.39 9.72 73.85 136.55 0.02 0.22 1 98.69 682.9 0.00 3.97
LETT2 - 5.19 585.08 11.25 77.35 141.49 0.00 0.00 0 85.15 672.2 0.00 -
AUNI1 93 5.70 569.85 14.32 85.83 143.13 0.00 0.00 7 108.49 664.9 0.32 2.16
AUN12 93 5.69 572.90 14.32 101.30 162.87 0.00 0.05 13 100.87 666.3 0.81 -
OB8 - 5.5 892.19 11.00 171.66 205.65 0.09 1.17 - 59.96 1018.4 1.13 15.44
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Table 2: Repeatability estimates for replicate samples
Determinand Unit Repeatability Estimates (SD)
Cond pScm 0.41
pH units 0.04
Na+ peq I' 1 9.73
K+ peq I' 1 0.51
Ca2+ peq I' 1 6.97
Mg2+ peq I 1 10 .00

N H / peq I' 1 3.28
LM-A1 2.32
Aik. peq I' 1 2.76
S 042' peq I' 1 3.03
c r peq I' 1 18.46
n o 3' peq I' 1 1.65
DOC mg I' 1 0.13
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Appendix 4.2: Nitrate
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Figure 1: Correlation biplot of NO3 measurements using Flow Injection Analysis and Ion 
Chromatography on the Connemara lake water samples (r=0.92).
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Appendix 4.3: Dissolved Organic Carbon
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Figure 1: Correlation biplot o f  TO C SIN  Analyzer D O C m easurem ents and absorbance 
equation derived DO C measurem ents (Allott et al., 1993) on the Connem ara surface waters 
(for autumn) (r=0.98).
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F igure 2: Correlation biplot o f absorbance equation derived D O C  m easurem ents (A llott et 
al., 1993) and Hach M eter units PT Colour on Connemara lake waters (r=0.99)
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d d r“l O o rH d © © rH © © '~~l1 o i 1 1 © d © © ©

CN r - Cv O ' c n © N - c n O Cv o o c n Cv © O ' N - © © CV
c n N" © © >—i CN © © CN rH v n © CN © o o rH p CN CN
© © o o Tl- CV T -* 0 ^ v n © d c n o i I 4 c n 0 ^ N" v n Cv d

O 1—4 0 0 0 0 © w— i Tj- © © rH N - O ' c n o o O ' CN CV rH i—4

o - c n OO N" o OO Cv o o Cv © v n c n v n CV O CN c n rH © ©
r  4 T-1 1 *“ 1 rH 1—11 rH 1—.

rH © o _ v n CN v n O © O © tj- o © c v n rH _ o o ©
© © N" v n © 0 0 © p o o ° 1 P rH O ; c n O ' o o © © v n ©
v n O TT o o rH

d —-I CN © O^ O^ N " o i -H- © © l-H © o i
O ' v n o - o CV © OO O ' O ' © O - c n O CN © c CN N - O '

CN 1—1 CN r—H 1—11 rH 1 rH
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O _ o o o CN o cn CN o o o o o o o o o o o
o o o o o o o o O o o o o o o o o o o o
d d d d o d d o d d d d d d o d d d o d

CNO

v n O O O C N C N —' C v C N  
© x t p p p p p p  
C v —* —< c v c n - —' - ^ v n  

cn —i —i

v o i n p c n oo x t r * oo i n oo 4

do c n
Cv

c n
Cv

x t
CN

o
-

o O
r-H x t

oo
OV CN

c n
rH

VO

rH

Q  O  U J  CQ U 
< < oq n  w

r  K n
5  3  a<1 D H 
Z  O  CO C/3 CO

o  o

Cv X t c n v o c n v o VO x t v n r - VO v n v n VO O 4—4 v o o o o OC
c n p c v r-_ o q r ~ VO x t v n CN v n CN o o CN X t o p CN —;
x t v n c n x t Cv c n o o d c n v d v d x t v o o o v d Cv d o o c n d c n
f"- CN x t Cv x t v n m x t o o c n vO OO c n Cv t " OO v o v n i n CN X t O
r-H 4—4 *—H •—i » 4 4—4 rH r—H 4—4 rH rH rH 4—4 rH r-H rH 4— rH CN CN

OO X t c n
° °

v n
CN

rH
cn OO

p
vO
° 9

o o
o o

CN
CN

v n
o q

CN
OO

o o
p

Cv
p

rH
o o

c n
p

i n
p p

rH
p p

r~~
p

c n
p

O
p

o
rH

OO
i n
o o

i n
CN
rH

c n
Cv

o o
v n

rH
r~-

d
v o

CN
x t

c n
r -

Cv
o o

o oo
rH

x t
i n

c n
c v

c n
c n

x t
CN
rH

x t
Cv

v d
CV

c n CN v d
c n

CN
O

Cv
p

o
c n

CNcn X t
X t

v n
p

x t
c n

CNcn r -
p

x t
c n

CN
p

vop c n
p

x t
rH

O O
c v

VO
p

c n
p

X t
f"

Cv
p

x t
O

f '-
Cv

m
0 0

OO c n x t OO c n v n X t X t
rH

v n Cv rH v n v d v d CN i n d
rH

CN c n Cv i n

{"• _ in l-H OO v o VO OO Cv c v VO o o o o v o o CN ^-4 r- — x t x t CN

P X t o o p x t ^H O c n p p r»H r- Cv x t O p p o o p 0 0

x t Cv Cv x t CO o o C v r—4 OO v d Cv i n x t d Cv c n c n i n x t c v CN c n
cn xt vo OO o m vn CN CN Cv OO c n x t vO in Cv CN CN xt c n oc
vO vn m t - r-x vo vO v o vn m in VO vO c- r - VO m in r~- VO

i n CV rH o CN i n vo c n o t x i n —

p x t p p o p vo r x m cn o
oo CN oo vd CN 00 rH d o d c v x t
rH rH rH CN x t —X x-

x t i n ( ^ i n i n r - x x t o o i n r ' X t c v c N r ~ r ~ x t o o p i n x t —< i n  o  w ^  x t ' o p - ^ o o ' - n p . ^ p p p p p p p C N p o q
« n  i n  i n  x t  x t  i n  i n  x t  v f T t v i v t ^ v t o o T f T j

p p o o p c N p o o m
O O C N C N C v C v —
O  CN x t  O  0 0  Cv

280



Appendix 5.2: Ion Balance Error

-20 - 15 -10 ■5 0 5 10 15

% Ion Balance Error

Figure 1: Bar chart of Ion Balance Error calculated from measured cations and anions 
(including organic anion) in the study samples.
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Appendix 53: Marine & Catchment Influence

Taible 1: Multiplier for calculation of non-marine fractions of the total ionic concentrations 
(Wetzel, 1975)__________________________________________________________________________

Mon-marine Potassium = [K+]* Chloride X 0.18
Mon-marine Sulphate = [S042]* - Chloride X 0.1025
Mon-marine Magnesium = [Mg2+]* - Chloride X 0.193
Mon-marine Calcium = [Ca2+]* - Chloride X 0.037
Mon-marine Sodium = 2 p * 1 Chloride X 0.86

Ta ble 2: NM-SO 4 calculations for each season sampling period
Sites NM- SO4 

sum
NM- SO4 

aut
NM- SO4 

win
NM- S 0 4 

spr
ABiCD 16.49 18.44 2.80 18.71
ACLO 3.82 10.14 16.69 -3.87
AUJNI 12.50 -1.46 -9.45 40.35
BEAL -1.03 17.08 56.39 9.13
BUSK 6.95 11.06 -5.82 9.01
BOVR 16.20 16.21 1.73 20.88
ERGO 8.39 1.11 8.21 20.62
FIDD 4.00 -1.32 -4.13 20.37
GLEN 13.54 32.45 -15.92 -8.69
LETT 19.09 20.64 10.23 28.68
LYEL 9.09 10.85 52.87 20.42
NAGI 13.13 14.55 36.42 21.12
NAMO 19.32 23.04 -25.98 34.95
NA.VR 13.83 21.10 8.90 -29.06
NAWL(L) 7.47 14.33 15.72 4.68
NAWL(S) -21.85 6.29 35.87 -10.13
OU'GH 5.39 -1.00 55.29 -4.01
SEEC 10.88 14.96 -1.92 12.38
SHAW 6.77 9.98 -18.90 -1.46
SHDL -2.31 8.49 7.01 -7.49
TUSH 18.05 17.81 -0.59 27.69
UGGA 14.76 7.11 9.90 24.46
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Ap pendix 6.1: Surface sediment diatom assemblages species list (22 sites; 161 spp.)

Taxon Code Taxon Name & Authority

ACOK32A Achnanthes linearis (W. Sm.)GniD. in Cleve & Grun. 1880
ACW04A Achnanthes pseudoswazi J.R. Carter 1963
AC0H3A Achnanthes minutissima minudssima Kutz. 1833
ACXM4B Achnanthes austriaca minor L. Grannoch (RJF) 1986
AC0)14C Achnanthes austriaca helvedca HusL 1933
AC0I22A Achnanthes marginulata Grun. in Cleve & Grun. 1880
AC0525A Achnanthes flexella (Kutz.) Brun 1880
AC046A Achnanthes altaica (Poretzky) A. Cleve-Euler 1953
ACi:36A Achnanthes subatomoides (HusL) Lange-Bertalot & Archibald in Krammer & Lange-Bertalot 1985
AC143A Achnanthes oblongella Ostr. 1902
AC9*964 Achnanthes [minudssiina] scotica (Carter) RJF 1988
AC95999 Achnanthes sp.
AMfflOl A Amphora ovalis ovalis (Kutz.) Kutz. 1844
ASCKD1A Asterionella formosa formosa Hassail 1850
AUCH02A Aulacoseira cf. ambigua (Grun. in Van Heurck) Simonsen 1979
AUCH04A Aulacoseira cf. lirata lirata (Ehrenb.) R. Ross in Hartley 1986
AU0W4C Aulacoseira lirata var. biseriata
AU95999 Aulacoseira sp.
BR(XD1A Brachysira vitrea (Grun.) R. Ross in Hartley 1986
BRCKD2A Brachysira follis (Ehrenb.) R. Ross in Hartley 1986
BR0O3A Brachysira serians (Breb. ex Kutz.) Round & Mann 1981
BR0O6A Brachysira brebissonii brebissonii R. Ross in Hartley 1986
CLOOIA Cymatopleura solea (Breb. &Godey)W . Sm. 1851
CMCH04A CymbeUa microcephala microcephala Grun. in Van Heurck 1880
CM0)10A Cymbella perpusiUa A. Cleve 1895
CMOJ13A CymbeUa helvedca helvedca Kutz. 1844
CM0115A CymbeUa cesatii cesadi (Rabenh.) Grun. in A. Schmidt 1881
CM0)17A CymbeUa hebridica (Grun. ex Cleve) Cleve 1894
CM0120A CymbeUa gaeumannii Meister 1934
CMOJ31A CymbeUa minuta minuta Hilse ex Rabenh. 1862
CMCM7A CymbeUa incerta Grun. in Cleve & MoUer 1878
CM0J48A CymbeUa hinata W. Sm. in Grev. 1855
CM0152A Cymbella descripta (HusL) Krammer & Lange-Bertalot 1985
CM 9*999 CymbeUa sp.
CCXXD1A Cocconeis placentula placentula Ehrenb. 1838
coonoA Cocconeis disculus (Schum.) Cleve 1896
CY0O3A CycloteUa meneghiniana meneghiniana Kutz. 1844
CY0O9A CycloteUacf. ocellata PanL 1902
CY0U9A CycloteUa radiosa Hakansson
CY049A CycloteUa cf. unipunctata Haakansson & Carter 1990
CY052A CycloteUa rossii Hakansson 1990
CY9991 CycloteUa [kuetzingiana agg.]
CY9999 CycloteUa sp.
EUCXD1A Eunoda veneris (Kutz.) O. Muller
EU0CD2A Eunotia pecdnalis pectinalis (O.F. MuU.) Rabenh. 1864
EUO02B Eunoda pecdnalis minor (Kutz.) Rabenh. 1864
EU0CD2D Eunoda pectinalis undulata (Ralfs) Rabenh. 1864
EU0C92E Eunoda pectinalis minor impressa (Ehr.) HusL
EU0CD8A Eunotia monodon monodon Ehrenb. 1843
EU0CD9A Eunoda exigua exigua (Breb. ex Kutz.) Rabenh. 1864
EU00)9B Eunoda exigua compacta HusL
EUOH1A Eunoda rhomboidea HusL 1950
EU0112C Eunoda robusta tetraodon (Ehr.) Ralfs
EU0113A Eunotia arcus arcus Ehrenb. 1837
EU0L4A Eunoda bactriana Ehrenb. 1854
EU017A Eunoda flexuosa flexuosa Kutz. 1849
EU019A Eunoda iatriaensis Foged 1970
EU0210A Eunotia meisteri meisteri Hust. 1930
EU0215A Eunoda faUax A. Cleve 1895
EU0218B Eunotia microcephala tridentata (A. Mayer) HusL
EU03;2A Eunoda serra serra Ehrenb. 1837
EU0312B Eunoda serra diadema (Ehrenb.) Patr. 1958
EU0410A Eunotia paludosa Gran. 1862
EU043A Eunotia elegans Ostr. 1910
EU04-7A Eunoda incisa W. Sm. ex Greg. 1854
EU0418A Eunoda naegelii Migula 1907
EU0459A Eunotia curvata curvata (Kutz.) Lagerst. 1884
EU05 1A Eunotia vanheurckii vanheurckii Patr. 1958
EU05 IB Eunotia vanheurckii intermedia (Krasske) Cleve
EU05'2A Eunoda nodosa Ehrenb. 1840
EU053A Eunotia tridentula Ehrenb. 1843
EU057A Eunoda exgracilis A. Berg ex A. Cleve-Euler 1953
EU10I6A Eunotia rhyncocephela Hustedt 1936
EU99(65 Eunoda [sp. 10 (minima)] L. Grannoch (RJF) 1988
EU99599 Eunoda sp.
FROOflA Fragilaria pinnata pinnata Ehrenb. 1843
FR002C Fragilaria construens venter (Ehrenb.) Grun. in Van Heurck 1881
FROOSA Fragilaria virescens virescens Ralfs 1843
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Taxon Code Taxon Name & Authority
FR005D Fragilaria virescens exigua Grun. in Van Heurck 1881
FR007A Fragilaria vaucheriae vaucheriae (Kutz.)JJB. Petersen 1938
FR009G Fragilaria capucina rumpens (Kutz.) Lange-Bertalot 1991
FR009H Fragilaria capucina gracilis (Oestnip) Hustedt 1950
FR013A Fragilaria oldenburgiana Hust.
FR018A Fragilaria ellipdca Schum. 1867
FR045A Fragilaria parasitica (W. Sm.) Grun. in Van Heurck 1881
FR9999 Fragilaria sp.
FU002A Frustulia rhomboides rhomboides (Ehrenb.) De Toni 1891
FU002B Frustulia rhomboides saxonica (Rabenh.) De Toni 1891
FU002F Frustulia rhomboides viridula (Breb. ex Kutz.) Cleve 1894
GO004A Gomphonema gracile Ehrenb. 1838
GO006A Gomphonema acuminatum acuminatum Ehrenb. 1832
GO006C Gomphonema acuminatum coronatum (Ehrenb.) W. Sm. 18S3
GO013A Gomphonema parvulum parvulum (Kutz.) Kutz. 1849
G09999 Gomphonema sp.
ME019A Melosira arentii (Kolbe) Nagumo & Kobayasi 1977
NA003A Navicula radiosa radiosa Kutz. 1844
NA003B Navicula radiosa tenella (Breb. ex Kutz.) Grun. ex Van Heurck 1885
NA005A Navicula seminulum Grun. 1860
NA006A Navicula mediocris Krasske 1932
NA008A Navicula rhyncocephala rhyncocephala Kutz. 1844
NA014A Navicula pupula pupula Kutz. 1844
NA015A Navicula hassiaca Krasske 1925
NA016A Navicula indifferens H ust 1942
NA032A Navicula cocconeiformis cocconeiformis Greg, ex Greville 1855
NA033A Navicula subrilissima Cleve 1891
NA036A Navicula perpusilla (Kutz.) Grun. 1860
NA037A Navicula angusta Gran. 1860
NA039A Navicula festiva Krasske 1925
NA042A Navicula minima minima Grun. in Van Heurck 1880
NA045A Navicula bryophila bryophila J.B. Petersen 1928
NA048A Navicula soehrensis soehrensis Krasske 1923
NA115A Navicula difficillima H ust 1950
NA123A Navicula modica H ust 1945
NA134A Navicula subminuscula Manguin
NA140A Navicula madumensis EG . Jorg. 1948
NA152A Navicula lapidosa Krasske 1929
NA156A Navicula leptostriata Jorgensen 1948
NA167A Navicu la hoe fieri Sensu Ross et Sims
NA590A Navicula pseudoventralis H ust 1953
NA738A Navicula vidosa Schimanski 1978
NA9999 Navicula sp.
NB003A Neidium affine affine (Ehrenb.) Pfitz. 1871
NE020A Neidium hercynicum A. Mayer 1917
NE9999 Neidium sp.
NI002A Nitzschia fondcola Grun. in Van Heurck 1881
NI005A Nitzschia perminuta (Grun. in Van Heurck) M. Perag. 1903
NI008A Nitzschia ffustulum (Kutz.) Gran. inO eve& G run . 1880
NI009A Nitzschia palea palea (Kutz.)W. Sm. 1856
NI017A Nitzschia gracilis Hantzsch 1860
NI020A Nitzschia angustata angustata (W. Sm.) Grun. in Cleve & Grun. 1880
NI025A Nitzschia recta Hantzsch ex Rabenh. 1861
NI9999 Nitzschia sp.
PE002A Peronia fibula (Breb. ex Kutz.) R. Ross 1956
PI007A Pinnularia viridis viridis (Nitzsch) Ehrenb. 1843
P1011A Pinnularia microstauron microstauron (Ehrenb.) Cleve 1891
PI014A Pinnularia appendiculata (Ag.) Cleve 1896
PI015A Pinnularia abaujensis abaujensis (Pant) R. Ross in Hartley 1986
PI016A Pinnularia divergendssima divergendssima (Granjn Van Heurck) Cleve 1896
PI018A Pinnularia biceps biceps Greg. 1856
PI020A Pinnularia undulata Greg. 1854
PI022A Pinnularia subcapitata subcapitata Greg. 1856
PI022B Pinnularia subcapitata hilseana (Janisch ex Rabenh.) O. Mull. 1898
PI023A Pinnularia irrorata (Grun. in Van Heurck) H ust 1939
PI026A Pinnularia tenuis Gregory
PI039A Pinnularia platycephala (Ehrenb.) Cleve 1891
PI056A Pinnularia rupestris Hantzsch in Rabenh. 1861
PI9999 Pinnularia sp.
SA001A Stauroneis anceps anceps Ehrenb. 1843
SA9999 Stauroneis sp.
SE001A Semiorbis hemicyclus (Ehrenb.) Patr. in Patr. & R eim erl966
SP001A Stenopterobia intermedia (F.W. Lewis) A. Mayer 1913
SP002A Stenopterobia sigmatella (Greg.) R. Ross in Hartley 1986
SU004A Surirella biseriata biseriata Breb. & G odeyl835
SU005A Surirella linearis linearis W. Sm. 1853
SU005B Surirella linearis constricta Grun. 1862
SU006A Surirella delicadssima delicadssima Lewis 1864
TA001A Tabellaria flocculosa flocculosa (Roth) Kutz. 1844
TA004A Tabellaria quadriseptata Knudson 1952
TA9996 Tabellaria flocculosa agg.
TEOOIA Tetracyclus lacustris Ralfs 1843
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Appendix 6.2: Variance Inflation Factors

Table 1: RDA ordination Variance Inflation Factors.
Determinand Variance 

Inflation factor
Conductivity 428.01
PH 225.59
Na+ 327.84
K+ 22.37
Ca2+ 90.38
Mg2+ 68.26
N H / 9.16
LM-A1 9.36
Alkalinity 17.68

G
O o 13.89

cr 33.20
N 0 3' 23.46
Dissolved Organic Carbon 190.25
Distance to Sea 24.20
Catchment Area 31.05
Lake Area 7.14
Max. Catchment Altitude 10.58
% Forestry in Catchment 74.20
Max. Lake Depth 36.47
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Appendix 6.3: Trends at non-forested sites

Afforested sites with high DOC were removed to explore the remaining variation associated with 

p H  in the species data. This left 10 sites AUNI, BOVR, ERGO, FIDD, GLEN, NAVR, SHAW, 

SHDL, UGGA and TUSH.

Single variable constrained ordination with pH was performed with the reduced training-set for 

forested and non-forested sites (Table 6.1). The relationship between diatoms and pH in the 10 

nom-forested sites is much stronger than the forested sites. The first axis of the ordination of non- 

forested sites captures 23.6% of the variation in the species data. This compares with 14.8% for 

the afforested data-set.

Taible 1: Redundancy Analysis of 86 diatom species a t with pH  as the explanatory variable
Eigenvalue V ariance Significance

Explained
Non-forested sites (10) .155 23.6%- • . p = 0.01
Afforested sites (12) .148 14.8% p = 0.02
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Appendix 58.2
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Appendix 8.4: Reconstruction Results

Table 1: Results for Loughaunyella fossil samples: no. taxa per sample; N2; WA-PLS (2) diatom 
inferred DOC reconstruction (estimated mean values and standard errors of prediction); MAT 
inferred DOC; minimum DC (dissimilarity coefficient)____________________ _________________
Sample (mid-point) 
(cm)

No. Taxa N2 Lower est WA-PLS(2) 
error est. DOC

Upper e st  
error

MAT
DOC

Min. DC

LYELO 64 21.67 9.09 10.04 12.44 12.50 0.1461

LYEL0.5 53 20.57 7.62 9.28 10.94 12.50 0.4019

LYELI.O 61 19.61 7.17 8.82 10.48 12.50 0.3461

LYELJ.5 28 12.31 8.25 9.94 11.63 8.56 0.4469

LYEL2 56 22.07 6.65 8.40 10.16 8.35 0.3387

LYEL2.5 61 18.23 7.54 9.22 10.90 8.70 0.3515

LYEL3 51 18.16 7.64 9.29 10.93 8.70 0.3214

LYEL4 58 16.66 7.14 8.76 10.39 8.70 0.3738

LYEL4.5 60 21.18 8.67 10.35 12.03 8.70 0.3322

LYEL5 66 17.64 7.96 9.59 11.23 8.70 0.4008

LYEL7 55 11.71 5.35 6.98 8.61 9.46 0.4357

LYEL8 60 11.65 7.55 9.24 10.93 8 5 6 05019

LYEL9 51 12.59 6.20 7.84 9.48 8.70 0.4724

LYEL10 61 12.66 7.95 9.68 11.40 9.62 0.4184

LYEL11 54 11.77 5.22 688 8.53 651 0.4845

LYEL12 60 14.84 5.47 7.14 8.82 8.70 0.4205

LYEL13 62 13.3 6.90 8.54 10.17 8.70 0.4189

LYEL14 55 11.46 5.12 673 8.33 8.35 0.4471

LYEL15 49 10.12 7.01 8.73 10.44 661 0.5375

LYEL16 52 9.09 6.88 853 10.19 8.70 0.4860

LYEL17 48 8.51 5.94 758 9.21 5.74 0.4169

LYEL18 65 8.34 5.26 691 855 5.74 0.4245

LYEL19 42 7.61 6.46 8.12 9.78 8 5 6 0.4846

LYEL20 56 9.62 4.44 609 7.73 3.96 0.5075

LYEL21 60 8.74 3.77 5.40 7.03 4.02 0.4188

LYEL22 57 11.76 3.62 5.26 691 4.02 05022

LYEL23 60 12.7 4.26 5.87 7.49 8.35 0.4587

LYEL24 55 8.88 5.39 7.04 8.69 5.74 0.4759

LYEL25 61 11.18 5.22 686 8.51 5.74 0.4914

LYEL27 55 11.99 4.98 6.61 8.24 5.74 0.4573

LYEL28 64 10.29 6.85 8.51 10.16 9.23 0.4708

LYEL29 49 13.22 4.63 6.25 7.88 5.30 0.4876

LYEL30 51 9.44 4.26 5.88 7.51 5.74 0.4603

LYEL34 58 9.18 4.58 620 7.83 5.74 0.4188

LYEL40 51 7.20 3.00 4.66 6.32 4.02 0.4523

LYEL44 52 14.13 2.54 4.16 5.77 3.96 0.3818

LYEL54 49 6.01 3.04 4.67 630 4.84 0.3879

LYEL64 62 16.25 4.09 5.78 7.47 3 5 0 0.5481

LYEL74 49 11.41 6.67 8.34 10.01 8.70 05445

LYEL84 51 15.84 5.41 7.09 8.77 6.61 05202

LYEL94 59 16.54 4.42 6.13 7.84 5 3 0 05054

LYELI04 45 7.98 3.51 5.12 673 5.74 0.4283

LYEL114 39 20.62 4.51 6.24 7.97 5.30 05399

LYEL124 54 16.56 3.90 5.50 7.09 5.30 0.4475

LYEL134 51 13-54 3.89 5.51 7.13 64 3 05238

LYEL154 54 17.39 4.29 5.93 7.58 5.30 0.4247

LYEL164 59 17.67 4.72 6.39 8.06 5.08 0.4724

LYEL174 45 10.93 4.22 5.96 7.69 4.02 0.4441

LYEL194 63 12.46 2.89 4.54 619 3 5 0 0.4392

LYEL204 47 17.61 4.01 5.61 7.21 3.96 0.4381

LYEL214 51 15.65 4.04 5.65 7.26 5.30 0.4664

LYEL234 64 15.93 5.02 677 852 4.02 0.4555

LYEL244 47 15.17 6.81 8.43 10.05 5.74 0.4977

LYEL264 49 13.99 9.22 10.86 12-51 8.60 0.4025

LYEL274 31 9.59 14.18 15.82 17.46 8 5 6 05590

LYEL284 62 17.56 5.21 6.89 856 5.30 0.4361

LYEL294 49 13.45 7.40 9.03 10.66 9.62 0.4375

LYEL304 34 11.10 12.27 14.01 15.74 8 5 6 05219

LYEL314 50 13.99 5.52 7.16 8.80 5.30 0.4418

LYEL324 48 14.86 4.62 626 7.89 5.30 0.4312

LYEL334 51 13.83 6.58 8.21 9.85 7.61 0.4542

LYEL344 41 13.88 5.71 7.40 9.10 5.08 05791

LYEL348 48 17.02 4.71 654 8.38 4.61 05730

LYEL356 50 1670 4.13 5.75 7.37 4.61 0.444]
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LYEL364 56 17.14 3.29 4.93 6 5 6 5.30 0.4509

LYEL374 45 18.00 3.76 5.36 6 9 6 5.30 0.4247

LYEL382 43 13.69 4.83 6.48 8.12 5.30 0.4163

LYEL394 49 18.14 3.77 5.37 6.97 5.30 0.4868

LYEL404 47 17.92 5.03 6.66 8.28 5.74 05153

LYHL414 41 13.92 13.74 15.49 17.25 856 0.6140

LYEL424 42 12.59 5.92 7.72 9 5 2 451 05139

LYEL434 48 15.47 7.25 8.92 1059 5.30 0.4917

LYEL443 37 10.37 9.94 1155 13.16 856 0.4293

LYEL454 45 13.65 5.48 7.09 8.71 8.60 0.4990

LYEL464 56 16.59 5.11 6 80 8.49 5.30 0.4111

LYEL474 42 11.53 8.73 10.33 11.93 9.62 0.4091

LYEL494 57 17.68 3.44 5.05 6 6 6 5.30 0.4263

LYEL504 47 16.21 6.14 8.08 10.02 3.65 0.4474

LYEL514 51 14.87 6.61 8.25 9.90 4.61 0.4470

LYHL524 58 17.19 7.05 8.68 1030 5.74 0.4260

LYEL534 47 17.68 5.63 755 9.06 7.61 0.4624

LYEL544 53 19.66 5.43 7.07 8.70 5.30 0.4342

LYEL554 44 14.99 6.35 7.95 9 5 6 53 0 03864

LYEL564 55 17.12 5.17 6 96 8.75 3.65 0.4534

LYEL575 47 15.2 9.11 10.73 12.35 9.62 05134

LYEL594 38 12.23 7.86 9.47 11.07 10.77 0.4296

LYEL604 9 7.81 2.64 4.34 6.04 8.09 0.8054

LYEL614 50 11.71 5.90 751 9.13 758 0.3751

LYEL624 6 2.13 757 9.23 10.89

LYEL644 17 12.78 11.13 12.79 14.45 12.31 0.6110

LYEL664 38 13.41 689 8.49 10.10 671 0.4590

LYEL674 42 11.31 5.41 7.04 8.68 856 0.4882

LYHL684 47 12.63 8.45 10.18 11.91 8.56 03983

LYEL694 50 14.94 7.45 9.06 10.67 1Z31 0.3659

LYEL704 56 19.27 5.97 7.73 9.48 5.30 0.3855

LYEL714 49 15.27 5.77 7.38 8.98 7.58 0.4899

LYEL734 47 14.97 627 7.89 9.50 758 0.4449

LYEL744 25 12.00 669 8.49 10.30 5.30 0.8952

LYHL754 38 13.08 7.21 8.88 1055 7.61 0.4285

LYEL764 12 9.96 3.94 5.63 7 3 2 5.43 1.0539

LYEL774 34 11.00 7.75 9.47 11.19 856 05598

LYEL784 34 18.23 4.29 6.08 7.87 5.30 0.7418

LYEL804 10 8.33 7.45 9.09 10.73 8 56 0.7690

LYEL814 51 13.86 9.31 11.08 12.85 5.30 0.4574

LYEL834 23 8.71 8.60 10.24 11.88 13.76 0.6584

LYEL894 41 16.52 11.61 13.33 15.05 13.82 0.5384

LYEL914 35 12.27 857 10.23 11.89 1231 0.4533

LYEL944 11 6.32 856 10.21 11.85 856 0.6132

LYEL974 32 12.82 12.02 13.83 15.63 8.56 05840

LYEL994 42 17.04 9.33 10.95 1257 758 0.5205

LYEL1004 34 10.75 10.05 11.75 13.46 758 0.4874

LYEL1014 44 15.61 7.09 8.71 10.33 7.45 0.4657

LYEL1024 64 22.83 3.19 4.82 6.46 4.61 0.4912

LYEL1034 56 20.89 4.15 5.83 7.52 4.61 0.4275

LYELI 044 47 16.14 6.10 7.74 9.39 5 30 0.3576

LYEL1054 57 21.69 5.09 6.83 8.56 5.30 0.4408

LYEL1064 59 21.52 4.60 6.23 7.87 5.30 0.4237

LYHL1074 59 14.88 4.17 5.78 7.40 5.64 0.4013

LYEL1084 52 20.85 661 8.22 9.83 758 0.3790

LYELI 094 44 13.94 455 6 20 7.84 5.30 0.4128

LYEL1104 45 14.47 4.22 5.88 7 5 4 4.61 0.4247

LYEL1124 65 19.76 351 5.21 691 5.30 05455

LYEL1134 59 12.99 3.04 4.72 6.40 4.61 03249

L Y ELI144 58 1853 3.16 5.21 7.26 4.61 0.5801

LYEL1I54 48 14.54 1.69 3.42 5.14 350 0.4195

LYELI 159 59 17.6 1.21 2.96 4.70 352 0.4929

LYELI 164 60 17.57 2.35 4.19 6.04 4.61 05981

LYELI 168 43 10.9 5.77 7.41 9.05 758 05950

LYELI 170 45 10.85 643 8.19 9.95 758 0.7248

LYELI 171 50 15.26 3.41 5.07 6 7 4 5.22 05595

LYELI 172 45 8.4 5.01 6.65 8.29 758 0.6157

LYELI 174 40 1058 4.86 649 8.12 758 0.7164

LYELI 173 49 9.77 6.91 8.71 1051 758 05714

LYELI 175 56 14.79 2.82 451 6 2 0 3.65 0.4329
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