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Abstract

The lake-water pH of the Round Loch of Glenhead has risen by approximately 0.2 pH units over the 

last decade, probably as a result of a recent decline in acid deposition. This study is concerned with 

the response of the diatom flora to this short-term low-magnitude pH increase, and the ability of the 

diatom biostratigraphic record to reflect this response.

Evidence of live diatom response to the lake-water pH increase is ambiguous. A comparison of 

epilithic diatom samples from 1983 and 1989/90 indicates significant differences between the two 

periods, but these are difficult to relate directly to the pH increase.

A survey of the surface sediment diatom assemblages reveals the presence of non-contemporary 

sediments over extensive areas of the loch bed. These sediments contain diatom taxa which are no 

longer an important part of the diatom flora.

Recent trends in diatom biostratigraphy are evaluated using two methods; core replication and the 

fine-slicing of cores. The results reveal consistent trends in biostratigraphy in the uppermost 

sediments indicative of a recent reversal of lake acidification. The biostratigraphy indicates that there 

was little delay in the response of the diatom flora to the increase in lake-water pH. The reversal can 

be replicated in cores sliced at 5 mm intervals with accumulation rates over 0.7 mm a'1, and it is 

clearly resolved in the finely-sliced cores. The ability to detect the reversal is dependent on the time- 

average of core slices, the reversal being apparent when this time-average is less than approximately 

six years. Data from both sediment cores and sediment traps indicate that sediment mixing has led 

to some attenuation of the biostratigraphic record. Attenuation is not caused by the re-working of 

non-contemporary taxa.

The recent reversal is a real floristic signal, not the product of variability, and represents a re

establishment of past-communities. Lake sediment diatom records can be used with confidence to 

reconstruct and monitor diatom responses to low-magnitude changes in lake-water pH.

The study also demonstrates the utility of sediment traps for monitoring low-magnitude changes in 

the diatom flora of a lake, such as those associated with reversibility.
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Chapter One 

Introduction

Acid deposition is now accepted as the primary cause of recent lake acidification in the United 

Kingdom. Palaeolimnological studies have played a major role in establishing that lakes have 

acidified over the last 150 years, and also in verifying the acid deposition hypothesis as the only 

credible explanation for the observed pattern of acidification (e.g. Battarbee, 1984; Charles & 

Whitehead, 1986; Battarbee & Charles, 1987; Battarbee et a l , 1988a; Charles et a l , 1989; Battarbee 

et al, 1990). The work has largely been based on evidence from fossil diatom remains, lake surface 

sediment diatom assemblages showing a clear relationship with lake-water pH (Battarbee et al., 

1986). Lake sediments also contain a record of atmospheric contamination, and these records have 

helped confirm the consistency of the acid deposition hypothesis (e.g. Battarbee et al., 1989; Rippey, 

1990; Wik & Natkanski, 1990; Rose, 1991).

Galloway in south-west Scotland has been an area of intensive study of the effects of acid deposition. 

Palaeolimnological studies have shown that lochs in this area have acidified over the last 150 years 

as a consequence of pollutant loadings (Flower & Battarbee, 1983a; Battarbee et a l , 1985; Jones et 

a l , 1986; Battarbee et a l, 1989). Attention in acid rain research is now focusing on the possibility 

of reversing the acidification process (e.g. Forsberg et al., 1985; Barth, 1987; Wright et al., 1988; 

Wright & Hauhs, 1990). The principal issues include the extent to which reductions in pollutant 

emissions and deposition will be reflected in the chemical and biological recovery of freshwater 

ecosystems, and the time-lags that may be associated with such recovery.

The pollution climate of the United Kingdom has changed considerably over the last 20 years. 

Sulphur is one of the principal pollutants responsible for freshwater acidification in the United 

Kingdom (UKAWRG, 1989). Since the peak in the late 1960s, U.K. sulphur dioxide emissions have 

declined by over 30% (see Fig.1.1), although emissions are now stable. Much of this reduction is 

due to declines in industrial emissions (Munday, 1990; Fig 1.1). This trend has been reflected in 

declines in sulphate deposition across the U.K. (Schaug, 1990). In south-west Scotland wet deposition 

generally contributes the bulk of deposited acidity (Fowler & Irwin, 1989). At Eskdalemuir (about 

70 km east of the Galloway Hills) the mean precipitation weighted concentration of S042' in rainfall 

has fallen by about 35% over the last decade, resulting in decreasing acidity of the rainfall (Fig. 1.2). 

The concentrations of nitrate and ammonia in precipitation at Eskdalemuir have remained constant
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Figure 1.1 United Kingdom Sulphur Dioxide emissions, 1970-1988.

j (Source: Munday, 1990)
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Figure 1.2 Annual precipitation-weighted mean chemistry of precipitation at Eskdalemuir, 1973-
1988; pH, H+, S042', N03\  NH/.

J Data supplied by Dr G.Cambell, Warren Springs Laboratory, Stevenage.
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over this period (Fig. 1.2). Interest now lies in the chemical and biological response of the Galloway 

lochs to the overall decrease in strong acid inputs. This study is principally concerned with the 

usefulness of diatoms, both live and fossil, as a means of evaluating the reversibility of lake 

acidification in Galloway. The study concentrates on one lake, the Round Loch of Glenhead.

1.1 Chemical reversibility of surface water acidification

1.1.1 Chemical processes of surface water acidification

The responses of surface waters to increases in acid deposition are mainly controlled by chemical 

processes within catchment soils (Cosby et a l, 1985; Reuss & Johnson, 1986; Reuss et a l, 1987). 

This is because most acid deposition interacts with catchment soils before reaching surface waters. 

The major processes are;

- anion retention by catchment soils (e.g. sulphate adsorption),

- chemical weathering of minerals in the catchment as a source of base cations (Ca2+, Mg2*, Na+, K+) 

and aluminium (Al3+),

- adsorption and exchange of base cations by catchment soils,

- alkalinity generation through dissociation of carbonic acid, and exchange of hydrogen ions for base 

cations.

Sulphate from acid deposition is taken up by soils through the process of sulphate adsorption. 

Following acidification soils contain a pool of sulphate, the size of which depends on the adsorption 

capacity of the soil (Reuss & Johnson, 1986). Old, highly weathered and leached soils rich in iron 

and aluminium oxides typically have high sulphate adsorption capacities (Johnson & Todd, 1983; 

Wright & Hauhs, 1990). Young, thin soils in glaciated terrains have low sulphate adsorption capacity 

(Rochelle et al., 1987; Wright & Hauhs, 1990). Sulphate from acid deposition will be adsoibed by 

the soil until the capacity is filled, and the soil sulphate budget is in balance (Reuss & Johnson, 

1986). At this stage, incoming sulphate becomes excess sulphate. The soil will therefore release 

sulphate into freshwaters, balancing the sulphate anion either with base cations leached from the soil 

or with dissolved aluminium (Cosby, 1987). Leaching of base cations leads to depletion of the cation 

exchange capacity of the soil. Chemical weathering of minerals can replace these lost cations and 

reduce the rate of soil and surface water acidification (Reuss & Johnson, 1986; Bain et a l, 1990). 

The slower the weathering rate, the greater the susceptibility of soils and water to acidification (Bain 

e ta l,  1990).



21

1.1.2 Chemical processes controlling the reversibility of surface waters acidification

The processes described above are also important in determining the reversibility of acidification of 

freshwaters following reductions in inputs of strong acids from atmospheric pollution (Cosby, 1987; 

Wright & Hauhs, 1990).

The rate of reversal of acidification following deposition reductions depends on the sensitivity of the 

system and the degree to which it has been affected (Reuss et a l , 1987). The recovery of freshwaters 

from acidification will be buffered by the desorption of stored soil sulphate and the replenishment 

of base cations in catchment soils. This buffering will therefore be controlled by the release of base 

cations from weathering, the sulphate adsorption properties of the soil, and the size of the pool of 

soil sulphate (Warren, 1988). Extremely sensitive catchments with thin soils, small reserves of 

weakly adsorbed sulphate and low base cation status will therefore acidify rapidly, but will also reach 

, chemical equilibrium with sulphate inputs quickly. Reductions in deposition onto such catchments 

will therefore result in relatively rapid response of surface waters. Improvements in surface water 

acidity in these systems, however, may be delayed if silicate weathering rates are low, as base cation 

replenishment will be slow (Hauhs, 1988).

Catchments with thick soil coverings with high initial base cation status and a large capacity for 

strongly adsorbed sulphate will respond differently to reductions in acid deposition. These systems 

have more buffering against the effects of acidification, so will acidify later than sensitive 

catchments. Such systems may not be in chemical equilibrium with deposition, and therefore contain 

spare sulphate adsorption capacity. Even if deposition is reduced, incoming sulphate will still be 

adsorbed, and soil acidification will continue. A moderate decrease in acid deposition onto such 

catchments may not be sufficient to reverse soil acidification (Wright & Hauhs, 1990), although the 

rate of acidification may reduced. Certainly in this case the surface water acidity would not respond 

to the reductions in deposition (Reuss et a l , 1987; Wright & Hauhs, 1990).

In-lake processes may also accelerate the reversal of lake acidification following deposition 

reductions (Wright & Hauhs, 1990). Alkalinity can be generated within lakes by sulphate reduction 

and retention in the sediments (Schindler, 1986; Dillon et a l , 1986). These processes, however, must 

be considered of minor importance in lakes with rapid water renewal (Wright & Hauhs, 1990), such 

as those in Galloway. Norton et al (1988) showed that for typical drainage lakes in the United 

States, lake sediment sulphur storage could only account for a few peq I*1 decrease in S042' 

concentrations in lake-water.
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Empirical evidence of the varied chemical response to reduced sulphate deposition is now 

considerable (Wright & Hauhs, 1990). The clearest example of reversibility has been observed in the 

area around the copper-nickel smelter complex at Sudbury, Ontario. Sudbury is a major point source 

of S02 and trace metals emissions (Nriagu et al, 1982). Lakes in the area were acutely acidified by 

acid deposition (Dixit et al, 1987). However, emissions over the last 20 years have declined 

dramatically because of changes in smelting processes, emissions abatement measures, and a fall in 

the world market price of nickel (Keller et al, 1986, Dillon et a l, 1986). Local emissions of S02 

declined from about 1.5 million tons per annum in the early 1970s to 0.5-0.8 million tons in the early 

1980s (LaZerte & Dillon, 1984; Dillon et al, 1986). Additionally, the installation of a 400 m high 

’ superstack ’ in 1972 has substantially reduced local dry deposition of S02 (Dillon et a l, 1986).

The changes in deposition in the Sudbury area resulted in a rapid response in lake-water chemistry. 

Lake-water sulphate levels declined by 20-60% and correspondingly pH increased (Dillon et a l , 

1986; Keller et al, 1986; Maclsaac et al., 1986). The pH of Swan Lake, for example, rose from 

about 3.9 in 1977 to 5.6 in 1987 (Dixit et al, 1989). Comparisons of lake-water chemistry from 

surveys in 1974-76 and 1981-83 of lakes within 120 km of the point source at Sudbury show that 

the decline in lake-water S042' and increase in pH is a regional phenomenon (Keller & Pitblado, 

1986).

There is also some evidence of chemical reversibility in other areas following decreases in acid 

deposition. Thompson (1987) attributes a decrease in the S042' concentrations in 12 rivers in Nova 

Scotia and eight rivers in Newfoundland between 1971 and 1983 to the 25% decrease in S02 

emissions in the eastern United States and Canada over the same period. Forsberg et al (1985) found 

that acidification in a number of lakes in western Sweden reached a maximum during the middle of 

the 1970s. In 1977 the acidification trend was reversed, and decreases in the concentrations of 

sulphate and hydrogen ions were observed. Forsberg et al (1985) attributed the improvement of 0.3 

to 0.4 pH units to a 20% decrease in the wet deposition of sulphate.

In Norway as part of the experimental RAIN project, loadings of acid, S042', N03', and NH4+ have 

been reduced by 80% by roofing a 820 m2 catchment at Risdalsheia (Wright et a l , 1988; Wright & 

Henriksen, 1990). Ambient acid precipitation is cleaned, then sprayed underneath the roof. After six 

years of acid exclusion S042‘ concentrations in runoff from the catchment declined relative to control 

catchments by 70% (Wright & Hauhs, 1990). There were also declines in the concentrations of N03*
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and NH4+ in the runoff. Input-output budgets indicate that the catchment is retaining a portion of the 

base cations deposited in precipitation and released from weathering (Wright et a l , 1988; Wright & 

Henriksen, 1990). The pool of exchangeable bases is therefore being replenished. As yet the pH of 

the runoff has shown only a small increase because of buffering by organic acids, but reversal has 

been initiated (Wright et a l , 1988).

There are areas where regional sulphur emissions have declined but reversibility of surface water 

acidification has not occurred. In southern Ontario there has been a 30% decrease in the sulphate 

concentration of precipitation (Dillon et a l , 1987). Plastic Lake, a site of intensive study, has shown 

continuing declines in pH, base cations and alkalinity over the period of the deposition decreases, 

and lake-water S042' has remained stable. Dillon et a l , (1987) attribute these trends to the depletion 

of base cations and the desorption of S042* from catchment soils. This is buffering the response of 

the surface waters. At this site the reduction in deposition has therefore been insufficient to reverse 

the surface water acidification. A similar pattern occurs at Hubbard Brook, New Hampshire in the 

United States, where declines in acid deposition have been offset by continuing soil acidification 

(Driscoll et al, 1989; Wright & Hauhs, 1990). These are examples of systems buffered from surface 

water recovery by sulphate storage and depleted base status in catchment soils.

In southern Norway regional surveys of lake-water chemistry from 1974 and 1986 indicate slight 

falls in lake-water S042' levels (Henriksen et a l, 1988). However in this area N03' concentrations 

in lake-water have increased, and consequently the overall concentration of strong acid anions has 

not changed (Wright & Hauhs, 1990). Soil acidification continues and the acidity of lakes has 

continued to increase.

In Galloway the acidity of wet deposition has declined over the last decade (Fig. 1.2). The bedrock 

of the Galloway area is granitic, and soils are thin and are often peats. Surface waters in Galloway 

have low ionic strength and are sensitive to strong acid inputs (Wright et a l , 1980; Wright & Hauhs, 

1990). These conditions are typical of many areas of Scotland where acidification has occurred 

(Battarbee et a l , 1988a). Peats have very low cation exchange and sulphate adsorption capacities and 

the surface of dystrophic and dystrophic-flushed peats reflects deposition chemistry rather than 

underlying soil mineralogy (Skiba et a l , 1989). The area is therefore sensitive to reductions in acid 

deposition, and decreases in peat and surface water acidity should occur rapidly following reductions. 

Battarbee et al (1988b) and Harriman (1989) presented evidence of decreased lake-water sulphate 

and increased pH in three Galloway lochs since 1980, and suggested that reversibility had occurred 

rapidly after deposition reductions. Wright and Hauhs (1990) presented data from regional surveys
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of 52 Galloway lochs in 1979 and 1988 revealing consistent regional changes in lake-water chemistry 

that are ascribed to declining S042' concentrations in precipitation. The empirical evidence therefore 

shows that surface waters in the Galloway area have recovered chemically from acidification over 

the last 10-20 years. For three of the Galloway lochs, Loch Enoch, Loch Valley and the Round Loch 

of Glenhead, the magnitude of the recovery is in the order of 0.2 pH units (Harriman, 1989; Allott 

et a l , 1991). The timing, rate, and magnitude of the recovery can be compared to the known declines 

in sulphur emissions and sulphate deposition, and to the pre-acidification pH levels of the lochs using 

palaeolimnological data. There is therefore an excellent opportunity to assess the potential effects of 

pollution abatement strategies.

1.2 Biological recovery from surface water acidification

Evidence of biological recovery from lake acidification is less abundant than chemical evidence. The 

only area where there is unequivocal evidence of biological recovery is around Sudbury, Ontario. 

Dixit et al. (1989) presented palaeolimnological data of the recovery of chiysophytes in Swan Lake, 

and they note that diatoms also show recovery. Gunn and Keller (1990) showed that trout, benthic 

invertebrate, and zooplankton populations have all shown recovery in Whitepine Lake, 90 km north 

of Sudbury.

The only evidence of biological recovery in other areas is from diatom-based palaeolimnological 

studies. Battarbee et al (1988b) suggested that modest recovery of diatom communities has occurred 

at two Galloway lochs. Dickman and Fortescue (1991) presented evidence of diatom recovery from 

White Pine Lake in the Sudbury region and Lake 29B in the Algoma region, Ontario. This recovery 

is associated with major declines in sulphate and trace metal deposition following reductions in 

smelter emissions. Other lakes in these two regions, however, showed little or no evidence of diatom 

recovery, and this was attributed to a lag in the response due to large lake volume.

1.3 Diatoms, palaeolimnology, and the reversibility of lake acidification

Algae are one of the most sensitive parts of aquatic systems to environmental change. Diatoms 

provide possibly the most sensitive biological indicator of reversibility of lake acidification as species 

composition and relative abundance are closely related to the acidity of soft-waters (Battarbee et al, 

1986). Diatom studies could have an important role in the evaluation of reversibility, as they should
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provide early evidence of biological response to decreasing acid deposition. Palaeolimnological 

studies based on diatom reconstructions may also be able to efficiently reconstruct recent lake-water 

acidity changes in a large number of lakes in lieu of long-term chemical data collection.

Several studies have already shown that sedimentary diatom records can be used to reconstruct 

relatively large scale recoveries from lake acidification. Diatoms have been used to reconstruct the 

neutralisation of lakes contaminated by acid mine drainage, the level of pH change being up to 4-5 

pH units (Fritz & Carlson, 1982; Brugam & Lusk, 1986). Sedimentary diatom assemblages accurately 

record the rapid increases of lake-water acidity of 1-2 pH units associated with liming (e.g. Renberg 

& Hellberg, 1982; Simola, 1986; Cameron, 1990). Palaeolimnological techniques were used to 

successfully reconstruct the reversibility of Swan Lake, near Sudbury, where there was an increase 

in pH of around 1.5 units over 10 years (Dixit et a l , 1989).

There is less certainty concerning the ability of diatom biostratigraphy to record low-magnitude short

term pH increases, such as that associated with chemical reversibility of lake acidification in 

Galloway. Battarbee et al (1988b) found that cores taken from the Round Loch of Glenhead and 

Loch Enoch between 1981 and 1986 showed floristic reversals in the uppermost sediments, with 

diatom assemblages in the surface sediments of Round Loch having a similar composition to those 

of the 1950s. Flower et al (1990), however, re-cored Round Loch in 1988 and found little evidence 

of recent diatom recovery. It is therefore unclear whether the signal of diatom recovery in the 

Galloway lochs is real.

1.4 Limitations on the ability of lake sediments to record reversibility

There are three principal factors which will limit the ability of sedimentary diatom assemblages to 

reconstruct low-magnitude short-term pH changes; the response of live diatom communities to pH 

change, the resolution of the sedimentary record, and the spatial and temporal variability of 

sedimentary diatom assemblages.

If the species composition of diatom communities does not respond to the pH change, or shows a 

lagged response, this will prejudice reconstructions of the timing and magnitude of the pH change. 

This seems unlikely, however, as live diatom communities have been shown to respond rapidly to 

pH changes (e.g. Cameron, 1990). Nevertheless, data are still required on the response of live 

diatoms to low-magnitude chemical changes.



26

The resolution of the sedimentary record is controlled by sediment mixing processes, sediment 

accumulation rates, and by the thickness of core slices (Guinasso & Schink, 1975; Schindel, 1980; 

Robbins, 1982; Anderson, 1986a). Sediment mixing occurs through the processes of bioturbation and 

resuspension. Bioturbation is the mixing of sediments by the activity of burrowing animals. The 

overall result is the introduction of older material to the surface sediment, or the downmixing of 

newly deposited material, depending on the bioturbating animal (Kleckner, 1967; Davis, 1974). The 

impact of bioturbation on stratigraphy is dependent upon the body size of the animal, the nature of 

its activities, the depth of penetration, and the sediment accumulation rate (Petr, 1977). Bioturbation 

leads to the attenuation or ’smoothing’ of biostratigraphy, peaks being flattened and broadened 

(Miller & Heit, 1986). The effects on sedimentary resolution therefore vary between slight ’blurring’ 

(e.g. Stockner & Lund, 1970; Davis, 1974; Miller & Heit, 1986) to almost complete loss of 

resolution (e.g. Robbins, 1982; Anderson et a l , 1987). Cameron (1990) found a significant loss of 

biostratigraphic resolution through sediment mixing at Loch Fleet and attributed this to processes of 

bioturbation.

Vertical mixing at the sediment interface due to resuspension has a similar impact on stratigraphic 

resolution to bioturbation (Anderson, 1986a). Such resuspension generally occurs due to water 

turbulence, such as that produced in lakes at overturn or through storm events (Davis, 1973; Davis 

& Ford, 1982; Davis et aL, 1984; Luettich et aL, 1990). The effectiveness of resuspension depends 

on the frequency and intensity of resuspension events and the susceptibility of the sediment to 

resuspension (Schindell, 1980).

In the absence of mixing resolution can be extremely high. In meromictic lakes there is no 

bioturbation or interface resuspension. Simola (1977, 1979) and Battarbee (1981) have shown that 

annual diatom succession can be clearly resolved in sediments from meromictic lakes.

Fairly clearly, the greater the sediment accumulation rate the higher the stratigraphic resolution. A 

high sediment accumulation rate will also reduce the impact of bioturbation and resuspension (Davis, 

1974; Smith, 1975). Where accumulation rates are rapid enough to remove deposited sediment from 

the bioturbation and resuspension zone quickly, resolution is retained (e.g. Thomas & Sotero, 1977).

Resolution of the stratigraphic record is also controlled by the thickness of core slice taken. The 

thickness of core slice and the sediment accumulation rate will determine the number of years of 

accumulation represented, the ’time-average’ of the slice (Schindel, 1980). Stratigraphic resolution 

is therefore governed by the time-average of core slices, and by attenuation of the record by interface 

mixing. Lochs in the Galloway area have low sediment accumulation rates, typically <1.5 mm a*1



27

(Flower et a l , 1987; Battarbee et a l , 1988a; Jones et a l , 1989). Potential stratigraphic resolution is 

therefore also low, and may be further reduced if mixing processes are quantitatively important

A further factor that requires consideration is variability. Several authors have found considerable 

heterogeneity both spatially and temporally in lake sediment diatom assemblages (e.g. Dixit & Evans, 

1986; Earle et a l, 1988; Anderson, 1990a; Anderson, 1990b). If recent trends in the diatom records 

of lake sediments are to be confidently interpreted as evidence of reversibility, the magnitude of the 

reversibility signal will have to exceed the magnitude of background variability or ’noise’. Anderson 

(1990b) has argued that the evidence of floristic reversals presented by Battarbee et a l (1988b) may 

represent variability, rather than real diatom response to increasing lake-water pH. He therefore 

recommends that the variability within individual lakes be assessed prior to use of the stratigraphic 

record for fine-scale inferences of diatom and acidity change.

1.5 Study aims and thesis outline

The lake-water pH of the Round Loch of Glenhead has increased by approximately 0.2 pH units 

since 1978 (Allott et a l, 1991; see Chapter Three). This presents an opportunity to study the 
response of the loch’s diatom flora to a short-term low-magnitude pH change, and how this response 

is reflected in the lake sediments.

This study therefore has two principal aims;

1) to establish whether the diatom flora of the Round Loch of Glenhead has changed in 

response to the increase in lake-water pH over the last decade,

2) to assess the potential of the stratigraphic record to reflect such change.

Implicit in the second aim is the evaluation of the importance of accumulation rate, sediment 

interface mixing, core slice thickness, and variability in determining the resolution of diatom 

biostratigraphy in the Round Loch of Glenhead. The study should allow the usefulness of diatoms 

for monitoring chemical and biological recoveiy of lakes from acidification to be assessed.

Chapter Two outlines the methods used in the study. The study site, the Round Loch of Glenhead, 

is described in Chapter Three. This includes details on previous palaeolimnological investigations
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at the site, and presents data on the water chemistry and physical limnology over the study period.

The diatom flora of the loch is considered in Chapter Four. The diatoms currently living in the loch 

are identified, and their community preference explored. Comparisons are made between the current 

epilithic flora of the loch and archived epilithon samples from 1983. This allows some assessment 

of changes in the epilithon over the last seven years to be made. Chapter Four also presents data on 

changes in the epilithic flora over the study period, and relates these to seasonality and lake-water 

pH.

The surface sediment diatom assemblages of the loch are described in Chapter Five. Spatial 

variability is assessed, and related to the variables which may control diatom and sediment deposition 

and accumulation. Diatom and sediment deposition is further explored in Chapter Six, which is 

concerned with sediment trapping. Data from both annual and monthly sediment trap sequences are 

presented. Variation in annual deposition of sediment and diatoms is described.

Chapter Seven is concerned with the recent diatom biostratigraphy of Round Loch. Multiple-core and 

fine core-slicing approaches are used to establish recent trends in sedimentary diatom assemblages. 

Chapter Eight presents a discussion on patterns of sediment accumulation in the loch, the evidence 

of recent diatom reversibility, and the factors influencing the ability of the sedimentary diatom record 

to record low-magnitude short-term changes in the loch's diatom flora and lake-water pH. This 

discussion is based on data presented in previous chapters. The conclusions of the study are presented 

in Chapter Nine.
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Chapter Two 

Methods

2.1 Field methods

Seventeen visits to Round Loch were made during the course of this study. Table 2.1 shows the 

fieldwork undertaken on each visit Detailed sampling strategies are described in the relevant 

chapters.

2.1.1 Sediment cores and surface sediment samples

Multiple short cores were taken from the Round Loch of Glenhead using a modified Kajak corer 

(Brinkhurst et a l, 1969). Cores were taken along roped transects across the lake. This negated the 

need for anchors, and so minimised sediment disturbance. At each coring location depth was 

measured to the nearest centimetre. In areas of the loch where surface sediment samples were 

required but no core recovery could be made, Ekman Grab samples were taken. The top 1 cm of 

sediment was taken from the grab for surface sediment samples. Core and surface sediment sites 

were accurately located from two shore stations using plane tables and polar alidades. All cores were 

extruded on site or carefully transported to the field station and then extruded. Finely-sliced cores 

were extruded using a system modified from Glew (1988). The modifications consisted of an 

extrusion pole raised using a screw thread rather than a ram, and a razor sharp slicing blade mounted 

within a precision slicing block. This system allows sediment cores to be sliced at down to 1 mm 

intervals. All sediment samples were then transported back to the laboratory and stored at 4°C.

2.1.2 Sediment traps

The sediment traps used in this study were constructed from polypropylene pipes of 2.5" or 3” 

diameter. Each trap array consisted of four individual traps attached to a wooden block by brackets. 

These arrays were fixed to anchor ropes about one metre above the sediment surface close to the 

deepest point of the loch (Fig 2.1). Two types of sediment trap were used; cylinder and funnel. 

Further details of the trap designs and trapping strategy are given in Chapter Six. Traps were serviced 

and the accumulated sediment recovered at 1-12 month intervals. Samples were preserved in Lugols 

Iodine within 2 hours of collection, returned to the laboratory and stored at 4°C.



30

a.

?  I  ’’i-

00

9\0006 00ao'O ao o\

Ta
ble

 
2.1

 
Fi

eld
wo

ik 
un

de
rta

ke
n 

at 
the

 
Ro

un
d 

Lo
ch

 
of 

Gl
en

he
ad

, 
Oc

tob
er 

19
88

 
to 

Ja
nu

ary
 

19
91

.



Figure 2.1 System of mooring sediment trap array.

(See text for details of sediment trap design).
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2.1.3 Sampling of live diatom communities

Diatom samples were obtained from all the main live diatom communities; the epilithon, epiphyton, 

epipsammon and plankton. The first three types of sample were all taken from water depth >40 cm. 

Epilithic samples were taken using the Epilithon Sampling Device of Flower (1985). This enables 

diatoms to be sampled from a known area of stone surface, in this case 7.5 cm2, and standing crops 

per unit area can be calculated. Epipsammon samples were collected as a known volume of sand (6 

cm3) from the uppermost centimetre of sand deposits. The diatom epiphyton was sampled from the 

four dominant macrophyte species in the loch; Juncus bulbosus, Lobelia dortmanna, Isoetes lacustris 

and the liverwort Jungermannia obovata. The sampling procedure varied according to the species. 

For J. bulbosus a subsample of the leaves was taken; for L. dortmanna the entire plant was sampled. 

Subsamples of J. obovata were removed from growths on submerged stones and rocks. Isoetes 

lacustris generally grows in water depths of 1-3 m, so were sampled with an Ekman Grab. Samples 

of this taxon therefore consisted of leaves retrieved in individual grab samples. Phytoplankton 

samples were collected on each visit to the loch. Two litre samples were taken from a depth of 50 

cm in the centre of the loch, preserved with Lugols Iodine and subsequently sedimented in a 2 litre 

measuring cylinder for 5 days. Samples were then reduced to 20 ml. All live diatom community 

samples were preserved in Lugols Iodine within 2 hours of collection and stored at 4°C.

2.1.4 Lake-water pH

Samples are taken from the loch four times a year for full chemical analyses by the Freshwater 

Fisheries Laboratory, Department of Agriculture and Fisheries for Scotland (DAFS) as part of the 

United Kingdom Acid Waters Monitoring Network (Patrick et a l , 1991). In this study, then, only 

lake-water pH was measured on each visit to the loch. Three replicate water samples were taken from 

the loch outflow in acid washed containers. pH was measured with a Beckman pH meter, calibrated 

to buffers of pH 4 and 7, within two hours of the sample being taken.

2.1.5 Lake water temperature mid oxygen content

Lake water temperature (°C) and oxygen content (mg I'1) were measured at each visit to the loch. 

Measurements were made at 1 m increments down a profile at the deepest point in the loch (13.6 

m). Oxygen content was converted to percentage saturation using standard tables taking temperature 

and atmospheric pressure into account (Wetzel, 1983a).
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2.2 Laboratory methods

2.2.1 Dry weight and loss on ignition determinations

Sediment dry weight was calculated after drying a known weight overnight in an oven at 100°C. Loss 

on ignition (LOI) measurements were made after combustion in a muffle furnace at 550°C for 2 

hours. At each stage samples were cooled to room temperature in a desiccator before reweighing.

2.2.2 Core stratigraphy

Stratigraphy of the lake sediment was recorded using the Troels-Smith system for characterising 

unconsolidated sediments (Aaby, 1979).

2.2.3 Core dating

Dating of the master sediment core (K05) was performed at the Environmental Radiometric 

Laboratory at the University of Liverpool. Sediment samples were analysed for 210Pb, ^Ra, 137Cs and 

241 Am by gamma spectrometry (Appleby, et a l , 1986). A 210Pb chronology was calculated using the 

CRS 210Pb dating model (Appleby & Oldfield, 1978).

2.2.4 Sediment trap samples

Sediment trap samples were placed in an oven at 100°C until dry. The dry weight of sediment in 

each sample was then recorded. Loss on ignition determinations were only made when the quantity 

of material available was sufficiently high (>0.3 g) to allow both LOI and diatom analyses.

2.2.5 Preparation of samples for diatom analysis

Diatom samples were prepared using a standard hydrogen peroxide digestion (Battarbee, 1986). 

Sediment samples were prepared using the water bath method of Renberg (1990). Sediment trap and 

live diatom samples were prepared by digestion in beakers on a hot plate at 110°C. In the live diatom 

samples sand particles and remaining large organic debris were filtered from the samples using a 500 

pm sieve at the end of the digestion. The samples were then washed and a known number of 

microspheres added to each sample to allow estimations of diatom concentrations (Battarbee & 

Kneen, 1982). All samples were mounted on microscope slides in naphrax.
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Diatoms were identified and counted using a Leitz research quality microscope under oil immersion 

at xlOOO using phase contrast. For the sediment and trap samples at least 500 valves were counted. 

A minimum of 300 valves were counted for live diatom samples.

A variety of sources was consulted for identification of diatom taxa. The most commonly used floras 

were Hustedt (1927-66, 1930), Cleve-Euler (1951-55), Patrick and Reimer (1966, 1975), Krammer 

and Lange-Bertalot (1986,1988), Carter and Bailey-Watts (1981) and the PIRLA diatom iconograph 

(PIRLA, 1984-86). In addition a number of taxonomic papers were consulted including Flower and 

Battarbee (1985), Cambom and Kingston (1986), Haworth et al. (1987), Flower and Kreiser (1988), 

and Flower and Jones (1989). Nomenclature mainly follows Hartley (1986) and a full list of the taxa 

identified with authorities and diatcodes is given in Appendix One.

2.3 Data manipulation and presentation

The diatom data are stored on the DISCO database on a VAX 11/750 at the Department of 

Geography, University College London (Munro et al., 1990). The data were downloaded onto the 

PARADOX 3.0 database (BORLAND, 1988) for manipulation. A variety of multivariate statistical 

programmes were utilised for the analyses of diatom data. Ordinations were carried out using 

CANOCO 3.10 (ter Braak, 1988a; ter Braak, 1990) and TWINSPAN (Hill, 1979) was used for data 

classifications. The programme MATCH (Juggins,pers comm.) was used for analog matching and 

the calculation of distance measures between diatom assemblages. Diatom-based pH reconstructions 

were made using WACALIB 2.1 (Line & Birks, 1990) and the SWAP diatom/water chemistry data

set (Stevenson et al. , 1991). The statistical package MINITAB (Ryan et a l , 1982) was also used. All 

analyses were performed on an IBM compatible PC. The MAPICS (1985) package was used for 

graphs and plotting.j In all figures containing a schematic diagram of the Round Loch of Glenhead, 
north is to the top of the page.
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Chapter Three 

Study Site

The Round Loch of Glenhead (NX 450 804) is a small upland hill loch located in the Galloway Hills 

(Table 3.1). It has been the subject of detailed palaeolimnological investigations of surface water 

acidification (e.g. Flower & Battarbee, 1983a; Jones et al., 1986; Jones, 1987; Battarbee et al., 1989). 

In addition it has been included in wider studies of acidification in the Galloway area (e.g. Wright 

& Henriksen, 1980; Harriman & Wells, 1985). The site has been part of the United Kingdom Acid 

Waters Monitoring Network since 1988 (Patrick et a l , 1991). Jones (1987) has extensively described 

the Loch and its catchment, and many of the details presented here are drawn from this work.

3.1 The Round Loch of Glenhead Catchment

3.1.1 Geology

The Round Loch of Glenhead is located on the Loch Doon granite mass. This intrusion is composite, 

the rocks ranging from acid true granites in the central area to basic norite in certain areas of the 

margin. Much of the intrusion consists of an intermediate tonalite (Gardiner & Reynolds, 1932). 

Samples of this rock indicate a hornblende granite in which plagioclase is the dominant feldspar 

(Teall, 1899). The tonalite has a low rate of weathering of the minerals, and has a large average 

crystal size. The overall weathering rate of fresh rock is therefore slow. The Round Loch of 

Glenhead is situated on the tonalite, although inclusions of altered sedimentary rocks are common 

to the north of the loch.

3.1.2 Soils

The catchment soils are part of the Garrary complex of the Dalbeattie soil association (Bown & 

Heslop, 1973). These are mainly blanket peats, although peaty podzols occur on the steeper slopes. 

The very steep slopes to the east of the lake are characterised by bare rock and skeletal soils.
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Table 3.1

Round Loch of Glenhead: Site charateristics (Adapted from Patrick et a l , 1991).

Lake altitude 
Maximum depth 
Mean depth 
Volume 
Residence time 
Lake area

295 m 
13.6 m 
4.28 m
0.53 x 10-6 m3 
c.66 days 
12.5 ha

Catchment geology 
Catchment soils 
Catchment vegetation 
Catchment area 
Catchment:lake ratio 
Net relief
Mean annual rainfall
Wet deposited acidity
Wet deposited non-marine sulphate

tonalite, tonalite/granite 
peats, peaty podsols 
100% moorland
95.1 ha (excluding lake)
7.6
236 m
c.2700 mm (1988)
0.5 kg H+ ha1 yr1 (1988) 
21.73 kg S ha1 yr1 (1988)

Table 3.2

Round Loch of Glenhead: Water chemistry (1988-89) (Juggins et a l , 1989).

Determinand Mean Max Min
Temperature °C 7.3 13.2 4.2
pH 4.85 4.94 4.72
H+ Meql1 14.57 19.05 11.48
Alkalinity (CaC03) mg r1 -0.8 -0.6 -1.1
Conductivity pS cm-1 35.3 49.0 28.0
Ca mg rl 0.68 0.75 0.60
Mg mg r1 0.6 0.7 0.5
Na mg 11 4.0 5.2 3.2
K mg r1 <0.75 <0.75 <0.75
S 04 mg r1 2.7 3.1 2.2
TON mg r1 0.04 0.08 <0.03
po 4 mg I'1 <0.005 <0.005 <0.005
Cl mg r1 6.73 9.7 4.7
F mg r1 0.01 0.01 <0.01
Sol mon Al Mg I’1 82.3 106.0 69.0
Sol NL mon Al Mg I1 41.3 60.0 17.0
Sol L mon Al Mg I1 41.0 89.0 9.0
Cu m gl'1 <0.02 <0.02 <0.02
Zn mg r1 <0.02 <0.02 <0.02
Fe mg l 1 0.05 0.08 0.03
Mn mg I 1 0.02 0.02 0.02
Si m gl'1 0.4 0.5 0.2
DOC m gl'1 2.9 4.0 2.0
Excess S 04 mg l'1 1.75 1.88 1.54
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3.1.3 Vegetation

The catchment of Round Loch is non-afforested. The vegetation is dominated by a type of Molinia 

caerulea grassland often associated with blanket bogs (Birse & Robertson, 1973). Other common 

species include Calluna vulgaris, Erica tetralix, and Nardus stricta. In wetter parts of the blanket 

mires Narthecium ossifragum and Sphagna species ate important. The community is maintained by 

low-density sheep grazing and periodic burning (Jones et a l, 1989).

3.1.4 Climate

The climate of Galloway is mild oceanic. The nearest weather station to the Round Loch of Glenhead 

is at Loch Dee. The 1941-1970 standard period average rainfall at Loch Dee is 2232 mm (Tervet & 

Harriman, 1988) with the highest average monthly rainfall totals occurring between September and 

January. During the period 1980-1988 annual rainfall at Loch Dee was above the long-term average 

every year except 1984 (Lees, 1989). This site is 70 m lower than Round Loch and so altitudinal 

enhancement will somewhat increase the rainfall at Round Loch.

3.1.5 Acid precipitation

The loch and its catchment are in an area of high acid deposition. In 1988 the wet deposited acidity 

was 0.5 kg H+ ha'1 yr1 and the wet deposited non-marine sulphate was 21.73 kg S ha'1 yr'1 (Patrick 

et a l, 1991). The precipitation weighted annual mean pH of rainfall at Loch Dee in 1988 was 4.75 

(Lees, 1990).

3.2 The Round Loch of Glenhead

The Round Loch of Glenhead covers an area of 12.5 ha with a maximum length of 500 m and a 

maximum width of 345 m. There is a small island just off the western shore. The loch receives 

drainage from the catchment blanket peats and several minor inflows. The outflow is in the south

west comer of the loch, and drains into the Glenhead Bum.

3.2.1 Bathymetry

A bathymetric survey of the lake was made in 1983 using survey methods following Battarbee et
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al (1983). Echo soundings were made along transects across the loch, each sounding being 

triangulated from two shore stations using plane tables and polar alidades. Additional points were 

added to this initial survey from core work undertaken by Jones (1987) and during this study. Point- 

depth data were contoured using the Mapics (1985) software package (Fig 3.1). The loch has a single 

basin (maximum depth 13.6 m) with a relatively simple bathymetry. The deepest water is offset to 

the south-west, and stretches in an arc towards the east of the basin. From the deepest water the 

basin rises steeply to the north, west and south of the deepest water, but more gently to the east. 

Slopes are also less steep in the northern part of the lake basin, and there is an extensive shelf of 

shallow water located around the island.

3.2.2 Water chemistry

Water quality measurements for the Round Loch of Glenhead have been made by Wright and 

Henriksen (1980), Flower and Battarbee (1983b), Flower et al (1986) and by the Department of 

Agriculture and Fisheries for Scotland (DAFS) (Harriman, pers comm.). Water chemistry is now 

measured four times a year as part of the United Kingdom Acid Waters Monitoring Network (Patrick 

et al., 1991). The mean water chemistry of Round Loch for 1988-89 (n = 4) is shown in Table 3.2. 

The DAFS data of lake-water pH from 1978-1990 are shown in Figure 3.2. The record shows clear 

seasonal variation and summer values can be 0.2 pH units higher than winter values. There is a clear 

trend of increasing pH between 1978 and 1989. A comparison of mean values between 1978-79 (n 

= 5) and 1988-89 (n = 10) indicates the magnitude of the increase, from 4.68 +/-0.11 (95% 

confidence intervals) to 4.91 +/-0.06. This increase of 0.23 pH units in the sample means between 

the two periods is significant at the 99% confidence interval (p=0.006), indicating a slight recovery 

from acidification since 1978.

Changes in other chemical parameters over the last decade are consistent with a reversal of 

acidification. There has been a fall in mean total aluminium (Al) levels from 139 pg I'1 in 1978-79 

to 80 pg I'1 in 1988-89 (Harriman,pers comm.). Mean S042' levels have also fallen from 5.18 mg 

I’1 in 1978-79 (Battarbee et al. , 1988; n = 5) to 3.85 mg l 1 in 1984 (Flower et a l , 1986; n = 2) and 

are now 2.7 mg I"1 (see Table 3.2). The corresponding data for Ca2+ shows increasing levels through 

the last decade; 0.54 mg I'1 in 1978-79, 0.60 mg I'1 in 1984 and 0.68 mg I'1 in 1988-89.

3.2.3 Aquatic macrophytes

Round Loch has a poorly developed aquatic macrophyte flora. Lobelia dortmanna is the most
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Figure 3.1 Bathymetry of the Round Loch of Glenhead.

9

Contour Interval: 1 metre 100m



40

oo)
CT)

O)
.00a*

oo.oocn

.ooO)

cooo
CT)

in.oo
CT)

.00 oO)

rO.00
CT)

CM00
CT)

1111111111111 r i] 11 i t | i r r i {111111 r r q  i n  l j i i r 11 rm

_ o o
CT)

o.oo
CT)

CT)
.r*O)

oo,i
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important species and grows all around the lake margin. Juncus bulbosus v. fluitans is abundant in 

the sandy bays and Isoetes lacustris grows on mud surfaces in water depths of up to 3 m. These 

species are characteristic of acidified and oligotrophic lakes (Seddon, 1972; Farmer, 1990). The leafy 

liverwort Jungermannia obovata is common. The following species are also present in the lake 

(Raven 1985); Littorella uniflora, Isoetes echinospora, Potamogeton natans, Potamogeton 

polygonifolis, Sparganium angustifolium, Carex rostrata, Eleocharispalustris and Glyceria fluitans. 

The green alga Mougeotia, which is indicative of acid waters (Schindler, 1980; Stokes, 1984), is also 

common (Jones, 1987).

3.2.4 Macroinvertebrates

The macroinvertebrate fauna of Round Loch is impoverished and indicative of low pH (Patrick et 

a l, 1991). Chironomidae are the only abundant macroinvertebrates identified, although the acid 

tolerant mayfly Leptophlebia vespertina, and a few beetles and corixids are also common (Juggins 

et a l, 1989, 1990). Analysis of macroinvertebrate remains from profundal surface sediments of the 

loch show the presence of Cladocera in addition to Chironomids (Jones et a l, 1990). Chaoborus 

larvae have also been observed in the tops of cores taken from Round Loch (Battarbee,pers comm.).

3.2.5 Fisheries status

In common with other sites in Galloway the salmonid fishery of Round Loch has been severely 

depleted during this century as a result of acidification (Maitland et a l, 1987; Harriman et al., 1987). 

MacDonald (1927, cited in Cambell, 1987) stated that he had caught many fish from the loch, none 

of which showed deformities. At present there is a very sparse natural brown trout population. 

Netting of the loch in April 1985 yielded a single fish which had a deformed tail (Cambell, 1987). 

Other fish from Round Loch have been found to have skeletal abnormalities (Battarbee & Charles, 

1987). In 1986 the loch was accidentally stocked with an unknown quantity of young brown trout 

by the forestry commission (Morrison,pers comm.), and electro-fishing of the outflow stream in 

1989 revealed a very low density of trout with ages up to three years (Patrick et a l, 1991).

3.2.6 Photic depth

The maximum depth to which algae and macrophytes can grow is dictated by the penetration depth 

of light wavelengths active in photosynthesis. In June 1990 the maximum water depth in which 

aquatic macrophytes were found was 3.5 m (Monteith,/?ers comm.). It is normally assumed that the
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approximate compensation depth for algal photosynthesis is the depth to which 1% of the most 

penetrative waveband remains (Moss, 1980). On 19 October 1990 this depth was measured to around 

6 m in Round Loch (Kirrikes,/?ers comm). It would therefore appear that the photic zone of Round 

Loch is restricted to water depths of less than 6 m.

3.2.7 Physical limnology of the Round Loch of Glenhead: 1988-1991

As part of this study three basic limnological measures were made on each visit to the loch; lake- 

water oxygen and temperature profiles and pH. Lake-water temperature follows an annual cycle in 

response to mean daily air temperatures (Figs 3.3 & 3.4). For much of the year the water temperature 

is isothermal, suggesting that the lake-water is well mixed. The lake undergoes slight stratification 

in the summer months when lake-water temperatures are highest This stratification was more 

pronounced in the summer of 1989 than 1990, probably because of the relatively higher air 

temperatures in the summer of 1989 resulting in higher surface water temperatures (Figs 3.3a & 

3.3e). The lowest water temperatures occur in the winter months (2-3°C). There was a thin covering 

of ice on the surface of the loch in early December 1989. This coincided with a period when air 

temperatures were consistently below 0°C and mean daily wind speeds were exceptionally low (Figs 

3.3a & 3.3c).

Figure 3.5 shows that there is a high degree of oxygen saturation (>90%) throughout the water 

column for most of the year. This also indicates good circulation within the water column. During 

the summer stratification, however, some oxygen depletion occurs with increasing depth. There is 

never complete anoxia within the water column, and the lowest oxygen saturation recorded in the 

lake was 45% at 13 m on 31 July 1989.

These results indicate that the loch is usually monomictic. Circulation is sufficiently effective to keep 

the water column completely mixed except for a period of slight stratification during the summer 

months when air temperatures are high.

Lake-water pH over the study period is shown in Figure 3.3d. The most notable feature of this 

diagram is the rapid fall in pH during January 1990. The lake-water pH in October 1988 was 4.91 

and remained at 4.86-4.95 until July 1990 when it rose to 5.03. The pH value then fluctuated at 

relatively high levels (4.95-5.04) until January 1990. The value on 3 February 1990 was 4.79. This 

rapid fall in pH followed two major storms in January 1990 characterised by high rainfall totals and 

severe gale force winds (Figs 3.3b & 3.3c). Figure 3.3c does not fully represent the wind speeds 

associated with these events as it shows mean daily wind speeds rather than maximum instantaneous
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Figure 3.3 Climatic data from Loch Dee and limnological data from the Round Loch of 
Glenhead, 1988-1991; a) mean daily air temperature at Loch Dee, b) mean daily 
rainfall at Loch Dee, c) mean daily windspeed at Loch Dee, d) lake-water pH at 
Round Loch, e) surface water temperature at Round Loch. Loch Dee climate data 
supplied by Solway River Purification Board.
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windspeeds. Reductions in the pH of other streams and lochs in the area were also recorded 

following the storms (Harriman,pers comm.). The storms therefore represent a low pH event with 

the subsequent suppression of pH values (e.g. Lees, 1990).

The pH of the loch showed some recovery through 1990, and the value on 25 January 1991 was 

4.87. The pH values in the summer of 1990 were 0.2 units lower than those observed the previous 

year (Fig 3.3d) and the impact of the low pH events of January 1990 lasted throughout the year. 

The mean pH in the loch between October 1988 and January 1990 was 4.96, whereas the mean 

between February 1990 and January 1991 was 4.80. Although the long-term pH record of Round 

Loch suggests some seasonal variation (Fig 3.2) this was not apparent over 1989-1990. The surface 

water temperatures of Round Loch follow a seasonal cycle, but do not show a significant correlation 

with lake-water pH (product moment correlation = 0.252, not significant at 95% level).

3.3 Lake sediments

3.3.1 Stratigraphy

Jones (1987) undertook a survey of the depth of Late and Post-glacial organic accumulation in Round 

Loch. This indicated that the greatest accumulation of organic sediment was found in the deepest 

water (Fig 3.6). with consistently high levels of organic accumulation found only below a water 

depth of 9 m. In more shallow water the depth of sediment was found to be more variable. A series 

of five long cores (RLGH1-5) were taken by Jones (1987) from profundal areas of the loch and 

retained for detailed stratigraphic analysis All the cores showed similar lithostratigraphic features. 

A master core was chosen based on the assumption that the sediment accumulating in the deepest 

area of the lake is qualitatively representative of the whole basin (Davis & Ford, 1982). RLGH3 was 

chosen as the master core as it had the greatest accumulation of highly organic recent sediments, and 

a more complete Late-glacial sequence than the other cores (Jones, 1987).

The core had clay at its base (254-262 cm). This was characterised by LOI values of less than 15% 

and dry weight values of 30-40% (Fig 3.7) and was assumed to date from the Late-Devensian (Jones, 

1987). Overlying the clay was a layer of dark brown mud (242-253 cm), thought to originate from 

the Late-glacial Windermere interstadial, and between 228 cm and 242 cm was a second clay layer 

representing the Loch Lomond stadial (Jones, 1987). Pollen analysis confirmed these interpretations 

of the Late-glacial record (Jones et a l , 1989), a sequence typical of sites not re-glaciated during the
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Figure 3.6 Scattergraph of depth of organic sediment against water depth for the Round Loch 
of Glenhead. Data from Jones (1987).
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Figure 3.7 Dry weight and loss on ignition profiles for core RLGH3 (from Jones, 1987).
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Loch Lomond re-advance (Gray & Lowe, 1977).

Above these deposits organic sediment was continuously deposited throughout the Post-glacial 

period. Between 48-227 cm the sediment was a daik greyish brown organic mud (LOI 20-30%), but 

this changed into a blackish fine detritus mud (LOI 40-50%) between 48 cm and the top of the core. 

This increase in LOI values has been attributed to peat erosion within the catchment (Stevenson et 

a l, 1990), and is present in all long cores taken from the loch.

A chronology for RLGH3 was established using both 14C dating (Jones et a l, 1989) and by 210Pb 

dating (Jones et a l , 1987). In the early part of the Post-glacial sediment accumulation was slow and 

linear at about 0.16 mm a'1. Between c.4400 B.P. and the peat inwash (c.1600-1700 A.D.) the 

accumulation rate was higher at approximately 0.46 mm a'1. 210Pb dating indicated that the 

accumulation rate in the upper black organic mud unit is higher than at any other point in the core 

(Stevenson et a l, 1990). The average post-1900 A.D. accumulation rate was 1.43 mm a'1 (0.0135 

g cm'1 a'1), although in the uppermost sediments the accumulation rate increased to 1.6-2.0 mm a'1 

due to the decreasing effect of compaction.

3.3.2 Pollen record

The pollen record of core RLGH3 shows trends of vegetational change through the Late-glacial and 

early Post-glacial consistent with other sites in Galloway (Moar, 1969; Biiks, 1972, 1975; Jones et 

a l, 1989). In the early Post-glacial the pollen assemblages show an open environment with 

herbaceous taxa dominant. Forest succession began at approximately 9000 years B.P., and by 

approximately 7000 B.P. the flora was dominated by deciduous forest species (Jones et a l, 1989). 

Although a survey of the blanket peats in the catchment showed that peat began to accumulate in 

localized depressions as early as 9000 B.P. (Jones, 1987), the pollen record shows a major expansion 

of peatland indicator taxa around 5000 years B.P.. This has been interpreted as representing a rapid 

lateral expansion of blanket peats and the replacement of forest by the blanket mires (Jones et a l,

1989). The pollen record shows that this mire community was maintained until the present, although 

around 1905 A.D. there was a switch from a community dominated by Calluna to one dominated 

by Gramineae. This is thought to be the result of increased management of the catchment for grazing 

by burning, which favours Molinia over Calluna (Jones et a l, 1989).
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3.3.3 Diatom record

Detailed diatom analyses of cores from the Round Loch of Glenhead have been undertaken by 

Flower et al (1987), Jones et al (1989), and Flower et a l (1990). Jones et al (1989) divided the 

post-glacial diatom assemblages into six zones (Table 3.3). Zones 1-4 are distinguished by changes 

in the relative abundances of several common taxa including Aulacoseira per glabra, Aulacoseira 

perglabra var. floriniae, Navicula leptostriata, Cyclotella kuetzingiana, Fragilaria virescens var. 

exigua and Brachysira vitrea. The boundary between zones 2 and 3 dates to approximately the time 

blanket peats were expanding through the catchment Diatom zone 3 retains the characteristic taxa 

of previous zones, although there is an expansion of Fragilaria virescens var. exigua and the 

appearance and expansion of Cyclotella kuetzingiana.

The boundary between diatom zones 4 and 5 is distinguished by the loss of Cyclotella kuetzingiana, 

the only common planktonic diatom, from the assemblages. This boundary is coincident with the 

stratigraphic change from brown to black organic mud, interpreted as representing catchment peat 

erosion, and was tentatively dated to c.1600-1700 A.D. (Stevenson et al., 1990). The loss of plankton 

from the flora at this time was interpreted as a result of reduced water transparency (Jones et a l, 

1987).

The most prominent changes in the diatom assemblages occurred over the last 150 years. Diatom 

zone 5 is characterised and dominated by the circumneutral taxa Brachysira vitrea, Fragilaria 

virescens var. exigua, and Achnanthes minutissima. These taxa all begin to decline in abundance at 

c.1850 A.D., the boundary between zones 5 and 6. In diatom zone 6a the acidophilous taxa Eunotia 

incisa, Eunotia naegelii and Navicula leptostriata all expand, and the acidobiontic taxon Tabellaria 

quadriseptata becomes continuously present. Diatom zone 6b, beginning at c.1940 A.D., is 

characterised by an even more acid flora. The acidophilous taxa decrease in importance, Tabellaria 

quadriseptata becomes dominant and other acidobiontic taxa, Tabellaria binalis, Navicula hoefleri 

and Navicula madumensis, increase in abundance. These post-1850 A.D. changes occur in the diatom 

records of all of the cores studied from Round Loch (Flower et a l, 1987; Battarbee et a l , 1988b; 

Jones et a l, 1989; Flower et a l, 1990).

Quantitative techniques have been used to reconstruct lake-water pH, dissolved organic carbon 

(DOC) and aluminium (Al) from the diatom record of Round Loch (e.g. Renberg & Hellberg, 1982; 

Flower, 1986; Stevenson et a l, 1989; Birks et a l, 1990a, 1990b). The loch was acid throughout the 

Post-glacial (Jones et a l, 1989). The lake-water pH between the beginning of the Post-glacial and
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Table 3.3 Diatom zones for the post-glacial diatom biostratigraphy of the Round Loch 
of Glenhead (from Flower et a l, 1987; Jones et a l, 1989).

Diatom Zone Dominant Taxa Inferred Lake Conditions

6b
(1948 AD-present)

Tabellaria quadriseptata 
Eunotia incisa
Frustulia rhomboides var. saxonica 
Navicula leptostriata 
Navicula madumensis 
Brachysira brebissonii 
Eunotia naegelii

Strongly acidified by 
atmospheric sources

pH 4.7-4.9

High Aluminium 
Low DOC

6a
(1905-1940 AD)

Eunotia incisa
Frustulia rhomboides var. saxonica 
Navicula leptostriata 
Eunotia naegelii 
Tabellaria qudriseptata 
Peronia fibula

Mildly acidified by 
atmospheric sources

pH 4.9-5.3

Increasing Aluminium 
Decreasing DOC

5
(c.1650-1905 AD)

Brachysira vitrea 
Eunotia incisa
Fragilaria virescens var. exigua 
Tabellaria flocculosa 
Frustulia rhomboides var. saxonica 
Achnanthes minutissima

pH 5.4-5.6

Catchment disturbance 
Loss of Cyclotella flora

Medium DOC

4
(1850 BP-c.1650 AD)

Fragilaria virescens var. exigua 
Brachysira vitrea 
Cyclotella kuetzingiana 
Achnanthes minutissima 
Frustulia rhomboides var. saxonica

Pristine softwater lake 

pH 5.4-5.6 

Decreasing DOC

3
(4100-1850 BP)

Aulacoseira perglabra 
Fragilaria virescens var. exigua 
Frustulia rhomboides var. saxonica 
Eunotia incisa 
Brachysira brebissonii 
Cyclotella kuetzingiana 
Brachysira vitrea 
Melosira arentii

Pristine softwater lake 

pH 5.2-5.6 

High DOC

2
(6800-4100 BP)

Brachysira vitrea 
Eunotia incisa 
Brachysira brebissonii 
Aulacoseira perglabra 
Frustulia rhomboides var. saxonica

Pristine softwater lake 

pH 5.2-5.4 

Medium DOC

1
(9200-6800 BP)

Aulacoseira perglabra 
Brachysira vitrea 
Brachysira brebissonii 
Eunotia incisa
Fragilaria virescens var. exigua

Early Post-Glacial softwater 
lake

pH 5.4-5.8 

High DOC
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1850 A.D. was relatively uniform at 5.2-5.4, although there were some short-lived fluctuations (Biiks 

et a l , 1990a). DOC and Al were at relatively low levels in the Late-glacial (2.5-3.2 mg I'1 and 62-90 

pg I*1 respectively). High DOC levels of 4.0-4.9 mg I'1 occurred between c.9700 and 7050 B.P. (Birks 

et a l, 1990b), a time when pine was growing locally in the catchment (Jones et a l , 1989). Relatively 

high DOC levels (3.7-4.0 mg I'1) also occurred during the spread of the blanket peats after c.5000 

B.P.. Values of aluminium varied between 75-110 pg I*1 throughout much of the Post-glacial period 

(Birks et a l , 1990b). The lake-water pH fell markedly after 1850 A.D.; the reconstructed pH at 1945 

A.D. was 4.9 and the minimum reconstructed value was 4.7. The most striking changes in both DOC 

and Al also occurred in the last 100 years, DOC falling to very low levels (2.4-2.6 mg I1) and Al 

increasing markedly to 125-150 pg I'1.

Battarbee et al. (1989) and Birks et al (1990b) interpreted the major chemical changes over the last 

150 years as a shift from a naturally acid, organic weak-acid dominated lake to an acidified, mineral 

strong-acid dominated lake. The results of acidification at Round Loch were a striking increase in 

surface-water acidity, a loss of DOC and a decrease in available organics to complex mobilised, 

potentially toxic, inorganic Al (Birks et a l, 1990b). It has been clearly demonstrated that acid 

deposition is the only plausible explanation for this acidification (Battarbee et a l , 1985; Jones et a l, 

1986; Battarbee et a l, 1989).

3.3.4 Atmospheric contamination record

The sediments of the Round loch of Glenhead contain a record of atmospheric contamination by both 

trace metals and spherical carbonaceous particles (SCPs) consistent in both timing and trends with 

acid deposition (Battarbee et a l, 1989). Darley (1985) found a clear relationship between the 

carbonaceous particle record of lake sediments from Round Loch and the U.K. history of fossil fuel 

combustion. Lead contamination starts in the late 18th century and zinc contamination around 1820 

A.D., and the concentrations are highest during the 20th century (Rippey, 1990). The start of 

atmospheric contamination pre-dates the diatom evidence of acidification (Battarbee, 1990). There 

is stratigraphic evidence, however, indicating a recent improvement in the quality of the atmosphere. 

There is a reduction in lead concentrations in core RLGH3 starting around 1920 A.D. (Rippey,

1990). The deposited flux of trace metals from the atmosphere has fallen recently in the U.K. 

(Cawse, 1987). In a core taken in 1988 Flower et a l (1990) found strong stratigraphic evidence of 

a sharp decline in SCP contamination of Round Loch sediments since c.1975 A.D. (Fig 3.8). This 

suggests a decline in acid deposition at the site over this period, coinciding with regional trend of 

declining sulphate deposition (see Chapter One). Alternatively, the recent decline in SCP
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Figure 3.8 Total annual United Kingdom Sulphur Dioxide emissions since 1870 and 
carbonaceous particle concentrations from core RLGH88 against 210Pb years (from 
Allott et a l , 1991).
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concentrations could reflect the fitting of electrostatic precipitators to power stations (Rose, 1991).
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Chapter Four 

Live Diatom Communities

This chapter has three principal aims;

a) to describe the current diatom flora of Round Loch and the variation between different habitats,

b) to assess temporal variation in the diatom epilithon,

b) to evaluate whether significant changes have occurred in the diatom epilithon over the last decade, 

and to relate these to reversibility.

4.1 Characterisation of the Live Diatom Flora

4.1.1 Introduction

The extraction of habitat information from core material is often hampered by lack of information 

over the exact composition of diatom communities (Round, 1990a). Diatoms often occur in 

monospecific communities (Round, 1981), and if taxa can be identified that are characteristic of 

individual habitats these can aid interpretation of spatial and temporal variation in sedimentary 

assemblages. Characteristic taxa can act as markers for particular habitats, and therefore provide 

insight into the relative representation of different diatom communities in sedimentary diatom 

assemblages.

The diatom flora of the loch was previously studied in the early 1980s (Jones & Flower, 1986; Jones,

1987). Jones (1987) argued that the habitat for epipelic communities in Round Loch is restricted, and 

therefore in quantitative terms the epilithon, epiphyton and epipsammon are dominant in Round 

Loch. These three benthic communities are considered here. The possible importance of the epipelon 

is considered in Chapter Five. Previous studies have shown that Round Loch no longer has a 

planktonic diatom flora (Jones, 1987; Flower et aL, 1987). In this study samples were taken to 

confirm that a diatom plankton has not developed in the last few years.

4.1.2 Sampling strategy and data analyses

The habitat survey was designed to allow the characterisation of the diatom flora of Round Loch.
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Sampling of the benthic habitats, the epilithon, epiphyton and epipsammon, was carried out on a 

single day (13 June 1989). The diatom epiphyton was sampled from the dominant macrophyte 

species in the loch; Juncus bulbosus, Lobelia dortmanna, Isoetes lacustris and the liverwort 

Jungermannia obovata. Communities on natural substrates can be highly spatially heterogeneous (e.g. 

Jones, 1978; Main & Mclntire, 1974; Jones & Flower, 1986), and in order to reduce variation it is 

necessary to take multiple samples. Thirty five locations at approximately 50 m intervals around the 

lake shore were selected as sampling sites (see Fig 4.1). Seventeen of these locations are the same 

as used for the epilithon samples of Jones and Flower (1986). Diatom samples were taken from each 

of the habitat types present within 5 m of these sites. The number of samples taken from each habitat 

therefore roughly corresponds to the relative extent of the habitat in the lake. The habitat survey 

contains 35 epilithon samples, 20 epipsammon samples, 20 Lobelia dortmanna epiphyton samples, 

15 Juncus bulbosus epiphyton samples, and 5 Jungermannia liverwort samples. Additionally, 10 

samples from the Isoetes lacustris epiphyton were obtained from water depths of 1-2 m. Plankton 

samples were also taken on each visit to the loch. A total of 105 samples from periphytic habitats 

and 16 plankton samples are therefore included in the survey.

The data have been analysed using two approaches; first, the calculation of the mean composition 

of the diatom flora of each habitat by pooling multiple samples; second, the use of ordination 

techniques to explore the spatial variation of taxa between different habitats. A disadvantage of 

sample pooling is that taxa which are abundant in only one or two individual samples will have low 

mean abundances in the pooled sample means. Potentially important taxa may therefore be ignored 

(e.g. Juggins, 1988). Ordination techniques allow the importance of less abundant taxa to be 

evaluated.

Ordination is the collective term for multivariate techniques that arrange samples along axes on the 

basis of species composition data (ter Braak, 1987a; ter Braak & Prentice, 1988). Species and 

samples are arranged in low-dimensional space such that similar entities are positioned together and 

dissimilar entities are positioned far apart (Gauch, 1982a). Ordination techniques based on the 

method of weighted averaging are commonly used by ecologists, especially detrended correspondence 

analysis (DCA) (Hill & Gauch, 1980). Correspondence analysis techniques assume unimodal species 

response, an assumption that usually holds in many ecological data-sets. In canonical correspondence 

analysis (CCA) the ordination axes are constrained to be linear combinations of environmental 

variables, and community variation can therefore be directly related to environmental variation (ter 

Braak, 1986,1987b). CCA is implemented in the program CANOCO 3.10 (ter Braak, 1988a, 1990). 

CANOCO also allows principal components analyses (PCA) of ecological data. PCA can be viewed 

as an extension of multiple regression and is a linear ordination technique (ter Braak & Prentice,
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Figure 4.1 Sampling locations for the live diatom habitat survey.

O Sampling locations in habitat survey also used by Jones and Flower (1986)

•  Sampling locations just used in habitat survey
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1988). The constrained form of PCA is redundancy analysis (RDA). These linear ordination 

techniques are most suited to data with low total variance (gradient lengths < 2 standard deviation 

units (s.d.)) as they assume that the abundance of a taxa will either increase or decrease along an 

environmental gradient rather than exhibit unimodal responses (ter Braak, 1987a). When the gradient 

length in a data-set is low assumptions of monotonic response usually hold true (ter Braak & 

Prentice, 1988).

4.1.3 Results

The results of the plankton sampling indicated that Round Loch has not developed a diatom plankton 

over the past few years. Very few diatom valves were identified in the samples. None of the samples 

contained planktonic diatoms with intact chloroplasts. The diatoms identified were generally broken 

valves or valves without chloroplasts and were also taxa commonly found in the benthic 

communities, such as Frustulia rhomboides var. saxonica or Tabellaria quadriseptata. This is 

consistent with these valves representing suspended detrital material, and not a true planktonic diatom 

community.

The species that achieve an abundance of at least 2% in any one of the epilithon, epipsammon or 

epiphyton samples are shown in Table 4.1. Species which occur in the habitats in lower percentages 

are either quantitatively unimportant in the diatom flora or represent contamination from the sediment 

or other habitats (Round, 1990a). Tables 4.2-4.7 show the mean diatom compositions of each of the 

habitat types after the pooling of samples. The epilithon is dominated by Tabellaria quadriseptata 

and Brachysira brebissonii with Eunotia incisa, Frustulia rhomboides var. saxonica, Eunotia 

naegelii, and Tabellaria binalis also common. In addition 13 other species achieve an abundance 

>1%, demonstrating the diversity of this community. The epipsammon is dominated by Eunotia 

incisa, Eunotia [vanheurckii var. 1], and Achnanthes marginulata with Eunotia vanheurckii var. 

intermedia, Eunotia rhomboidea, and Tabellaria binalis also common. Ten other species achieve an 

abundance >1%. The epiphytic communities are less diverse. The Lobelia epiphyton is dominated 

by Eunotia incisa and Tabellaria quadriseptata, with Eunotia naegelii and Peronia fibula also 

occurring in abundances of >4%. The Jungermannia epiphyton is dominated by Eunotia naegelii and 

Tabellaria quadriseptata. Eunotia incisa and Frustulia rhomboides var. saxonica also occur in 

abundances >4%. In the Isoetes epiphyton Eunotia incisa is dominant with Peronia fibula, Tabellaria 

quadriseptata, and Frustulia rhomboides var. saxonica occurring in abundances of 6-13%. The 

Juncus epiphyton is the least diverse of all the communities with only seven taxa achieving 

abundances of >1%. Tabellaria quadriseptata, Eunotia incisa, and Eunotia naegelii are dominant
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Table 4.1

Species occurring in the epilithon, epipsammon, or epiphyton of the Round Loch of Glenhead on 

13 June 1989 which achieve an abundance of >2% in any sample.

AC001A Achnanthes lanceolata
AC002A Achnanthes linearis
AC014C Achnanthes austriaca var. helvetica
AC022A Achnanthes marginulata
AC9999 Achnanthes spp.
BR003A Brachysira serians
BR006A Brachysira brebissonii
CM014A Cymbella aequalis
CM017A Cymbella hebridica
CM031A Cymbella minuta
CM9985 Cymbella minuta fo. latens
DT004B Diatoma tenue var. elongatum
EU002B Eunotia pectinalis var. minor
EU009A Eunotua exigua
EU011A Eunotia rhomboidea
EU014A Eunotia bactriana
EU015A Eunotia denticulata
EU040A Eunotia paludosa
EU045A Eunotia nymanniana
EU047A Eunotia incisa
EU048A Eunotia naegelii
EU049A Eunotia curvata
EU051A Eunotia vanheurckii
EU051B Eunotia vanheurckii var. intermedia
EU058A Eunotia schwabei
EU9961 Eunotia [vanheurckii var. 1]
EU9965 Eunotia [sp. 10 {minima)]
EU9999 Eunotia spp.
FR005D Fragilaria virescens var. exigua
FR007A Fragilaria vaucheriae
FU002B Frustulia rhomboides var. saxonica
NA006A Navicula mediocris
NA032A Navicula cocconeiformis
NA140A Navicula madumensis
NA156A Navicula leptostriata
NA158A Navicula cumbriensis
NA167A Navicula cumbriensis
NA9897 Navicula cumbriensis fo. minor
PE002A Peronia fibula
PI023A Pinnularia irrorata
PI056A Pinnularia rupestris
PI9999 Pinnularia spp.
SU006A Surirella delicatissima
TA001A Tabellaria flocculosa
TA003A Tabellaria binalis
TA004A Tabellaria quadriseptata
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Table 4.2 Species in the epilithon on 13 June 1989 occurring in mean abundance >1%.

Species %

Tabellaria quadriseptata 20.3

Brachysira brebissonii 16.8

Eunotia incisa 9.2

Frustulia rhomboides var. saxonica 7.7

Eunotia naegelii 6.4

Tabellaria binalis 5.2

Navicula mediocris 3.2

Eunotia vanheurckii var. intermedia 2.9

Cymbella minuta 2.8

Navicula cumbriensis 2.1

Tabellaria flocculosa 1.9

Achnanthes marginulata 1.9

Eunotia denticulata 1.8

Navicula hoejleri 1.7

Eunotia rhomboidea 1.6

Fragilaria vaucheriae 1.6

Brachysira serians 1.5

Eunotia [vanheurckii var.l] 1.4

Cymbella minuta fo. latens 1.4

Table 4.3 Species in the Juncus epiphyton on 13 June 1989 occurring in mean abundance >1%.

Species %

Tabellaria quadriseptata 43.4

Eunotia incisa 23.6

Eunotia naegelii 20.4

Eunotia vanheurckii var. intermedia 2.3

Frustulia rhomboides var. saxonica 1.8

Tabellaria flocculosa 1.7

Peronia fibula 1.4
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Table 4.4 Species in the Isoetes epiphyton on 13 June 1989 occurring in mean abundance >1%.

Species %

Eunotia incisa 41.8

Peronia fibula 13.4

Tabellaria quadriseptata 11.2

Frustulia rhomboides var. saxonica 6.0

Eunotia vanheurckii var. intermedia 2.6

Eunotia naegelii 2.6

Brachysira brebissonii 2.5

Navicula hoefleri 2.3

Cymbella aequalis 1.3

Eunotia denticulata 1.2

Navicula leptostriata 1.1

Table 4.5 Species in the Lobelia epiphyton on 13 June 1989 occurring in mean abundance >1%.

Species %

Eunotia incisa 40.9

Tabellaria qudriseptata 26.1

Eunotia naegelii 8.0

Peronia fibula 4.2

Frustulia rhomboides var. saxonica 2.7

Navicula leptostriata 2.4

Navicula hoefleri 2.1

Eunotia vanheurckii var. intermedia 1.8

Brachysira brebissonii 1.5

Eunotia denticulata 1.4

Tabellaria binalis 1.2
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Table 4.6 Species in the liverwort epiphyton on 13 June 1989 occurring in mean abundance >1%.

Species %

Eunotia naegelii 40.3

Tabellaria quadriseptata 26.6

Eunotia incisa 8.1

Frustulia rhomboides var. saxonica 4.7

Navicula hoefleri 3.3

Eunotia denticulata 2.4

Peronia fibula 2.3

Tabellaria binalis 2.3

Tabellaria flocculosa 1.6

Navicula cumbriensis 1.1

Table 4.7 Species in the epipsammon on 13 June 1989 occurring in mean abundance >1%.

Species %

Eunotia incisa 24.4

Eunotia [vanheurckii var. 1] 16.6

Achnanthes marginulata 16.4

Eunotia vanheurckii var. intermedia 6.5

Eunotia rhomboidea 6.0

Tabellaria binalis 4.3

Eunotia denticulata 2.8

Eunotia vanheurckii 2.2

Eunotia pectinalis var. minor 2.2

Navicula mediocris 2.0

Brachysira brebissonii 1.9

Cymbella aequalis 1.4

Navicula hoefleri 1.2

Achnanthes spp. 1.1

Tabellaria quadriseptata 1.1

Frustulia rhomboides var. saxonica 1.1
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Figure 4.2 shows the sample points of a detrended correspondence analysis (DCA) joint plot of the 

habitat data-set. This clearly shows that the three main types of sample, epilithon, epipsammon, and 

epiphyton, are distinctive since they plot in different areas of the diagram. By constraining the 

samples in a CCA against habitat type, the variation associated with habitat can be summarised. In 

a CCA joint plot the abundance of a species generally decreases with distance from its position in 

the plot. Therefore species that plot close to the centroids of habitat types will have their highest 

abundances in these habitats. CANOCO, however, also allows a more direct approach to evaluating 

the relationships between taxa and individual habitats. As part of the CCA output of sample-species 

data constrained by habitat type, the weighted average of each species in each of the habitat types 

is provided (ter Braak, 1990). A principal components analysis (PCA) of these data provides a biplot 

with arrows depicting species vectors and points representing habitat types. In this PCA a covariance 

matrix between variables is used. The direction of the species arrow indicates the direction of 

increase in abundance, and the length of the arrow equals the rate of the change in that direction (ter 

Braak, 1987a). A species which occurs in high abundances and is limited to a single habitat will 

therefore be represented by a long arrow pointing in the direction of the centroid of the habitat type. 

The species characteristic of different habitats can therefore be clearly visualised.

Figure 4.3 shows the PCA correlation biplot of the weighted averages of the species in the habitat 

types. Several species are clearly strongly associated with the epipsammon; Eunotia pectinalis var. 

minor, Achnanthes marginulata, Eunotia rhomboidea, Eunotia schwabei, Achnanthes linearis, 

Achnanthes austriaca var. helvetica, Eunotia vanheurckii var. intermedia, and Eunotia [vanheurckii 

var. 1]. The taxa strongly associated with the epilithon are Brachysira brebissonii, Achnanthes 

lanceolata, Cymbella minuta, Cymbella minuta fo. latens, Navicula mediocris, Brachysira serians, 

and Navicula cumbriensis. The biplot also indicates several taxa which are more loosely associated 

with the epilithon; Frustulia rhomboides var. saxonica, Pinnularia irrorata, and Cymbella hebridica. 

These taxa have their maximum abundances in the epilithon, but also occur in other habitats.

A series of taxa are clearly associated with the epiphytic samples; Eunotia naegelii, Navicula 

cumbriensis fo. minor, Navicula leptostriata, Eunotia [sp. 10 (minima)], Peronia fibula, Eunotia 

curvata, Eunotia nymanniana, and Eunotia incisa. The centroids of each of the four types of 

epiphytic habitat plot very close together, so from this diagram it is difficult to discern whether any 

of these species are associated with a particular macrophyte. The epiphyton samples alone have 

therefore been constrained in an ordination against the four epiphyte types. The overall variation in 

this reduced epiphyton data-set is low (gradient length = 1.04 s.d.), and so RDA has been 

implemented through CANOCO to provide correlations of the species against the habitat types (ter



DCA plot of the habitat survey samples.

Crosses = epilithon samples. 
Circles = epipsammon samples. 
Squares = epiphyton samples.
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Figure 4.3 PCA correlation biplot of the weighted averages of species in the habitat survey data
set.

Species are labelled with diatcodes (see Appendix One).
Rock = centroid of epilithon samples.
Sand = centroid of epipsammon samples.
June = centroid of Juncus epiphyton samples.
Lob = centroid of Lobelia epiphyton samples.
Liv = centroid of Liverwort epiphyton samples.
Iso = centroid of Isoetes epiphyton samples.
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Braak, 1990). The PCA correlation biplot of these data is shown in Figure 4.4. Only die species 

which Figure 4.3 revealed as associated with the epiphyton are plotted. It can be seen that Eunotia 

[sp. 10 (minima)] is associated with the liverwort epiphyton and Eunotia naegelii is associated with 

both the liverwort and Juncus epiphyton. Eunotia nymanniana is associated with Juncus, Peronia 

fibula and Navicula cumbriensis fo. minor are associated with Isoetes, and Navicula leptostriata and 

Eunotia incisa are associated with both the Isoetes and Lobelia epiphyton.

Figure 4.3 also reveals some taxa that show strong negative correlation with some habitats, but are 

common in the others. Tabellaria binalis and Eunotia paludosa only occur in very low abundances 

in the epiphytic samples, and Tabellaria quadriseptata and Tabellaria flocculosa occur in low 

abundances in the epipsammon relative to the epilithon and epiphyton.

An alternative but indirect measure of species association with individual habitats is provided by the 

CANOCO output of the cumulative fit of each species to each ordination axis (ter Braak, 1990). By 

constraining the habitat survey data-set in a CCA against a single 'dummy’ (0/1) variable, 

representing an individual habitat, the cumulative fit of each taxon to axis 1 represents its fit to the 

variable, and therefore the degree to which the taxon is associated with the habitat Table 4.8 shows 

the species with high cumulative fits to individual habitats. Peronia fibula appears to be strongly 

associated with Isoetes, and Eunotia naegelii strongly associated with the liverwort epiphyton. The 

taxa associated with the epilithon are Brachysira brebissonii, Navicula cumbriensis, Brachysira 

serians, and Navicula mediocris, and the taxa most strongly associated with the epipsammon are 

Achnanthes marginulata, Eunotia pectinalis var. minor, Eunotia [vanheurckii var. 1], Achnanthes 
spp., and Eunotia rhomboidea.

4.2 Temporal variation in the epilithic diatom community

4.2.1 Introduction

Epilithic diatoms are increasingly being utilised for the biological monitoring of acid freshwater 

systems (e.g. Patrick et al, 1991). Their value in monitoring reversibility, however, depends on their 

ability to respond to low-magnitude pH changes and the degree to which they are seasonally variable. 

If epilithic communities exhibit maiked seasonality this will limit the usefulness of epilithon samples 

taken once annually for monitoring purposes. Even if samples are taken at exactly the same time of 

year the timing of seasonal succession can vary between years, and this will mean that seasonal
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Figure 4.4 PCA correlation biplot of the weighted averages of species in the epiphyton habitat 
data-set.

Species are labelled with diatcodes (see Appendix One).
Liv = centroid of Liverwort epiphyton samples.
Iso = centroid of Isoetes epiphyton samples.
Lob = centroid of Lobelia epiphyton samples.
Jun = centroid of Juncus epiphyton samples.
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Table 4.8

Species with high cumulative fit ( >10%) to specific live diatom habitats expressed as fraction 

variance of species explained by a CCA axis constrained by habitat type.

Species Associated with the Isoetes Epiphyton

Species
Peronia fibula 
Navicula madumensis 
Eunotia bactriana 
Eunotia incisa
Fragilaria virescens var. exigua 

Species Associated with the Lobelia Epiphyton

Species
Eunotia incisa 
Navicula leptostriata

Species Associated with the Liverwort Epiphyton

Species
Eunotia naegelii 
Eunotia [sp.10 (minima)]

Species Associated with the Juncus Epiphyton

Species
Tabellaria quadriseptata 
Eunotia naegelii

Species Associated with the Epilithon

Species
Brachysira brebissonii 
Navicula cumbriensis 
Brachysira serians 
Navicula mediocris

Variance Explained
48.7%
14.1%
10.7%
10.6%
10.3%

Variance Explained
20.5%
13.8%

Variance Explained
37.9%
29.1%

Variance Explained
23.7%
16.6%

Variance Explained
71.2%
28.3%
27.4%
26.4%

Species Associated with the Epipsammon 

Species
Achnanthes marginulata 
Eunotia pectinalis var. minor 
Eunotia [vanheurckii var. intermedia] 
Achnanthes spp.
Eunotia rhomboidea
Eunotia vanheurckii var. intermedia
Cymbella aequalis
Eunotia vanheurckii
Surrirella delicatissima
Achnanthes austriaca var. helvetica
Achnanthes linearis

Variance Explained 
66.0%
50.5%
48.4%
35.1%
29.2%
15.5%
14.3%
13.4%
13.1%
12.6%
10.4%
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variation may bias trends in annual epilithon samples. It is therefore important to clearly establish 

whether systematic seasonal variation occurs in the epilithic flora.

4.2.2 Sampling strategy and data analyses

In order to evaluate effectively systematic temporal variation in the epilithon over relatively short 

periods of time it is important to minimise non-systematic variation or ’noise’. Spatial heterogeneity 

of epilithic samples can be considerable (e.g. Jones & Flower, 1986). On a single stone surface, 

however, the degree of variation should be considerably less than between different stones. To test 

this assumption a pilot study was made on the 31 January 1989. Epilithic samples were taken from 

17 stones at approximately 100 m intervals around the loch at the sampling locations used by Jones 

and Flower (1986) (see Fig 4.1). Only one sample was taken from 14 of the stones, but four samples 

were taken from different areas of three of the stones selected at random. The variation in 

assemblages on these single stones can then be compared to the variation between different stones 

using ordination. As variation in the data set was low (gradient length = 0.49 s.d.) the method used 

here is PCA. The PCA extracts two major ordination axes (eigenvalues 0.50 and 0.20) which 

together explain nearly 71% of the total variation in species abundance. Figure 4.5 shows the PCA 

plot of the sample scores for these first two axes. It is clear from this diagram that the samples taken 

from a single stone cluster round the same area of the plot, and therefore display considerably less 

variation than samples taken from different stones.

One approach to minimising non-systematic variation is therefore to repeatedly re-sample from the 

same stone, taking care not to re-sample the same area of a stone twice. This is the approach 

employed here. Ten individual large flat stones were selected and epilithon samples were taken from 

these every month between 13 June 1989 and 11 June 1990, and then twice more on 19 October 

1990 and 25 January 1991. Non-systematic variation in the epilithic diatom assemblages recorded 

is therefore reduced both by multiple sampling and by sampling from the same stones. Temporal 

changes in the epilithic diatom assemblages can then be related to the external factors which may 

influence the flora, particularly variation in season and lake-water pH.

4.2.3 Results

Figure 4.6 shows the mean percentages of the major taxa in the temporal series of epilithon samples. 

There are clear changes through the sampling period. Tabellaria quadriseptata is generally at 

consistent levels of 18-22%, except in the samples from 11 June 1990 and 19 October 1990 when 

it reaches much higher levels of 30-32%. Navicula leptostriata increases in abundance from 1% to



PCA plot of sample scores from epilithon pilot study.

Circles = replicate samples taken from stone 1. 
Squares = replicate samples taken from stone 2. 
Triangles = replicate samples taken from stone 3. 
Crosses = single samples taken from different stones.
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Figure 4.6 Mean abundances of common taxa in the temporal sequence of epilithon samples.
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Figure 4.6 Continued.
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3% between June 1989 and April 1990, and then declines, although it does increase again in the 

January 1991 sample. The most notable changes are apparent in the abundance of Brachysira 

brebissonii, which is fairly stable at 25-28% until February 1990 when it starts to decline. It reaches 

15% in April 1990, and fluctuates at 15-20% after this. Eunotia naegelii increases from 4% to 8% 

between December 1989 and June 1990, and there is a corresponding fall in the percentage of 

Navicula mediocris from 6-9% to about 4%. Cymbella minuta is present only in the samples taken 

in October 1989, and then only on two of the stones. This is also true of Fragilaria vaucheriae (not 

shown on Fig. 4.6).

Systematic variation in the epilithon over the sampling period can best be described using a CCA 

of species abundance as a function of sample date. The total variation in the species data is relatively 

low (gradient length = 1.037 s.d.), so RDA is more appropriate than CCA. The RDA yielded two 

major ordination axes, with eigenvalues 0.31 and 0.13 (compared with 0.05 and 0.02 for the third 

and fourth axes). The eigenvalues are scaled to a total of 1, so the first two axes explain 44% of the 

variation in the data set. The RDA biplot is shown in Figure 4.7, which shows the centroids of the 

sample dates connected into a time-track, and Figure 4.8 which shows the species scores. Figure 4.7 

also shows the vectors for lake-water pH and water temperature, which were analysed passively and 

do not influence the ordination.

The centroids of the samples taken between June 1989 and January 1990 all plot to the left-hand side 

of the diagram and have negative scores on axis 1. They have relatively high abundances of 

Brachysira brebissonii, and Navicula mediocris, and relatively low abundances of Eunotia naegelii 

and Eunotia [sp. 10 (minima)]. The samples taken on 26 September 1989 are distinguished from the 

rest of these samples through their lower abundances of Tabellaria quadriseptata and higher 

abundances of Eunotia vanheurckii var. intermedia.

There is a clear change in the epilithon assemblages after January 1990, and the subsequent centroids 

all plot in the right-hand side of the plot with positive scores on axis 1. This represents a shift to 

relatively lower abundances of Brachysira brebissonii and higher abundances of Eunotia naegelii. 

The centroids of the samples between February and May 1990 are positioned to the bottom right of 

the plot, and have relatively higher abundances of Navicula leptostriata, Peronia fibula, Eunotia 

bactriana, Eunotia [vanheurckii var. 1], and Eunotia [sp. 10 minor)]. The samples taken on 11 June 

1990 and 19 October 1990 are highly distinctive, and plot at the top right of Figure 4.7. They have 

very high relative abundances of Tabellaria quadriseptata and high abundances of Brachysira 

serians. The centroid of the sample from January 1991 plots with the samples from February-April
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Figure 4.7 RDA of the temporal sequence of epilithon samples: time-track of centroids of 
sample date.

Sample date centroids are labelled with month and year (e.g. 9/89). 
pH = vector of lake-water pH (analysed passively).
WT = vector of surface water temperature (analysed passively).
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Figure 4.8 RDA of the temporal sequence of epilithon samples: species plot.

Species are labelled with diatcodes (see Appendix One).
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1990.

Axis 1 of the ordination is strongly associated with lake-water pH (see Fig. 4.7). This fits with the 

earlier samples having higher pH and the samples after February 1990 having lower pH, as lake- 

water pH dropped by c.0.2 pH units following the storms. The ordination is less strongly associated 

with water temperature (Fig. 4.7), although the February-April 1990 samples are clearly associated 

with low water temperatures. Surface water temperature undergoes a clear seasonal cycle (see 

Chapter Three), so the ordination suggests that seasonality is not the controlling factor behind the 

variation in species abundances. This is supported by the pattern of the centroids of samples date. 

A seasonal succession would be displayed as a circle of successive sample dates around the origin 

(e.g. Snoeijs, 1989; Snoeijs & Prentice, 1989). This is not the dominant pattern in Figure 4.7. The 

ordination therefore indicates that the variation in the species data is more closely related to lake- 

water pH changes than to seasonal succession.

CANOCO allows statistical testing of the relationship between species and environmental variables 

through Monte Carlo permutation tests. Repeated Monte Carlo sampling is used to test the null 

hypothesis that the observed sample is no different from random expectation (Manly, 1990). Within 

CANOCO the null hypothesis of no difference from random expectation is implemented by the 

exchangeability of the residuals of the species after fitting co-variables and environmental variables 

(ter Braak, 1990), the residuals being the difference between the fitted value and the observed 

response (ter Braak, 1987a). In order to test the significance of a variable the sample-species data 

are constrained within a CCA or RDA by that variable. The sample scores along the first ordination 

axis are therefore linear combinations of the environmental variable. Testing this axis therefore 

equates to testing the significance of the relationship between the environmental variable and the 

species assemblages. CANOCO also allows ’partial’ ordination, where the effects of particular 

environmental variables are partialled out as ’co-variables’ (ter Braak, 1988b). This allows species- 

environment relationships to be tested after removing the effects of co-variables. CANOCO therefore 

provides a very powerful tool for exploring and testing species-environment relationships (e.g. 

Walker etaL, 1991).

Two null hypotheses were formulated to test more rigorously whether the changes observed in the 

epilithon are related to seasonal or lake-water pH changes: the relative abundance of diatom taxa in 

the epilithon is not correlated with: 1) lake surface water temperature (as a measure of seasonal 

variation); 2) lake-water pH. The samples were constrained in an RDA against the relevant 

environmental variable (after partialling out the variation due to sample site/stone). The hypotheses 

were then tested by unrestricted Monte Carlo permutation tests implemented within CANOCO (ter
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Braak, 1988a; ter Braak, 1990).

Table 4.9 shows the results of the permutation testing. There is clearly a significant relationship 

between lake-water pH and the epilithic diatom assemblages. This is the case both with and without 

partialling out the effects of water temperature. The taxa that have a high level of their variation 

associated with pH are shown in Table 4.10 (taken from CANOCO output of fit to pH axis). 

Brachysira brebissonii is associated with high pH and Eunotia [sp. 10 minima], Navicula 

madumensis, and Eunotia naegelii are associated with low pH. The pH optima for these taxa (from 

Stevenson et ah, 1991) are also shown in Table 4.10. Water temperature shows a significant 

relationship with the assemblages when only the variation associated with sample site/stone is 

partialled out, but not when the effects of pH are also partialled out (Table 4.9).

4.3 Comparison of epilithon samples from 1983 and 1989/90

4.3.1 Introduction

One of the aims of this thesis is to establish whether any change has occurred in the diatom flora 

of Round Loch in response to the recent increase in lake-water pH. The principal approach employed 

is a palaeolimnological one (see Chapter Seven), but it is possible to make some direct comparisons 

between past and current floras. Samples from the epilithic diatom flora of the loch were taken in 

1983 (Jones & Flower, 1986), and were subsequently archived. These samples can therefore be 

compared to the present epilithic flora to establish whether there has been any change over the last 

seven or eight years. Comparisons of archived and modem diatom samples have been used 

successfully by others to demonstrate ecological response to acidification (e.g. van Dam, 1988; van 

Dam & Mertens, 1990). The response that might be expected following an increase of only c.0.2 pH 

units, however, is more subtle. It is therefore also important to establish whether any changes 

detected between the two sampling periods might be due to seasonal factors.

4.3.2 Sampling strategy and data analyses

The epilithon samples from 1983 were taken from 17 locations at approximately 100 m intervals 

around the whole perimeter of the loch (see Fig 4.1). In order to allow the variation due to seasonal 

effects to be evaluated, this sampling procedure was repeated on four occasions; 31 January 1989, 

15 June 1989, 3 February 1990 and 11 June 1990. The January 1989 samples were taken from the
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Table 4.9

Results of unrestricted Monte Carlo permutation tests designed to test the null-hypotheses that there 

are no differences in epilithic diatom assemblages with variation in a) lake surface water temperature 

and b) lake-water pH using partial redundancy analysis. All tests are based on 99 permutations. (n.s. 

= not significant at a  = 0.05).

Variable tested Partialled out co-variables Probability

pH Sample site (stone) 0.01

pH Sample site (stone) & water temperature 0.01

Water temperature Sample site (stone) 0.01

Water temperature Sample site (stone) & pH 0.09 n.s.

Table 4.10

Species for which >10% of the variation in the temporal sequence of epilithon samples is 

explained by lake-water pH with species pH optima (from Stevenson et a l, 1991).

Species Variance explained Preference pH optima

Brachysira brebissonii 23.0% High pH 5.3

Eunotia [sp. 10 minima] 16.2% Low pH 4.9

Navicula madumensis 13.7% Low pH 4.9

Eunotia naegelii 13.0% Low pH 5.0
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pilot study (see section 4.2.2) and the July 1989 samples were taken from the habitat survey (see Fig 

4.1). From now on these four sets of samples will be termed winter 1989, summer 1989, winter 1990 

and summer 1990 respectively. In order to harmonise taxonomy, the 1983 samples were recounted 

from the archived slides.

Three null hypotheses were formulated for the analysis: there are no significant differences in the 

relative abundance of diatom taxa in the epilithon between 1) 1989 and 1990; 2) summer and winter; 

3) 1983 and 1989/90. The following were entered as ’dummy’ (1/0) environmental variables in the 

analyses; 1983, 1989, 1990, winter and summer. The hypotheses were tested by unrestricted Monte 

Carlo permutation after constraining the samples in a RDA against the relevant environmental 

variable (partialling out co-variables where necessary). RDA was used in preference to CCA as 

within the total data-set of five individual sets of 17 lake-wide epilithon samples the total lengths 

of the gradients are relatively low (1.44 s.d.).

4.3.3 Results

Figure 4.9 shows the mean percentages of common taxa in the five sets of lake-wide epilithon 

samples. There are clear differences between some of the sets. The 1983 samples have much higher 

mean percentages of Brachysira serians, Eunotia exigua, and Eunotia rhomboidea than the 1989/90 

samples. The summer 1990 samples are distinguished by relatively low mean percentages of Eunotia 

incisa and Frustulia rhomboides var. saxonica and high percentages of Tabellaria quadriseptata, 

Cymbella minuta, and Fragilaria vaucheriae. The latter two species are absent from the other sets 

of samples. The 1983 and summer 1989 samples therefore appear distinctive. These diagrams, 

however, only present the mean percentages of the diatom taxa and do not represent the degree of 

variation of the percentages of a taxa within any one set of samples. Pooling samples can mean that 

potentially important taxa are disregarded (Juggins, 1988).

Table 4.11 shows the results of the Monte Carlo permutation tests. The test of winter against summer 

samples from 1989/90 revealed that there is no significant difference between the diatom assemblages 

from these samples (p = 0.15, 99 permutations). There was also no significant difference between 

winter and summer samples when the effects of sample year were partialled out Tests of the samples 

from summer 1990 against the other sets of samples from 1989/90 show that there are no significant 

differences. It is therefore clear that there is no significant seasonal variation between the sets of 

epilithon samples collected in 1989 and 1990. The results also indicate that there is no significant 

difference between samples taken in 1989 and 1990, both with and without the partialling out of 

season (Table 4.11). There are clearly no significant differences between any of the four sets of



Figure 4.9 Mean abundances of common taxa in the sets of epilithon samples from 1983 and 
1989/90.
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Table 4.11

Results of unrestricted Monte Carlo permutation tests designed to test the null-hypothesis that there 

is no difference between sets of epilithic diatom samples, as assessed by a) canonical correspondence 

analysis or b) partial canonical correspondence analysis where the effects of other environmental 

variables are partialled out. All tests are based on 99 permutations. (n.s.=not significant at a=0.05)

a) Canonical correspondence analysis

Sets of samples tested Probability

Winter vs Summer (1983 samples excluded) 0.15 n.s.

1989 vs 1990 0.10 n.s.

1983 vs Winter 1989 0.01

1983 vs Summer 1989 0.01

1983 vs Winter 1990 0.01

1983 vs Summer 1990 0.01

1983 vs 1989/90 0.01
Summer 1989 vs Winter 1989 0.13 n.s.
Summer 1989 vs Winter 1990 0.13 njs.

Summer 1989 vs Summer 1990 0.27 n.s.

b) Partial canonical correspondence analysis

Sets of samples tested Partialled out co-variables Probability

Winter vs Summer (1989/90 only) 1989 and 1990 0.08 n.s.

1989 vs 1990 Summer and winter 0.14 n.s.

1983 vs 1989/90 1989, 1990, summer and winter 0.01
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samples taken in 1989 and 1990. Although the summer 1989 samples appeared distinct from Figure 

4.9, this is the product of veiy high percentages of Cymbella minuta, Cymbella minuta fo. latens, and 

Fragilaria vaucheriae on two stones. The remaining 15 stones in the sample set contain assemblages 

which are very similar to those found in the other samples from 1989/90, and so overall the sets of 

samples are not significantly different

The tests between the 1983 samples and 1989/90 samples reveal significant differences between the 

former samples and each of the sets of samples from 1989/90 (Table 4.11). This is the case when 

the 1989/90 sample sets are treated both individually and collectively. The analysis therefore implies 

that significant changes have occurred in the epilithic diatom flora between 1983 and 1989/90. It is 

important to identify which taxa account for the differences between the 1983 and 1989/90 samples. 

Again this is possible using ordination. CANOCO provides the cumulative fit of each species to the 

ordination axes as a percentage of the total variance of the species. By constraining the data in a 

CCA against the dummy variable ’1983’, the cumulative fit of each taxon to axis 1 represents the 

amount of variance in the species which can be explained by the difference between 1983 and 

1989/90.

Table 4.12 shows the species with marked preference to either the 1983 or 1989/90 samples. Eunotia 

exigua, Eunotia rhomboidea, Fragilaria [cf. oldenburgiana PIRLA], and Tabellaria flocculosa were 

all common in the 1983 samples but occurred in much lower abundances by 1989/90. Conversely, 

Navicula cumbriensis, Navicula mediocris, and Achnanthes marginulata are more abundant in the 

1989/90 samples than in the 1983 samples. The Surface Waters Acidification Project modem 

diatom/lake-water chemistry set provides pH optima for diatom taxa common in acid soft water lakes 

(Stevenson et al 1991), and these are shown for the species in Table 4.12.

4.4 Discussion

The continuing lack of a planktonic diatom flora at Round Loch means that periphytic forms provide 

the major source of diatoms for the sediments. The results of the habitat survey highlight several 

species that are particularly abundant in most of the periphytic habitats. Tabellaria quadriseptata is 

dominant in the epilithon and on all of the macrophytes, and Frustulia rhomboides var. saxonica also 

occurs in high abundances in these habitats. Both species, however, only achieve mean abundances 

of around 1% in the epipsammon. Eunotia incisa is common in all the habitats studied, and is 

dominant in the epipsammon and the Isoetes, Juncus and Lobelia epiphyton. Clearly, these three taxa
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Table 4.12

Species for which >5% of the variation in the 1983 and 1989/90 sets of epilithon samples is 

explained by preference to either 1983 or 1989/90 with species pH optima (from Stevenson et a t,

1991).

Species Variance explained Preference pH optima

Navicula cumbriensis 11.1% 1989/90 4.9

Eunotia exigua 10.6% 1983 5.1

Eunotia rhomboidea 9.9% 1983 5.1

Navicula mediocris 8.4% 1989/90 5.2

Fragilaria [cf. oldenburgiana PIRLA] 8.6% 1983 4.7

Tabellaria flocculosa 7.9% 1983 5.4

Achnanthes marginulata 5.8% 1989/90 5.2
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dominate the current diatom flora of the loch.

Other common taxa can be identified which are more restricted in their occurrence. To be considered 

characteristic of a habitat, a species should be both abundant in and restricted to the habitat 

Brachysira brebissonii is clearly characteristic of the epilithon. The results show that it is dominant 

in this community but achieves only low abundances in other habitats. Table 4.8 shows that the 

cumulative fit of this taxon to the epilithon is over 70%. Other less common taxa can also be 

considered characteristic of the epilithon; Navicula cumbriensis, Brachysira serians, and Navicula 

mediocris. Navicula mediocris occurs in the epilithon with a mean abundance of 3.2%, and is not 

an important part of any of the other habitats (see Tables 4.2-4.7). Brachysira serians is also 

characteristic of the epilithon, but only occurs in low abundances. Navicula cumbriensis also occurs 

in the liverwort epiphyton. The use of these latter two as indicator species for the epilithon must 

therefore be approached with caution.

The epipsammon has the most distinctive flora of any of the habitats. Two of the dominant taxa are 

also characteristic of the habitat; Achnanthes marginulata and Eunotia [vanheurckii var. 1], Three 

other common taxa are also characteristic of the epipsammon; Eunotia rhomboidea, Eunotia 

vanheurckii var. intermedia, and Eunotiapectinalis var. minor. All these taxa can be confidently used 

as epipsammic indicators.

Characteristic species for the epiphyton are more difficult to identify, mainly because many of the 

common taxa are also common in the epilithon (Tables 4.2-4.7). Peronia fibula, however, can be 

considered characteristic of the Isoetes epiphyton, although it also occurs in fairly high abundances 

in the liverwort epiphyton (Table 4.6). Eunotia naegelii is particularly associated with both the 

liverwort and Juncus epiphyton, although it occurs in highest abundances on the former. It also 

occurs in low abundances in the epilithon (Table 4.2), but can generally be considered an epiphytic 

species. Some of the results indicate that Eunotia [sp. 10 {minima)] is associated with the liverwort 

epiphyton (see Table 4.6 and Figure 4.4). This taxon occurs in very low abundances, however, so 

it cannot be considered a good indicator taxon. The only other species which could possibly be 

considered characteristic of the epiphyton is Navicula leptostriata, which is associated with Lobelia 

but only occurs in limited abundances.

Other species are common in the lake but are not characteristic of any particular habitat Tabellaria 

binalis is common in the epilithon and epipsammon, but not in the epiphyton. Navicula hoefleri and 

Eunotia denticulata are present in all the habitats, but only with mean abundances of 1-3%. Jones
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(1987) found that Navicula hoefleri, Navicula leptostriata, and Navicula madumensis were important 

in the epipelon, which will be considered in Chapter Five.

Overall, the results show that the same species are growing in the same habitats as in 1983 (cf. Jones 

& Flower, 1986; Jones, 1987; see Fig 4.9). There are, however, some interesting exceptions to this 

pattern. Cymbella minuta, Cymbella minuta fo. latens, and Fragilaria vaucheriae make up nearly 6% 

of the mean diatom abundance of the epilithon as a result of very high abundances on one or two 

stones (Table 4.2). These taxa were not present in the epilithon samples from 1983 and in no stage 

in the Holocene history of the loch were they a major part of the diatom flora (Jones et a l , 1989). 

These taxa are characteristic of circumneutral conditions, and have pH optima >6 (Stevenson et a l, 

1991). Cymbella minuta occurs in lakes with pH values above 5.0 (Flower et a l, 1986; Flower et 

a l, 1989). Round (1990b) found that this taxon bloomed opportunistically in the epilithon and 

epiphyton of Llyn Pendam when the pH and alkalinity were raised after liming. By the summer of 

1989, when the habitat survey samples were taken, the mean pH of Round Loch had been above 4.8 

for at least three years and had consistently reached 5.0 in summer months (see Chapter Three). It 

is possible that this taxon, and also Cymbella minuta fo. latens and Fragilaria vaucheriae, grew 

opportunistically as a response to the relatively elevated pH and alkalinity levels. Cymbella minuta 

was also found with a mean abundance of 2% in the temporal series of epilithon samples from 

October 1989 (see Figure 4.6), and this taxon was present in these samples in very low abundances 

until December 1989. It is possible that it was able to grow in Round Loch until the pH decrease 

in February 1990, which it could not tolerate. No valves of Cymbella minuta, Cymbella minuta fo. 

latens, or Fragilaria vaucheriae were found in the epilithon after February 1990.

The results of both the temporal epilithon samples and the comparison of lake-wide epilithon samples 

from summer/winter 1989/1990 show that there is no significant seasonal variation in the epilithic 

flora of Round Loch. Czamecki (1979) and Jones and Flower (1986) both suggested that an absence 

of seasonal succession in the epilithon is a response to relatively stable physio-chemical conditions. 

Such conditions could certainly be ascribed to Round Loch, an acid oligotrophic lake. This compares 

to more productive sites which can show clear seasonal succession (e.g. Stockner & Armstrong, 

1971).

It is clear that the epilithic flora responded to the drop in lake-water pH in February 1990. The pH 

optima of the species which vary significantly in the temporal sequence of samples conform well 

with a shift to species with lower pH preference in times of low lake-water pH (Table 4.10). These 

results are consistent with the view that diatoms are sensitive even to slight and temporary changes
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in lake-water pH, and that the epilithic flora in particular is controlled by the water chemistry 

(Round, 1981). These results show that epilithic diatoms respond to relatively small pH changes in 

the order of c.0.2 pH units and can therefore provide an effective mechanism for monitoring 

reversibility. It must be noted, however, that the epilithon response occurred immediately after the 

pH change with no apparent lag. It has often been argued that chemical sampling at infrequent 

intervals may not provide appropriate data to document subtle changes in aquatic systems (e.g. 

Wetzel, 1983a), whereas algal assemblages integrate changes in water chemistry over longer time 

periods. Biological components such as epilithic diatoms have therefore been included in many 

monitoring programmes (e.g. Patrick et al, 1991). The rapid response of epilithic diatoms in Round 

Loch to the pH change suggests that they adjust to water chemistry over relatively short periods. The 

utility of annual epilithic diatom samples in monitoring programmes will therefore be open to 

problems of pH-related variability which may obscure broad-scale trends.

The comparison between epilithon samples from 1983 and 1989/90 shows that the abundances of 

several species are significantly different between the two periods (Table 4.12). These apparent 

changes in assemblages must be discussed relative to the assumption that they are due to an increase 

in lake-water pH between the two periods following reversibility. If this is the case then the change 

should be to species with relatively higher pH optima. The pH optima from Stevenson et a l (1991) 

are shown for the species in Table 4.12. Although Fragilaria [cf.oldenburgiana PIRLA] conforms 

to a shift to higher pH optima species, the changes in Navicula cumbriensis and Tabellaria flocculosa 

indicate the opposite pattern.

Although the epilithon flora appears to have changed over the last eight years there has not been a 

straightforward shift in the assemblages to less acid taxa. This compares with the temporal epilithon 

samples, which showed a clear shift to more acid taxa with the fall in lake-water pH. The evidence 

of a response in the epilithon to the increase in pH since 1978 is therefore ambiguous. With only one 

set of archived samples available for a ’snapshot’ comparison with the current flora, evaluation of 

trends is not possible. The 1983 samples, taken on a single day, are open to possible problems of 

variation unrelated to broad-scale trends, such as the variation observed in the temporal samples 

associated with short-term pH variation. It is therefore not possible from the available data to say 

with certainly whether there have been consistent changes in the epilithic flora over the last eight 

years due to increasing lake-water pH.
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Chapter Five

Surface Sediment Diatom Assemblages

This chapter is concerned with variation in the surface sediment diatom assemblages of the Round 

Loch of Glenhead. It is important to evaluate spatial variation in assemblages across the lake basin 

and to assess the possible causes for this variation. This may influence interpretations of any 

evidence of recent reversibility of acidification in the biostratigraphic record. Surface sediment 

samples can also be used to establish the importance of any epipelic flora in Round Loch. Jones 

(1987) found that the epipelon in Round Loch was characterised by the Navicula species, Navicula 

hoefleri, Navicula madumensis, and Navicula leptostriata. Jones (1987) also considered that there 

was little mud in the shallow waters, so the epipelon was restricted and quantitatively unimportant 

in the lake. This assumption can be examined by identifying the substrates present in shallow waters 

and the diatom assemblages present. Jones & Flower (1986) also suggested that the surface sediment 

may contain diatoms no longer living in the lake. The most likely source for such diatoms are old 

sediment surfaces, where accumulation has ceased. If these are present in the loch they need to be 

identified, and their influence on the recent diatom record of accumulating sediments assessed.

5.1 Causes of variation in surface sediment diatom assemblages

Several highly inter-related factors have been found to influence variation in surface sediment diatom 

assemblages. These are lake-water mixing, wind and current patterns, proximity of diatom sources, 

depth, light penetration, basin morphology, slope, sediment accumulation rate, sediment reworking, 

and diatom valve dissolution, breakage and preservation. The influences of these will be discussed 

in turn.

Several authors have demonstrated that the frequency and effectiveness of lake-water mixing affects 

variation. Lake-water mixing occurs during the overturn of water column stratification and also 

during storm events, when high winds create currents. At these times turbulence in the littoral zone 

increases, and diatoms will be suspended into the water column and transported into deeper water 

(Simola, 1981; Reynolds et al., 1982; Anderson, 1990c). This results in the mixing of diatoms from 

live communities into the water column and their subsequent deposition onto the lake bed. The 

greater the frequency and effectiveness of the mixing the more homogeneous the surface sediment
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diatom assemblages will be. Closely linked with this factor is the geographical distribution of diatom 

habitats. Given incomplete mixing, diatoms will be preferentially deposited close to their source 

habitat in the lake basin (e.g. Bradbury & Winter, 1976; Sweets, 1983).

Merilainen (1969,1971) studied variation in the surface sediment diatom assemblages of meromictic 

lakes, which provide extreme examples of unmixed conditions. He found considerable variation, with 

periphytic diatom taxa more abundant in littoral areas, and planktonic species more abundant in 

profundal areas. This variation between inshore and offshore assemblages, with periphytic taxa 

relatively under-represented in profundal areas of lakes, has also been reported from other types of 

lake (e.g. Round, 1964; Duthie & Screenivasa, 1972; Bradbury & Winter, 1976; Dixit & Evans, 

1986; Anderson, 1990c). These lakes showed a variety of mixing patterns, but common to all was 

the fact that mixing was not sufficiently effective to remove variability caused by the geographical 

location of diatom sources. The effects of overturn and storm events on whole lake mixing are still 

incompletely understood, but it seems clear that they do not always result in homogeneous mixing 

(e.g. Stewart & Martin, 1982). The effect of incomplete mixing can extend beyond differences in 

plankton/periphyton representation. Sweets (1983) and Earle et al (1988) both present evidence of 

epiphytic diatoms being deposited close to their source macrophyte beds. Taxa associated with 

different habitats within the littoral zone can therefore show substantial differences in deposition 

patterns within the lake basin.

Lake morphology and wind and current patterns control the patterns of erosion and deposition in lake 

basins (Hakanson & Jansson, 1983). Shallow and exposed areas of a lake will be prone to sediment 

erosion (e.g. Pennington et aL, 1972). In these areas of non-deposition old sedimentary diatom 

assemblages can occur at the surface sediment Anderson (1990b) found that some of the variation 

in surface sediment diatom assemblages in Loch Fleet, Galloway, could be explained by surfaces of 

old sediments containing mid-Holocene diatom assemblages. There is also some suggestion that such 

surfaces may also be present in the Round Loch of Glenhead (Jones & Flower, 1986).

Variation in diatom assemblages can also result from the depth within a lake. Turbulence is reduced 

at depth (Smith, 1975, 1982; Hargrave & Nielson, 1977), and sediment resuspension becomes less 

likely. Depth therefore influences sediment and diatom erosion, transport, and deposition. Water 

depth and light penetration also control the extent of the littoral and profundal zones of lakes, and 

therefore the area of the lake in which benthic taxa can live. Benthic taxa are generally limited to 

areas of the lake with sufficient light for effective photosynthesis. In acid lakes benthic taxa can live 

at considerable depth (Stevenson et a l , 1985; Roberts & Boylen, 1988). In such areas surface 

sediment samples could over-represent the taxa that live in situ. Earle et a l (1988) found that depth
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and basin morphometry could explain much of the variation in surface sediment diatom assemblages 

in two Canadian pre-Cambrian shield lakes. Dixit and Evans (1986) suggested that littoral/profundal 

variation was relatively low in Clearwater Lake, Ontario because benthic taxa could grow even in 

the deepest water. This resulted in a reduction in variation associated with the spatial distribution of 

habitat types. DeNicola (1986), however, suggested that localised epipelic diatom growth in the deep 

water area of Crystal Pond, Maine, resulted in increased variability among replicate core samples.

Differences in sediment accumulation rate across a lake basin also create variation in surface 

sediment diatom assemblages. Sediment accumulation rates can vary substantially across lake basins 

as a result of sediment focusing (Likens & Davis, 1975; Davis & Ford, 1982; Bloesch & Evans, 

1982). Accumulation rate controls the time-average of the core slice, namely the number of years 

of accumulation integrated by that slice. If temporal changes have occurred in the diatom flora of 

the lake, one result of varying accumulation rates across a lake basin will be variation in diatom 

assemblages (e.g. Battarbee, 1978; Kreis, 1989; Anderson, 1990c).

Post-depositional reworking of sediments can also cause variability. Interface mixing through 

bioturbation and resuspension will introduce older material, including diatoms, to surface sediments. 

These processes are more pronounced in littoral sediments than in profundal sediments, because of 

the increased abundance of bioturbation by organisms and increased turbulence in the littoral 

(Anderson, 1989; Anderson, 1990c). Littoral-profundal variation can therefore be amplified by such 

mixing. Sediment slumping from slopes can also influence surface sediment diatom assemblages. The 

result is the creation of areas of exposed old sediment diatom assemblages on slopes, and the 

deposition of the slumped sediment at the base of slopes (Hargrave & Nielson, 1977; H&kanson & 

Jansson, 1983). The deposited material usually contain older diatom assemblages, so will differ from 

contemporary surface sediments.

Finally, variability can be caused by preferential dissolution, breakage and preservation of diatoms 

in the water column and sediments. Merilainen (1969,1971) presented evidence of partial and total 

dissolution of diatom frustules in the monimolimnion of meromictic lakes. Sweets (1983) found that 

morphologically delicate forms were under-represented in the profundal sediments of Jellison Hill 

Pond, and attributed this to breakage and dissolution during transport from shallow to deep water. 

Preservation problems are generally associated with alkaline surface waters, although they have also 

been noted in acidic lakes (e.g. Round, 1964).
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5.2 Sampling strategy and data analyses

Eighty-one Kajak cores were taken from the lake in June 1989 as part of a multi-coring exercise. 

Additionally, forty-nine Ekman grab samples were taken from areas of the lake where cores could 

not be obtained, usually due to very thin accumulations of organic deposits. The core surface 

sediment samples (0-0.5 cm) and Ekman grab samples constitute the surface sediment data-set, and 

provide good spatial coverage of the surface sediments of the lake (Fig 5.1).

Three types of environmental variables which could influence diatom deposition are considered; 

geographical, morphological, and sediment Geographical variables are taken from a local grid. The 

position of each sample in the lake basin is therefore represented by two co-ordinates, x (eastings) 

and y (northings). The morphological variables considered are water depth (m), distance from shore 

(m) and slope. The slope is defined into three classes from the bathymetric map; flat (1), gently 

sloping (2) and steeply sloping (3). These classes roughly correspond to angles of <4°, 4-10° and 

>10° respectively. Hakanson (1977, 1981) established that slope has a great impact on bottom 

dynamics and the physical character of sediments. Fine deposits rarely stay on slopes inclined more 

than 4-5°, and slopes with a gradient less than this value have little significant influence on the 

stability of sediments (H&kanson, 1977; Hakanson & Jansson, 1983). Finally, the characteristics of 

the sediment itself are considered. These are loss on ignition (LOI), dry weight, and sediment type. 

The nature of the sediment on the lake bed will be a product of the same processes which govern 

variation in diatom assemblages. The sediment variables may therefore provide indirect evidence of 

the causes of this variation.

The data analytical strategy is as follows. First, the relationships between the different environmental 

variables are explored. PCA ordination is used to assess the patterns of variation of each of the 

variables. Redundancy analysis, implemented through CANOCO (ter Braak, 1988a, 1990), is then 

used to evaluate the extent to which geographical and morphological variables can explain the 

observed pattern of the sediment variables. The relationships between these variables and the 

variation in surface sediment diatom assemblages is then explored. Two-way indicator species 

analysis, implemented by the program TWINSPAN (Hill, 1979), is used to provide a classification 

of the surface sediment diatom assemblages. This provides a basic description of the main structure 

of variation in the diatom data.

The extent of spatial pattern in the diatom data is explored using constrained ordination against the 

geographical coordinates (x,y). The species data are constrained within a CCA by the spatial



Figure 5.1 Locations of Kajak cores and Ekman grab samples taken in June 1989.
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variables x, y, x2, y2, and xy. The inclusion of the squares and products of the geographical 

coordinates allow non-linear spatial patterns to be fitted to the species data in the manner of trend 

surface analysis (Legendre & Fortin, 1989; Legendre, 1990).

Canonical correspondence analysis is also used to assess directly the relationships between all the 

environmental variables and the surface sediment diatom assemblages. The relative importance of 

the different variables on the species variation is evaluated. Unrestricted Monte Carlo permutation 

tests are used to test the significance of the relationships between diatoms and environmental 

variables.

Finally the program MATCH (Juggins,/?^ comm.) is used to compare the surface sediment diatom 

assemblages with the complete post-glacial diatom record presented in core RLGH3 by Jones et al 

(1989). MATCH provides the squared chi-squared distances between the surface sediment and core 

samples. Analog matching of this type has been used in both pollen and diatom studies to provide 

modem analogs for fossil assemblages (e.g. Overpeck et a l , 1985; Birks et a l , 1990a). If close 

analogs for the surface sediment diatom assemblages can be found in the fossil record this will help 

establish whether all the surface assemblages are contemporary, or whether there are areas of older 

sediment exposed on the lake bed. Old surface sediments will be characterised by their dissimilarity 

to the current diatom flora of the lake, and their similarity to past floras.

5.3 Results

No sediment was recovered from six of the Ekman grab samples shown in Figure 5.1 (E07, E09, 

E l3, E14, E24, and E31). These samples could represent areas where the lake bottom is rock, or hard 

compacted clay. Additionally, no diatoms were found in five other samples, E01, E02, E30, E36, and 

E37. These consisted of blue clay with organic matter content <1%. These ten samples are excluded 

from the subsequent analyses, which are restricted to samples containing diatoms, although their 

significance is considered later.

5.3.1 Variation in geographical, morphological, and sediment characteristics of the surface 

sediment samples

Table 5.1 shows a matrix of product-moment correlations between the environmental variables. The 

LOI, dry weight, sediment type and water depth of the samples are indicated in Table 5.2. Clearly



94

a)
PiOiH
CO

*
VO
O

01

<J\cr\ 
o 

•

01 E
1
CO

§
'ti3
CO
V
■5

T—m
vo X-- in
o o CO• • •
o o o

X 1 1

o> CO m o
CN r-~ <N \—
\— o T—CN

H • • • •
o o o o o
PI 1 1

* ¥
ID CO o CN CN
T—CO CO CN CO
00 <— T—O CO• • • • •

DW

O
1

o 0
1

0
1

O
1

* * *
in 00 00 O r' VO

A n« 00 CM r- m CO
-P CN CO \— <— in
a • • • • • •
0 o o o o o o
Q i i

A-Ma  0 !£ Q Q

0
aoi—i

X >1 w

0
O
c
0
-P
0

•H
Q

•§> 
•  ̂

I

c
I
i  ^
n £  

Q

mo
o
Va

-5 •S »
O, Q> °-a> o -m• o g * 0
*- +3§ 3 §
§ -a*  II !tt
I  8 |

■ 5  c  CO

S 4 tt II
8  B t

8
3
i>
3e
i
I
>
S
C

I
i i

in
«
•£



95

Table 5.2 Sediment characteristics of surface sediment samples (ordered by TWINSPAN groups).

Sample Water Depth 
(m)

TWINSPAN
Group

Troels-Smith Description Sediment Type Loss on 
Ignition (%)

Dry Weight 
<%)

E42 2.3 la Ld°4 Lso+ Dh+ black organic mud 45.9 1.3

E48 2.1 la Ld°4 Lso+ Dh+ black organic mud 35.9 9.8

K75 2.4 la Ixf4 Lso+ Ag+ black organic mud 42.1 8.4

K77 1.6 la Ltf4 Lso+ Dh+ black organic mud 39.3 8.0

E05 2.1 lb Ld°4 Lso+ Dh+ black organic mud 33.9 12.6

E22 2.7 lb Ld°4 Lso+ Ag+ Dh+ black organic mud 31.0 12.8

E44 0.6 lb Gs2 Ld°l Gal Lsot- Ag+ muddy sand 1.4 74.7

K30 3.0 lb Ld°3 Lsol Ag+ brown organic mud 39.5 6.6

K41 2.4 lb Ld°4 Lso+ Ag+ black organic mud 37.1 3.4

K44 3.0 lb Ld°4 Lso+ Ag+ black organic mud 37.4 3.8

K53 2.8 lb Ltf4 Lso+ Ag+ Gs+ black organic mud 33.2 62

K55 1.8 lb Ld°4 Lso+ black organic mud 41.2 3.9

K57 2.4 lb Ltf 4 Lso+ Ag+ black organic mud 36.0 6.8

K62 3.0 lb Ld°3 Lsol brown organic mud 30.5 8.4

K65 4.1 lb Ld°4 Lsch- Ag+ Dh+ black organic mud 35.7 6.4

K70 2.7 lb Ld°4 Lso+ Dh+ black organic mud 34.4 4.9

K71 3.2 lb Ld°4 Lsch- Ag+ As+ Dh+ black organic mud 33.3 7.1

K74 22 lb Ld°4 Dh+ Lsch- black organic mud 40.6 4.7
K76 2.5 lb Ld°4 Lsch- Dh+ black organic mud 34.6 5.3
K78 1.5 lb Ltf4 Lsch- Dh-i- Ag+ black organic mud 39.0 6.8
K8Q 2.5 lb Ltf4 Lsch- Ag+ black organic mud 39.5 5.0

K81 2.2 lb Ld°4 Lsch- Ag+ Dh+ black organic mud 39.6 6.3

E10 4.9 2a Ltf4 Lsch- Ag-f- black organic mud 30.2 18.4

E12 4.7 2a Ld°4 Lsch- Dh+ black organic mud 35.6 12.0

E35 2.6 2a Ld°3 Lsol Ag+ Ga+ Dh+ brown organic mud 18.9 20.4

K73 2.5 2a Ld°4 Lsch- Ag+ Dh+ black organic mud 33.4 9.5

E ll 3.0 2b Ld°4 Lsch- Dh+ black organic mud 31.8 3.0

E27 6.1 2b Lcf 4 Lsch- Dh+ black organic mud 32.9 11.9

E46 3.3 2b Lcf 4 Lsch- Ag+ black organic mud 36.7 8.9

E47 6.4 2b Lcf 4 Lsch- Ag+ Dh+ black organic mud 38.8 5.5

K06 13.2 2b Lcf 4 Lsch- Dh+ Ag+ black organic mud 37.9 5.8

K17 5.1 2b Ld°4 Lso-t- Ag+ Dh+ black organic mud 31.0 5.4

K29 5.7 2b Lcf 4 Lso+ black organic mud 32.1 4.0

K34 5.5 2b Lcf 4 Lsch- Ag+ black organic mud 38.2 5.8

K45 4.4 2b Lcf 3 Lsol Ag+ brown organic mud 6.0 33.3

K46 5.5 2b Lcf4 Lsch- Ag-t- Dh+ black organic mud 40.5 4.9

K47 6.6 2b Lcf 4 Lsch- Dh+ blade organic mud 34.5 6.6
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Table 5.2 Continued.

Sample Water Depth 
(m)

TWINSPAN
Group

Troeb-Sndth Description Sediment Type Loss on 
Ignition (%)

Dry Weight 
<%)

K48 7.7 2b Ld°4 Lsch- Dh+ black organic mud 31.0 5.9

K58 6.8 2b Ld°4 Lsch- Ag+ black organic mud 24.4 11.7

K52 3.8 2b L<f4 Lsch- Ag+ black organic mud 32.6 5.5

K54 2.8 2b Ld°4 Lsch- Dh+ Ag+ black organic mud 36.5 4.0

K59 6.4 2b Lef4 Lsch- Ag+ black organic mud 30.4 10.3

K61 3.5 2b L<f4 Lsch- Ag+ black organic mud 23.6 5.1

E23 7.3 3a Lcf 4 Lsch- Ag+ Dh+ black organic mud 37.3 11.7

K91 10.0 3a Lcf 4 Lsch- Dh+ black organic mud 38.1 4.7

K02 11.4 3a Lcf 4 Lsch-Dh-t- blade organic mud 46.1 7.4

K#5 12.7 3a Lcf 4 Lsch-Dbt- black organic mud 39.0 5.7

K07 12.1 3a Lcf 4 Lsch- Ag+ black organic mud 34.2 6.7

K09 12.9 3a Lcf 4 Lsch- Dh+ black organic mud 36.4 6.9

K it 13.2 3a Lcf 4 Lsch-Dh+ black organic mud 44.6 22

K13 8.3 3a Lcf4 Lsch- Dh+ black organic mud 39.8 32

K14 10.7 3a Lcf 4 Lsch- Dh+ black organic mud 39.8 3.4

K15 11.3 3a Lcf 4 Lso+ Dh+ black organic mud 42.4 5.4

K16 12.4 3a Ld°4 Lsch- Dh+ black organic mud 40.1 4.7

K22 11.6 3a Lcf 4 Lsch- Dh+ Ag+ black organic mud 41.7 5.6

K23 11.3 3a Lcf 4 Lsch- Ag+ black organic mud 31.5 6.9

K26 9.3 3a Lcf 4 Lsch- Ag+ Dh+ black organic mud 34.5 i n

K28 8 2 3a Lcf4 Lsch- Ag+ Dh+ black organic mud 36.8 5.1

K35 7.6 3a Lcf 4 Lsch- Dh+ black organic mud 40.2 8.2

K36 10.7 3a Lcf4 Lsch- Ag+ Dh+ black organic mud 35.5 7.3

K37 10.6 3a Lcf 4 Lsch- Dh+ black organic mud 39.2 5.9

K49 6.6 3a Lcf 4 Lsch- Ag+ black organic mud 32.5 10.1

K49 9.0 3a Lcf 4 Lsch- Dh+ black organic mud 38.0 6.1

K67 12.7 3a Lcf4 Lsch- Ag+ Dh+ black organic mud 38.6 6.0

E15 12.4 3b Lcf4 Lsch- Dh+ black organic mud 38.4 9.4

K ll 11.5 3b Lcf 4 Lsch- Dh+ Ag+ black organic mud 37.0 6.1

K25 10.3 3b Lcf 4 Lsch- Dh+ black organic mud 34.1 7.1

K27 9.3 3b Lcf 4 Lsch- Dh+ black organic mud 27.2 14.3
K38 9.5 3b Lcf4 Lsch- Ag+ Dh+ blade organic mud 30.5 6.6

E32 1.6 4a Ga2 Lcf 1 Gsl Ggl Lsch- Dh+ muddy sand 2.9 60.4

E33 0.7 4a Ga2 Gsl Lcf 1 Lsch- Dh+ muddy sand 1.6 72.1

E34 1.8 4a Ga2 Gsl Lcf 1 Lsch- Dg+ muddy sand 12 73.3

K31 1.8 4a Ga4 Lsch- Lcf+ sand 1.7 51.0

E17 7.0 4b Gs2 Ga2 Lsch- Gg+ Ld°+ sand 0.5 82.5

E39 1.4 4b Ga2 Lcf 1 Gsl Lso+ muddy sand 2.2 68.6

E41 0.8 4b Ga3 Ld°l Lsch- Gs-i- muddy sand 1.6 68.8
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Table 5.2 Continued.

Sample Water Depth 
(m)

TWINSPAN
Group

Troels-Smith Description Sediment Type Loss on 
Ignition (%)

Dry Weight 
( % )

E08 10.3 5a Lcf 4 Lso+ Ag+ black organic mud 34.9 14.9

E25 7.1 5a Lcf 3 Lsol Ag+ brown cxganic mud 302 12.7

E29 1.3 5a Ld°2 Lsol Agl Dh+ silty organic mud 20.8 10.4

E43 1.9 5a Lcf 3 Gal Lsch- Ag+ Dh+ sandy mud 12.0 30.9

E49 1.5 5a Lcf 3 Lsch- Ag+ Dh+ brown organic mud 16.5 22.7

K08 10.6 5a Lcf 4 Lso-f- Ag+ black organic mud 38.4 4.5

K12 9.2 5a Lcf 4 Lsch- Ag+ black organic mud 39.7 7.8

K24 10.3 5a Lcf4Lso+ black organic mud 32.4 7.3

K32 2.6 5a Ld°2 Lsol Agl Dh+ silty organic mud 27.1 6.9

K56 1.4 5a Lcf 3 Lsch- Ag+ brown organic mud 13.5 10.4

K64 6.1 5a Lcf4 Lso+ Ag+ Gs+ Dh+ black organic mud 312 3.5

K66 2.3 5a Lcf 3 Lsol Ag+ Gs+ brown organic mud 22.0 10.5

K68 102 5a Lcf4 Lsch Ag+ Dh+ black organic mud 37.0 7.2

K69 1.6 5a Lcf 3 Lsol Ag+ brown organic mud 21.9 6.8

K79 1.9 5a Lcf 4 Lsch Dh+ Ag+ black organic mud 26.6 4.1

E18 4.3 5b Lcf3 Lsol Ag+ Ga+ Gs+ brown organic mud 23.6 14.8

E19 1.3 5b Lcf2 Lsol Agl Dh+ D1+ Ga+ silty organic mud 15.9 15.4

E20 1.3 5b Lcf 3 Lsch Ag+ Dh+ brown mud 20.3 11.6
E26 5.3 5b Lcf 4 Lsch Ag+ black organic mud 38.9 11.6

E45 1.3 5b Lcf2 Gsl Gal Lsch Ag+ sandy mud 45.0

K03 12.6 5b Lcf 4 Lsch Dh+ black organic mud 44.2 5.0

K19 8.8 5b Lcf4 Lsch Ag-t- black organic mud 18.5 5.0

K21 10.7 5b Lcf 4 Lsch Ag+ black organic mud 24.5 12.6

K42 1.6 5b j j f O  L aol A *+ brown organic mud 20.3 7.9

K51 5.4 5b Lcf 3 Lsol Ag+ Dh+ brown organic mud 19.8 142

K58 4.3 5b Lcf3 Lsol Ag+ Gs+ brown organic mud 12.7 17.3
K63 6.1 5b Lcf 3 Lsol Ag+ Dh+ brown organic mud 10.1 20.0

E21 1.2 6 As2 Agl Lcf 1 Lso+ Ga+ muddy clay 7.1 21.8

E38 1.3 6 As2 Agl Lcf 1 LScH Ga+ muddy clay 7.1 22.6

E40 9.0 6 As3 Agl Lsch silty clay 5.6 37.5

K43 1.3 6 Ld°3 Agl Lsch Dh+ As+ mineral mud 14.3 7.1

E04 4.8 7 Lcf2 Gal Agl Lsch Gs+ sandy mud 9.9 24.9

K20 9.3 7 As3 Ld°l Lsch Ga+ muddy clay 14.4 12.7

K33 4.5 7 Lcf2 Agl Lsol As+ silty organic mud 18.0 62

E03 9.2 8 As3 Agl Lsch Dh+ silty day 2.0 70.6

E06 4.9 8 Ga2 Gsl Lcf 1 Lsch Ag+ Dh-f muddy sand 2.1 64.9

E16 8.1 8 Ga2 Lcf 1 Agl Lsw- Gs+ muddy sand 2.9 66.8

K6# 6.8 8 Lcf 3 Lsol Ag+ brown organic mud 9.1 18.4
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LOI and dry weight are strongly negatively correlated. This is illustrated in Figure 5.2a, which 

indicates two gradients of variation between the two variables. The first is in the samples with dry 

weight >20%, the majority of the samples. In this group LOI increases rapidly as dry weight 

decreases. In the samples with higher dry weight values, however, LOI falls very slowly as dry 

weight increases. LOI and depth are positively related. This is illustrated in Figure 5.2b, which shows 

that in water depths >10 m the LOI is over 30%. In these water depths dry weight is also low (Fig 

5.2c). In intermediate water depths the LOI and dry weight values are more variable. In shallow 

water there are some interesting patterns of LOI and dry weight. The samples in water depths of 2- 

3.5 m have high LOI (>30%) and low dry weight. As the depth becomes progressively shallower 

than 2 m, however, LOI falls and dry weight tends to increase. There is also some geographical 

pattern to the organic matter content of the samples (Fig 5.3). The high dry weight-low LOI samples 

are generally found close to the shores of the lake, either against the southern shore or around the 

island.

There are also some significant correlations between the morphological and geographical variables 

(Table 5.1). Depth is positively related to distance from shore and negatively related to y co

ordinates. Slope is also negatively related to y co-ordinates. These associations are all obvious from 

the bathymetry of the loch (see Fig 3.1), as the deep water is offset to the south-west of the basin 

and all the steep slopes are in the southern half of the basin.

The extent to which morphological and geographical variables explain the variation in the sediment 

variables can be explored using RDA. A RDA biplot of the data-set is shown in Figures 5.4 and 5.5. 

The samples and their LOI and dry weight values have been constrained against the geographical co

ordinates and the morphological variables. Sample positions and vectors of the response variables 

(LOI, dry weight) are shown in Figure 5.4. Vectors of the explanatory variables and the centroids 

of the main sediment types (black organic mud, brown organic mud, sand and clay) are shown in 

Figure 5.5. The sediment types are analysed passively, and have no influence on the ordination. The 

RDA splits the samples into three broad groups. Samples at the top-left of the plot have high LOI 

and low dry weight (e.g. K02, K10), and represent the black organic muds. These are strongly 

associated with deep water and to a lesser extent with steep slopes. They are generally found in areas 

with low x and y co-ordinates, the south-west comer of the lake. The second group of samples are 

at the bottom of the plot. They have average to low LOI values and low diy weight (e.g. K43, E21), 

and represent the brown organic muds and clays. They occur in shallow water, generally with low 

angled slopes at the north end of the lake. The final group consists of samples at the top-right with 

low LOI and high dry weight values (e.g. E17, E44). These samples are sands, and are generally 

found close to the shore in the south part of the lake basin.
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Figure 5.2 Scattergraphs of a) dry weight against loss on ignition, b) water depth against loss 
on ignition, c) water depth against dry weight for the surface sediment samples.
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Figure 5.3 Plot of loss on ignition values at surface sediment sample locations.
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Figure 5.4 RDA of the surface sediment samples: biplot of samples and response environmental 
variables.

LOI = sediment loss on ignition.
DW = sediment dry weight.
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Figure 5.5 RDA of the surface sediment samples: plot of explanatory environmental variables 
and centroids of sediment type (analysed passively).

Depth = water depth.
Distance = distance from shore.
X = x co-ordinates.
Y = y co-ordinates.
Black OM = black organic mud.
Brown OM = brown organic mud.

rSlope

‘ Sand

+ 1.0- 1.0

distance

Clay*



103

The morphological and geographical variables explain 21.8% of the variation in LOI and dry weight, 

and most of this is recovered on the first axis (Table 5.3). The significance of the fit of the 

explanatory variables to the response variables can be tested within CANOCO using Monte Carlo 

permutation tests (see Chapter Four). Testing of the RDA shows that this fit is significant (Table 

5.4). Geographical and morphological variables therefore explain a significant amount of the variation 

in sediment LOI and dry weight.

5.3.2 Classification of surface sediment diatom assemblages

TWINSPAN (Hill, 1979) has been used to provide a classification of the surface sediment diatom 

assemblages. The species cut levels (pseudospecies cut levels) used to convert the species abundances 

to qualitative scores for the classification were 0%, 2%, 5%, 10%, and 20%. The classification 

provides a basic structure for the variation in diatom assemblages, which can be referred to in 

subsequent analyses. A total of eight major groups and 13 subgroups have been identified. The mean 

abundances of important taxa in each group are shown in Table 5.5, and a two-way table of the data 

ordered by the TWINSPAN groups is shown in Appendix Two. Table 5.2 also indicates the samples 

within each of the groups.

Group 1

Group la: Dominated by Eunotia incisa, Fmstulia rhomboides var. saxonica, and Tabellaria 

quadriseptata. Also common are Brachysira brebissonii, Eunotia naegelii, Navicula hoefleri, 

Navicula leptostriata, Peronia fibula, and Tabellaria binalis. Abundances of other species are very 

low, and consequently diversity is low.

Group lb: Differs from group la as Navicula madumensis is also common.

Group 2

Dominated by Eunotia incisa and Frustulia rhomboides var. saxonica. Brachysira brebissonii, 

Eunotia naegelii, Navicula leptostriata, Navicula hoefleri, Peronia fibula, and Tabellaria 

quadriseptata are also common. Additional other species such as Achnanthes marginulata, 

Brachysira vitrea, Fragilaria virescens var. exigua, and Tabellaria flocculosa regularly occur in 

abundances >1%. The group is therefore distinguished from group 1 by a relatively high diversity. 

Group 2b is characterised from group 2a by extremely high percentages of Navicula madumensis 

(typically >8%). No other samples have such high abundances of this taxon.
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Table 5.3

Eigenvalues and cumulative variance accounted for in a redundancy analysis of the 114 surface 

sediment samples and two sediment variables (LOI and dry weight) constrained against geographical 

and morphological variables.

Eigenvalue Cumulative variance represented

Axis 1 0.200 20.0%

Axis 2 0.018 21.8%

Axis 3 0.721 93.8%

Axis 3 0.062 100.0%

Table 5.4

Results of unrestricted Monte Carlo permutation tests designed to test the significance of the first two 

axes of the redundancy analysis of 114 surface sediment samples. Tests are based on 99 

permutations, (n.s. = not significant at a  = 0.05).

Axis Tested 

Axis 1 

Axis 2

Probability

0.01

0.01
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Table 5.5 Mean percentages of common taxa in TWIN SPAN groups (shaded blocks represent
mean > 5%).

Taxa TWINSPAN group
la lb 2a 2b 3a 3b 4a 4b 5a 5b 6 7 8

Achnanthes minudssima .2 .1 .2 .3 .5 1.2 .2 .3 1.3 3.4 .9 2.2 .5

Achnanthes marginulata .5 .8 1.6 1.3 2.0 2.4 8 2 9.1 1.6 1.8 .3 1.1 .9

Aulacoseira lirata - .1 .1 .1 .2 .3 - - .1 .3 .4 1.6 3.8

Aulacoseira perglabra .4 .5 .7 1.4 1.2 1.5 .1 .8 1.1 2.0 2.3 14.2 36.3

Aulacoseira perglabra r. floriniae .1 .1 .1 .5 .3 .6 - - .4 .9 1.2 5 J 119

Brachysira vitrea 1.4 .5 3.1 1.4 1.8 3.5 2.2 .4 6.7 10.6 1.7 3.9 1.1

Brachysira brebissonii 4.8 3.4 3.2 3.5 4.2 5.1 3.9 4.3 3.8 3.1 7X) 6.7 1.9

Cymbella perpusdla .5 .4 .3 .7 .8 .9 .8 1.2 1.6 2.1 1.5 4.2 .5

Cymbella lunala .3 .4 .6 .7 .7 .9 .6 .4 2.6 2.9 4.4 2.8 .5

Eunotia rhomboidea .9 1.1 .8 1.1 1.7 1.5 5.1 3.1 1.2 .6 .1 .8 .4

Eunotia denticulata 1.0 1.2 .8 1.0 1.5 .5 5.0 3.6 .9 .7 .4 .6 .5

Eunotia incisa 18.5 13.8 15.7 10.3 14.1 12.1 11.5 16.9 11.3 7.1 8.9 58 4.7

Eunotia naegelii 3.2 2.4 7.2 2.6 3.2 4.7 1.0 .6 2.2 .8 1.1 .4 1.1

Eunotia vanJteurtii r. intermedia .3 .8 .4 1.0 2.3 1.8 8.2 1.2 .8 .6 .7 .5 .3

FragOaria virescens r. exigua .5 .7 1.1 1.6 1.6 3.4 .8 .8 4.9 7.4 10.1 11.1 2.6

Frustulia rhomboides v. saxonica 12.8 10.3 12.9 12.4 10.2 8.7 6.7 8.9 10.1 7.7 11.6 4.1 5.5

Frustulia rhomboides r. viridula .9 1.3 1.2 2.8 1.6 2.0 .6 1.5 2.1 1.7 6.1 3.4 3.2

Melosira arendi - .1 - .1 .1 .1 - - .1 .3 2.7 .4 .1

Navicula madumensis .9 3.1 1.2 8.2 3.6 2.2 1.3 4.2 1.4 1.7 .8 1.0 1.4

Navicula leptostriata 6.8 9.3 7.9 6.7 5.0 7.2 4.0 1.9 4.8 3.0 1.7 1.1 .7

Navicula hoefleri 5JD 10.4 4.6 6.1 3.7 2.9 5.0 6.2 2.7 1.8 1.8 1.2 1.0

Peronia fibula 3.9 2.3 5.5 2.4 2.7 3.2 1.8 1.1 3.9 3.4 1.5 1.6 .9

Tabellaria fiocculosa 1.4 .5 1.7 1.1 1.7 1.7 .8 .5 2.3 2.7 1.9 .8 .7

Tabellaria binalis 2.3 1.9 .8 1.4 2.2 1.5 .7 .6 .6 .2 .4 .5 .2

Tabellaria quadriseptata 17.0 14.4 7.5 8.6 12.4 7.5 3.7 5.7 4.8 1.8 2.1 .2 1.8
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Group 3
Group 3a: Dominated by Eunotia incisa, Tabellaria quadriseptata, and Frustulia rhomboides var. 

saxonica. Also common are Brachysira brebissonii, Eunotia naegelii, Navicula leptostriata, Navicula 

madumensis, Navicula hoefleri, and Peronia fibula.

Group 3b: Differs from Group 3a in having higher abundances of Fragilaria virescens var. exigua, 

and lower abundances of Tabellaria quadriseptata and Eunotia denticulata.

This group is distinguished from groups 1 and 2 by higher abundances of Eunotia vanheurckii var. 

intermedia, Eunotia [vanheurckii var. 1], Achnanthes marginulata, and Eunotia rhomboidea (all 

epipsammic taxa, see Chapter Four), and lower abundances of Navicula hoefleri.

Group 4

Characterised by Achnanthes marginulata. Dominated by Eunotia incisa, Achnanthes marginulata, 

and Frustulia rhomboides var. saxonica. Also common are Brachysira brebissonii, Eunotia 

rhomboidea, Eunotia denticulata, Navicula madumensis, Navicula leptostriata, Navicula hoefleri, and 

Tabellaria quadriseptata. Subgroups are characterised by the occurrence of Eunotia vanheurckii var. 

intermedia:

Group 4a: Eunotia vanheurckii var. intermedia is very common, usually in abundances >8%. 

Group 4b: Eunotia vanheurckii var. intermedia occurs in low abundance, typically <2%.

Group 5

Dominated by Eunotia incisa, Brachysira vitrea, Fragilaria virescens var. exigua, and Frustulia 

rhomboides var. saxonica, and characterised by Brachysira vitrea. Also common are Navicula 

leptostriata, Cymbella lunata, and Peronia fibula. Subgroups are characterised by the following 

species combinations;

Group 5a: Higher abundances of Navicula leptostriata, Eunotia incisa, Eunotia naegelii, and 

Navicula hoefleri than group 5b.

Group 5b: Higher abundances of Brachysira vitrea, Achnanthes minutissima, and Achnanthes 

pseudoswazi than group 5a.

Group 6

Dominated by Fragilaria virescens var. exigua, Frustulia rhomboides var. saxonica, Eunotia incisa, 

Brachysira brebissonii, and Frustulia rhomboides var. viridula. Also common are Cymbella lunata, 

and Melosira arentii This group is distinguished from group 5 by lower abundances of Brachysira 

vitrea.
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Group 7

Dominated by Aulacoseira perglabra and Fragilaria virescens var. exigua. Also common are 

Aulacoseira perglabra var.floriniae, Brachysira brebissonii, Cymbella perpusilla, Cymbella lunata, 

Eunotia incisa, and Frustulia rhomboides var. saxonica.

Group 8

Dominated by Aulacoseira perglabra and Aulacoseira perglabra var. floriniae. Also common are 

Frustulia rhomboides var. saxonica, Eunotia incisa, and Aulacoseira lirata.

5.3.3 Surface sediment diatom assemblages and morphological, geographical, and sediment 

variables

This section presents analyses of the relationships between the surface sediment diatom assemblages 

and the environmental variables. Canonical correspondence analysis (CCA) allows these relationships 

to be directly evaluated, and their significance tested (ter Braak, 1988a, 1990; see Chapter Four).

CCA has been first applied to the assessment of spatial pattern in the surface sediment diatom 

assemblages. The species data have been constrained within a CCA by the variables x, y, x2, y2 and 

xy. These variables account for 7.6% of the variation in species data, 5% of which is explained on 

the first two ordination axes. Monte Carlo permutation testing of the significance of the principal 

axes produced by this ordination equates to testing for significant spatial pattern in the data (ter 

Braak, 1990; Legendre, 1990). Using 99 permutations the first axis is not significant (p=0.13), but 

the second axis is significant (p=0.02). There is therefore a weak relationship between variation in 

surface sediment diatom assemblages and geographical location in the lake basin.

CCA has also been used to explore the relationships between surface sediment diatom assemblages 

and the geographical, morphological, and sediment variables together. The species data have been 

constrained in a CCA against the seven environmental variables (depth, slope, distance from shore, 

LOI, dry weight, and x and y co-ordinates). This has been implemented through CANOCO with the 

forward selection option (ter Braak, 1990). At each step of forward selection, the variable that adds 

most to the explained variance of the species data is selected. CANOCO can also test whether the 

variable to be added is statistically significant using a Monte Carlo permutation test (ter Braak, 

1990).

Table 5.6 shows the results of the forward selection, and all the variables except distance from shore 

add significantly to the CCA. Distance is therefore excluded from the CCA. The CCA captures the
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Table 5.6

Results of forward selection of environmental variables using Monte Carlo permutation tests for 

canonical correspondence analysis (CCA) of the surface sediment diatom assemblages data-set 

Tests are based on 99 permutations. (n.s.= not significant at a  = 0.05).

Total variance explained by the variables = 0.29

Variable

Loss on Ignition 

Dry Weight 

Depth 

Slope 

x

y
Distance from Shore

Probability

0.01 

0.01 

0.01 

0.01 

0.01 

0.03 

1.00 njs.

Extra Variance Explained 

by Selected Variable 

0.11 

0.07 

0.05 

0.02 

0.02 

0.01

Table 5.7

Summary statistics of the canonical correspondence analysis (CCA) of 114 surface sediment 

diatom assemblages and six environmental variables.

CCA axes 1 2 3 4

Eigenvalues 0.158 0.062 0.028 0.017
Species-environment correlations 0.813 0.770 0.606 0.563
Cumulative percentage variance

of species data 14.2 19.8 22.2 23.8
of species-environment relationship 55.1 76.9 86.6 92.5
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variance in the species-environment relationship quite well, with nearly 20% of the species' weighted 

averages being accounted for by the first two axes (Table 5.7). This may at first seem a low 

proportion of the total variance, but ecological data are noisy and contain many zero values. 

Meaningful variation, rather than noise, is usually captured by the first few ordination axes of 

correspondence analysis (Gauch, 1982b). The CCA has one major ordination axis, which explains 

14.2% of the variation in species data. Subsequent axes are less important (Table 5.8). The first 

ordination axis is clearly strongly related to LOI (r=0.62) and to a lesser extent negatively correlated 

with dry weight (-0.34). Axis two is strongly related to dry weight (0.59). The majority of the 

variation in the species data is clearly associated with the sediment variables. Variation associated 

with morphology is represented on axis 3, which is negatively correlated with both slope (-0.44) and 

depth (-0.36).

The CCA joint plot of samples and environmental variables is shown in Figure 5.6. Variables 

explaining the most variance have the longest arrows in the diagrams, and small angles between 

variables indicate a high degree of correlation. Additionally Figure 5.7 shows the vectors of the 

environmental variables with the centroids of the TWINSPAN groups, which have been analysed 

passively and do not influence the ordination. The mean values of the sediment and morphological 

variables in the TWINSPAN groups are shown in Table 5.9.

The samples from TWINSPAN group 1 plot to the right of the CCA and have very high LOI and 

low dry weight values. They are also associated with water depths of 2-3 m (Tables 5.2 & 5.9). 

Group la is distinguished by extremely high LOI values (>35%). Group 2 samples are also 

associated with LOI around 30% and low dry weight. They are found in slightly deeper water than 

Group 1, and are generally found in 3-7 m depth. They are also associated with steeper slopes than 

Group 1 (Table 5.9). TWINSPAN group 3 consists of samples with high LOI (>30%) and low dry 

weight, which are found in deep water. The samples in Group 3a plot almost at the origin of the 

CCA joint plot. These three TWINSPAN groups contain most of the black organic mud samples, 

which generally have LOI >30% (Tables 5.2 & 5.9), and are relatively similar floristically as the 

centroids plot close together in Figure 5.7.

The samples from TWINSPAN group 4 generally plot near the top of Figure 5.7 (e.g. E17, E41). 

They are distinguished by extremely high dry weight (generally >60%) and low LOI (generally 

<2%). They all consist of sandy sediments, and occur in shallow water depths often close to die 

shore. They are floristically distinct from the other samples.

TWINSPAN group 5 contains sediments with intermediate LOI (20-25%) and dry weight (8-20%).
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Table 5.8

Weighted correlation matrix between ordination axes and the environmental variables in the canonical 

correspondence analysis (CCA) of 114 surface sediment diatom assemblages and six environmental 

variables.

Spec. Spec. Spec. Spec. Env. Env. Env. Env.
Ax. 1 Ax.2 Ax.3 Ax.4 Ax. 1 Ax.2 Ax.3 Ax.4

Depth -0 .0 5 0.15 - 0 .3 6 -0 .3 4 OOI 0 .20 -0 .5 9 -0 .6 0
DW -0 .3 4 0.59 0.19 0.20 - 0 .4 2 0.77 0.32 0.36
LOI 0.62 - 0 .2 5 0.26 - 0 .1 5 0.76 -0 .3 3 - 0 .4 3 -0 .2 7
X i o o to - 0 .2 9 0.18 -0 .4 2 - 0 .0 2 0.38 0.30 -0 .7 5
y 0.15 -0 .2 0 0.12 -0 .0 8 0.19 -0 .2 6 0.19 0.15
Slope Cho01 O'*

o01 01 r"o01 -0 .11 0.12 -0 .7 2 0.12

LOI = loss cm ignition 

DW = dry weight
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Figure 5.6 CCA of surface sediment diatom assemblages: joint plot of samples and 
environmental variables.

DW = sediment dry weight.
LOI = sediment loss on ignition.
Depth = water depth.
X = x co-ordinates.
Y = y co-ordinates.
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Figure 5.7 CCA of surface sediment diatom assemblages: plot of environmental variables and 
centroids of TWINSPAN groups (analysed passively).

DW = sediment dry weight.
LOI = sediment loss on ignition.
Depth = water depth.
X = x coordinates.
Y = y co-ordinates.
Centroids of TWINSPAN groups are labelled (e.g. 4b).
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Table 5.9 Mean values of environmental variables in TWINSPAN groups.

TWINSPAN
Group

Water Depth 
(m)

Sediment Diy 
Weight (%)

Sediment Loss on 
Ignition (%)

Slope Distance from 
Shore(m)

la 2.1 (0.4) 6.9 (3.8) 40.8 (4.2) 1.8 (1.0) 18.3 (11.5)

lb 2.5 (0.8) 10.5 (16.7) 34.0 (9.0) 1.6 (0.6) 40.2 (23.2)

2a 3.7 (1.3) 15.1 (5.1) 29.5 (7.4) 2.5 (0.6) 34.0 (13.2)

2b 5.6 (2.4) 8.1 (7.0) 31.7 (8.1) 2.4 (0.5) 54.7 (27.9)
3a 10.5 (2.0) 6.2 (2.2) 38.4 (3.7) 1.7 (0.7) 73.9 (21.6)

3b 10.6 (1.4) 8.6 (3.4) 33.4 (4.6) 1.8 (0.4) 72.8 (28.9)
4a 1.5 (0.5) 64.2 (10.5) 1.8 (0.7) 1.3 (0.5) 30.0 (6.7)

4b 3.0 (3.4) 73.3 (7.9) 1.4 (0.9) 1.7 (1.1) 11.3 (5.5)

5a 5.2 (3.9) 10.7 (7.4) 26.9 (8.9) 1.9 (0.8) 42.5 (22.2)

5b 5.2 (3.8) 15.8 (10.0) 21.1 (11.1) 1.8 (0.9) 54.8 (36.1)
6 3.2 (3.9) 22.3 (12.4) 8.5 (3.8) 1.0 (0.0) 52.0 (38.2)

7 6.2 (2.7) 14.6 (9.5) 14.1 (4.0) 2.3 (0.6) 65.7 (55.1)
8 7.3 (1.8) 55.2 (24.6) 4.0 (3.4) 2.5 (1.0) 37.0 (27.5)

Bold figures represent mean values 
Bracketed figures represent standard errors
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The samples are also generally found in intermediate depths. They plot to the bottom-left of the CCA 

and although some samples are black organic muds they are generally brown organic muds (e.g. E18, 

K56, K66).

TWINSPAN groups 6, 7 and 8 consist mainly of organic clay sediments (Table 5.2). The samples 

in Group 6 plot in the bottom-left of the CCA, and have high dry weights and LOI. Floristically, 

they are similar to group 5 (Fig. 5.7). The samples in group 7 have slightly higher LOI than samples 

in group 6. Samples in group 8 are floristically the most distinctive samples in the data-set (Fig 5.7) 

and have extremely low LOI and high dry weight. Groups 7 and 8 occur in water depths of 4.5-9.5 

metres, and are generally associated with steeper slopes (Tables 5.2 & 5.9).

The dominant gradient of variation in the surface sediment diatom assemblages is therefore clearly 

related to sediment variables and sediment type. Patterns are apparent in the CCA, however, that 

suggest there may be more subtle patterns associated with geographical and morphological variables 

superimposed on the main gradient of variation. This can be tested within CANOCO using 

unrestricted Monte Carlo permutation tests with the partialling out of co-variables (ter Braak, 1988b, 

1990; see Chapter Four). Table 5.10 shows the results of testing the significance of the three sets of 

environmental variables, geographical, morphological and sediment, after removing the effects of the 

remaining variables. All three sets of variables show a significant fit to the residual variation after 

co-variables have been removed. It is therefore clear that although the dominant gradient of variation 

is associated with sediment variables, morphological and geographical variables also account for 

some of the variation in the diatom assemblages.

The CCA results and the TWINSPAN classification indicate that there are basically four types of 

samples. The black organic muds (generally the samples in TWINSPAN groups 1-3) are generally 

dominated by diatoms abundant in the current loch flora (e.g. Tabellaria quadriseptata, Frustulia 

rhomboides var. saxonica). A notable anomaly is group 2b, which contains high abundances of 

Navicula madumensis, a diatom found in only low abundances in the periphyton. The brown organic 

muds (generally TWINSPAN group 5) contain some of the diatoms abundant in the current loch 

flora, but are also dominated by taxa which are uncharacteristic of the current periphytic flora, such 

as Fragilaria virescens var. exigua and Brachysira vitrea. The sand samples (TWINSPAN group 4) 

are characterised, and generally dominated by taxa characteristic of the current epipsammic flora (e.g. 

Achnanthes marginulata, Eunotia vanheurckii var. intermedia). Finally, the organic clay samples 

(TWINSPAN groups 7 and 8) are dominated by diatoms which are not found in the periphytic flora, 

such as Aulacoseira perglabra.
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Results of unrestricted Monte Carlo permutation tests designed to test the null-hypothesis that there 

is no significant relationship between variation in surface sediment diatom assemblages and 

geographical, morphological, and sediment variables using partial canonical correspondence analysis. 

All tests are based on 99 permutations. (n.s. = not significant at a  = 0.05).

Variables Tested Partialled out co-variables Probability

Geographical Morphological, Sediment 0.03

Morphological Sediment, Geographical 0.01

Sediment Geographical, Morphological 0.01

Geographical variables : x, y co-ordinates and x2, y2 and xy.

Morphological variables : depth, slope, distance from shore.

Sediment variables : loss on ignition, dry weight
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Insights into the processes governing the variation in species abundances in the surface sediments 

of the lake basin can also be attained by looking at the distributions of individual taxa relative to the 

environmental variables. Chapter Four showed that certain taxa are indicative of individual diatom 

habitats. These taxa can be used to assess the representation of that community across the lake basin. 

Additionally, the TWINSPAN classification highlighted certain groups of samples that are dominated 

by taxa not found in the habitats studied in Chapter Four (e.g. Aulacoseira perglabra in TWINSPAN 

groups 7 and 8). These taxa could be epipelic, or alternatively the samples could represent old 

sediment exposed on the lake bed. The relationships between the abundances of these taxa and the 

environmental variables may shed light on the validity of these hypotheses.

Tabellaria quadriseptata and Frustulia rhomboides var. saxonica are currently abundant in the 

diatom flora, particularly in the epilithon and epiphyton. Frustulia rhomboides var. saxonica has been 

common in the flora throughout the loch’s history. The taxon shows little systematic variation in 

abundance in relation to either depth, LOI and dry weight (Fig 5.8), or spatial location (Fig. 5.9). 

Tabellaria quadriseptata has became important only after the acidification, particularly since 1900

A.D. (Jones et a l, 1989), and therefore provides a marker for sediments deposited in the last 100 

years. Figure 5.10 shows that high abundances of Tabellaria quadriseptata (>10%) are clearly found 

only in samples with high LOI and low dry weight (black organic muds). This suggests that these 

sediments are all of recent origin. There is little systematic variation of the abundance of Tabellaria 

quadriseptata with depth, although there is a conspicuous group of samples with high abundances 

in water depths of 1.5-2 m. There is little systematic spatial pattern to the variation in abundances 

of this taxon (Fig 5.11).

Certain taxa were identified in Chapter Four as characteristic of particular diatom habitats. Brachysira 

brebissonii is indicative of the current epilithic flora of Round Loch. There is one outlying sample 

with an extremely high abundance of this taxon, but apart from this there is no systematic variation 

between abundance in the surface sediments and the environmental variables (Figs 5.12 and 5.13). 

Eunotia naegelii is indicative of the Juncus and liverwort epiphyton. The highest abundances of this 

taxon are found in samples with high LOI and low dry weight (Fig 5.14). There is no systematic 

variation with depth. Figure 5.15 shows that the samples with the highest abundances of Eunotia 

naegelii are spatially restricted, and occur in the south-west comer of the lake. Achnanthes 

marginulata is indicative of the current epipsammic flora of the lake (see Chapter Four). Its 

abundance in the surface sediment samples exceeds 5% in only four samples. All these samples have 

high dry weight and low LOI, and three of the four are found at water depths <2 m (Fig 5.16). All 

four of the high Achnanthes marginulata samples are close to the southern shore of the lake,
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Figure 5.8 Scattergraphs of the abundance of Frustulia rhomboides var. saxonica in the surface
sediment diatom assemblages against a) water depth, b) sediment loss on ignition,
c) sediment dry weight.
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Figure 5.9 Plot of the abundance of Frustulia rhomboides var. saxonica at the surface sediment
sample locations.
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Figure 5.10 Scattergraphs of the abundance of Tabellaria quadriseptata in the surface
sediment diatom assemblages against a) water depth, b) sediment loss on
ignition, c) sediment dry weight
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Figure 5.11 Plot of the abundance of Tabellaria quadriseptata at the surface sediment sample
locations.

% Tabellaria quadriseptata
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Figure 5.12 Scattergraphs of the abundance of Brachysira brebissonii in the surface
sediment diatom assemblages against a) water depth, b) sediment loss on
ignition, c) sediment dry weight
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Figure 5.13 Plot of the abundance of Brachysira brebissonii at the surface sediment sample
locations.
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Figure 5.14 Scattergraphs of the abundance of Eunotia naegelii in the surface
sediment diatom assemblages against a) water depth, b) sediment loss on
ignition, c) sediment dry weight

a) 1 5 —i

1 0 -

5 -

; r «.. •
•• \ \  •

%•» •• • 
•• •• •

• ••

8 10 11 12 13 14

b )

c
o
oc3Ld
K

1 5 —1

1 0 -

5 -

Depth (m)

.  . •
%• • • 

• •
I

10
Ji.T
20

I
30 40 50

Loss on Ignition (%)

1 5 - i

1 0 -

o»

5 -

20 40 50

Dry Weight (%)

70 80 90



124

Figure 5.15 Plot of the abundance of Eunotia naegelii at the surface sediment sample
locations.
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Figure 5.16 Scattergraphs of the abundance of Achnanthes marginulata in the surface
sediment diatom assemblages against a) water depth, b) sediment loss on
ignition, c) sediment dry weight
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immediately offshore of sandy bays (Fig 5.17).

The Navicula species, Navicula hoefleri and Navicula leptostriata, are part of the current flora of the 

lake, but show little habitat preference and occur in low abundances in the epilithon, epipsammon 

and epiphyton. Jones (1987), however, found that they were a part of the epipelon in Round Loch. 

The abundance of Navicula hoefleri shows strong negative correlation with depth (Fig 5.18), and the 

highest abundances are found in water 0.5-4 m deep. The samples with the highest abundances also 

have either very high or very low LOI and dry weight (sands and black organic muds). The 

relationship of Navicula hoefleri with depth is also illustrated in Figure 5.19. High abundances are 

found in the areas of shallow water to the north-west and south-east of the lake. Low abundances 

occur in the centre of the lake, where distance from the shore and depth are high. Navicula 

leptostriata shows similar patterns of abundance relative to the environmental variables.

Navicula madumensis is characteristic of TWIN SPAN group 2b, but is not common in the current 

epilithon, epipsammon, and epiphyton, although Jones (1987) suggested it was also an important part 

of the epipelon in Round Loch. The highest abundances of this taxa are restricted to water depths 

between 4-7 m, and occur in samples with high LOI and low dry weight (Fig 5.20). The samples 

with a high abundance of Navicula madumensis are all in TWTNSPAN group 2b. Figure 5.21 shows 

that these samples are found on gentle slopes in the south-east and northern half of the basin.

Fragilaria virescens var. exigua, Brachysira vitrea, and Aulacoseira perglabra are species which are 

quantitatively unimportant or absent from the current epilithon, epipsammon, and epiphyton. 

Fragilaria virescens var. exigua is characteristic of classes 5b and 6, and Aulacoseira perglabra is 

characteristic of classes 7 and 8. High abundances of Fragilaria virescens var exigua are associated 

with LOI values of 5-20%, although there is little systematic variation with water depth (Fig 5.22). 

There is a group of samples with high abundances of Fragilaria virescens var. exigua located south 

west of the island in Round Loch (Fig 5.23), but apart from these there is no spatial pattern in 

abundances. Brachysira vitrea, characteristic of TWINSPAN group 5, shows a similar pattern of 

distribution to Fragilaria virescens var. exigua. Seven samples in the data-set have abundances of 

Aulacoseira perglabra >10%, and these comprise TWINSPAN classes 7 and 8. All of these samples 

have LOI <20% and are found in water depths of 4-9 m (Fig 5.24). They are generally organic clay 

samples found on steep slopes in the south part of the basin (Table 5.2; Fig 5.25).
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Figure 5.17 Plot of the abundance of Achnanthes marginulata at the surface sediment sample
locations.
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Figure 5.18

a)

Scattergraphs of the abundance of Navicula hoefleri in the surface
sediment diatom assemblages against a) water depth, b) sediment loss on
ignition, c) sediment dry weight
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Figure 5.19 Plot of the abundance of Navicula hoefleri at the surface sediment sample
locations.
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Figure 5.20 Scattergraphs of the abundance of Navicula madumensis in the surface
sediment diatom assemblages against a) water depth, b) sediment loss on
ignition, c) sediment dry weight
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Plot of the abundance of Navicula madumensis at the surface sediment sample
locations.

% Navicula madumensis



Figure 5.22 Scattergraphs of the abundance of Fragilaria virescens var. exigua in the surface
sediment diatom assemblages against a) water depth, b) sediment loss on
ignition, c) sediment dry weight
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Figure 5.23 Plot of the abundance of Fragilaria virescens var. exigua at the surface sediment
sample locations.
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Figure 5.24 Scattergraphs of the abundance of Aulacoseira perglabra in the surface sediment
diatom assemblages against a) water depth, b) sediment loss on ignition, c)
sediment dry weight.
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Figure 5.25 Plot of the abundance of Aulacoseira perglabra at the surface sediment sample
locations.
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5.3.4 Analog matching of surface sediment diatom assemblages with the post-glacial diatom 

record

The results of the analog matching between the surface sediment diatom record and the post-glacial 

diatom record of Jones et a t, (1989) are shown in Table 5.11. The closeness of the analog matches 

broadly follows the definitions of Birks et a l (1990b); a close analog match has a squared chi- 

squared distance of <0.65 and a very close analog has a squared chi-squared distance <0.55. These 

definitions are based on permutations within the modem SWAP diatom/water chemistry data-set 

(Birks et al., 1990b). The values are perhaps a little high for this application, as they are based on 

matching between sites and not matching within a site. Nevertheless, they provide a useful guideline.

TWINSPAN groups 1,2 and 3 generally all match very closely to samples in diatom zone 6b of 

RLGH3 (see Table 3.3). This zone represents the last 40 years of accumulation in RLGH3 with a 

flora dominated by diatoms currently living in the loch indicative of strongly acidified conditions. 

One or two of the samples in these groups, however, match more closely to samples in RLGH3 zone 

6a (e.g. E23, K67). This zone consists of sediments deposited in the first half of this century, 

although the dominant diatoms in the zone are again all diatoms currently living in the lake. The 

matches for TWINSPAN group 4 are less clear. All the squared chi-squared distances are above 0.50, 

and although the samples generally match with RLGH3 zone 6b, the closest analog to K31 is a 

sample from zone 5. This zone represents sediments that accumulated in the lake between c.1500

B.P. and 1905 A.D., and is characterised by Brachysira vitrea.

The samples in TWINSPAN group 5a show closest matches to levels in RLGH3 in zones 5, 6a and 

6b, although most of the matches are to the former two groups. The matches are all fairly good. The 

closest analogs to TWINSPAN group 5b are almost all from RLGH3 zone 5. Exceptions are K58, 

which matches with RLGH3 zone 2, and K63 which matches to RLGH3 zone 3.

The closest analogs for the samples in TWINSPAN group 6 come from RLGH3 zones 3, 5 and 6a, 

but all have a squared chi-squared distance >0.50 and are therefore poor matches. Although the 

matches to the samples in TWINSPAN group 7 are also poor, all match to levels from RLGH3 zone 

2. This zone represents sediment deposited in the mid-Holocene (see Table 3.3). Finally the samples 

from TWINSPAN group 8 also match with early-mid Holocene assemblages in RLGH3 zones 1, 2 

and 3. The matches are again poor, with the distances >0.60.
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Table 5.11 Analog matches of surface sediment diatom assemblages with core RLGH3 ordered 
by TWINSPAN classes. (* = good match, ** = very good match)

Surface Sediment Samples Closest Analog in Core RLGH3
Sample W ater Depth 

(m)
TWINSPAN

Group
Depth in RLGH3 

(cm)
Diatom Zone 
in RLGH3

Squared Chi- 
squared Distance

Match

£42 2.3 la 3.3 6b 0.42 **

E48 2.1 la 1.8 6b 0.37 **

K75 2.4 la 1.8 6b 0.32 a*
K77 1.6 la 1.8 6b 0.35 **

E05 2.1 lb 1.8 6b 0.40 **

E22 2.7 lb 1.8 6b 0.34 **

£44 0.6 lb 1.3 6b 0.68

K3# 3.0 lb 1.3 6b 0.35 **

K41 2.4 lb 1.3 6b 0.36 **

K44 3.0 lb 1.8 6b 0.29 **

K53 2.8 lb 1.8 6b 0.32 **

K55 1.8 lb 1.8 6b 0.29 **

K57 2.4 lb 1.3 6b 0.34 **

K62 3.0 lb 1.3 6b 0.36 **

K65 4.1 lb 1.3 6b 0.37 **

K70 2.7 lb 1.8 6b 0.27 **

K71 3 2 lb 1.3 6b 0.40 **

K74 2.2 lb 1.3 6b 0.38 **

K76 2.5 lb 4.8 6b 0.30 **

K78 1.5 lb 1.3 6b 0.40 **

K80 2.5 lb 1.8 6b 0.35 **

K81 2.2 lb 1.3 6b 0.42 **

El# 4.9 2a 7.3 6a 0.31 **

E12 4.7 2a 6.3 6a 0.37 **

E35 2.6 2a 6.3 6a 0.36 **

K73 2.5 2a 1.8 6b 0.32 **

E ll 3.0 2b 6.3 6a 0.37 **

E27 6.1 2b 1.8 6b 0.44 **

E46 3.3 2b 4.3 6b 0.34 **

E47 6.4 2b 0.8 6b 0.39 **

K06 13.2 2b 1.8 6b 0.27 **

K17 5.1 2b 1.8 6b 0.35 **

K29 5.7 2b 1.8 6b 0.39 **

K34 5.5 2b 1.8 6b 0.41 **

K45 4.4 2b 1.8 6b 0.47 **

K46 5.5 2b 1.8 6b 0.49 **

K47 6.6 2b 1.8 6b 0.36 **
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Table 5.11 Continued

Surface Sediment Samples Closest Analog in Core RLGH3
Sample Water Depth 

(m)
TWINSPAN

Group
Depth in RLGH3 

(cm)
Diatom Zone 
in RLGH3

Squared Chi- 
squared distance

Match

K48 7.7 2b 1.8 6b 0.31 **
K59 6.8 2b 1.8 6b 0.31 **
K52 3.8 2b 1.8 6b 0.32 **
K54 2.8 2b 1.8 6b 0.32 **
K59 6.4 2b 1.3 6b 0.31 **
K61 3.5 2b 1.8 6b 0.32 **
E23 7.3 3a 6.3 6a 0.34 **
KOI 10.0 3a 1.8 6b 029 **
K02 11.4 3a 1.8 6b 0.33 **
K05 12.7 3a 1.8 6b 0.29 **
K07 12.1 3a 1.8 6b 0.35 **
K09 12.9 3a 3.8 6b 0.30 **
K10 13.2 3a 2.3 6b 0.37 **
K13 8.3 3a 1.8 6b 0.32 **
K14 10.7 3a 1.8 6b 0.38 **

K15 11.3 3a 1.8 6b 0.34 **

K16 12.4 3a 1.8 6b 0.31 **
K22 11.6 3a 1.8 6b 0.31 **

K26 9.3 3a 1.8 6b 0.26 **
K28 82 3a 1.8 6b 0.32 **

K35 7.6 3a 1.8 6b 0.33 **
K36 10.7 3a 1.8 6b 0.32 **
K37 10.6 3a 6.3 6a 0.32 **
K40 6.6 3a 1.8 6b 0.36 **
K49 9.0 3a 1.8 6b 0.30 **
K67 12.7 3a 6.3 6a 0.29 **

E15 12.4 3b 6.3 6a 0.32 **
K ll 11.5 3b 3.3 6b 0.35 **
K25 10.3 3b 4.3 6b 0.33 **

K27 9.3 3b 6.3 6a 0.33 **
K38 9.5 3b 1.8 6b 0.32 **
E32 1.6 4a 1.3 6b 0.55 **
E33 0.7 4a 1.3 6b 0.70

E34 1.8 4a 2.3 6b 0.79

K31 1.8 4a 18.3 5 0.64 *

E17 7.0 4b 2.3 6b 0.64 *

E39 1.4 4b 1.3 6b 0.52 **
E41 0.8 4b 2.3 6b 0.65 a



139

Table 5.11 Continued

Surface Sediment Samples Closest Analog in Core RLGH3
Sample W ater Depth 

(m)
TWINSPAN

Group
Depth in RLGH3 

(cm)
Diatom Zone 
in RLGH3

Squared Chi* 
squared distance

Match

E08 10.3 5a 6.3 6a 029 **

E25 7.1 5a 1.8 6b 0.39 **

E29 1.3 5a 1.8 6b 0.53 **

E43 1.9 5a 6.3 6a 0.48 **

E49 1.5 5a 14.3 5 0.47 **

K08 10.6 5a 13.3 5 0.38 **

K12 9.2 5a 18.3 5 0.36 **

K24 10.3 5a 13.3 5 0.36 **

K32 2.6 5a 8.3 6a 0.35 **

K56 1.4 5a 20.3 5 0.38 **

K64 6.1 5a 8.3 6a 0.42 **

K66 2.3 5a 6.3 6a 0.36 **

K68 10.2 5a 8.3 6a 0.34 **

K69 1.6 5a 10.3 6a 0.33 **

K79 1.9 5a 8.3 6a 0.27 **

E18 4.3 5b 20.3 5 0.42 **

E19 1.3 5b 21.3 5 0.55 **

E2I 1.3 5b 17.3 5 0.47 **

E26 5.3 5b 18.3 5 0.33 **

E45 1.3 5b 22.3 5 0.51 *

K03 12.6 5b 18.3 5 0.39 **

K19 8.8 5b 20.3 5 0.32 **

K21 10.7 5b 22.3 5 0.36 **

K42 1.6 5b 20.3 5 0.31 **

K51 5.4 5b 18.3 5 0.40 **

K58 4.3 5b 146.5 2 0.50 **

K63 6.1 5b 130.5 3 0.54 **

E21 1.2 6 13.3 5 0.50 **

E38 1.3 6 132.5 3 0.58 *

E40 9.0 6 8.3 6a 0.89

K43 1.3 6 132.5 3 0.58 *

E04 4.8 7 142.5 2 0.48 **

K20 9.3 7 142.5 2 0.40 **

K33 4.5 7 146.5 2 0.46 **

E03 9.2 8 172.5 2 0.87

E06 4.9 8 108.5 3 0.68
E16 8.1 8 220.5 1 0.62 *

K60 6.8 8 144.5 2 0.64 *
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5.4 Discussion

5.4.1 Evidence of an epipelic diatom community

If an epipelic flora exists in Round Loch it will be found on muds within the photic zone. The results 

clearly show that areas of mud in shallow water in Round Loch are extensive. They particularly 

occur around the island and in the north part of the lake basin, and are represented by surface 

sediment samples in TWINSPAN group 1 (see Table 5.2). Jones (1987) was therefore incorrect in 

stating that the potential habitat for epipelic diatoms was limited. The shallow water mud samples 

are dominated by Eunotia incisa, Frustulia rhomboides var. saxonica, and Tabellaria quadriseptata. 

These diatoms could be living in situ as epipelic forms, but they are also very common in other 

diatom habitats (see Chapter Four). They could therefore have been transported from other 

communities and deposited in shallow waters. Aquatic macrophytes are extensive in the shallow 

water, and all three of these taxa are common epiphytic forms.

Of the other species common in TWINSPAN group 1 samples, only two species are not an important 

part of either the epiphyton, epipsammon or epilithon. These are Navicula hoefleri and Navicula 

leptostriata. In the surface sediment data-set these taxa clearly show maximum abundances in 

shallow water, particularly Navicula hoefleri. This pattern would be expected if they are epipelic 

forms and are growing in situ on the mud surfaces in shallow waters. It seems, then, that these 

diatoms are certainly epipelic forms. Jones (1987) also found these taxa in an epipelon sample from 

Round Loch, as well as Navicula madumensis. In the surface sediment samples this taxon is 

characteristic of TWINSPAN group 2b, and is abundant in samples in water depths of 4-7 m. It is 

possible that this taxon is living on the mud surface at these depths. Diatoms can adapt to very low 

light intensities (e.g. Ramus et a l , 1976, 1977; Rosen & Lowe, 1984), and this might be the case 

with Navicula madumensis. Surface sediment samples taken in June 1990 from the eastern side of 

the lake basin, where abundances of Navicula madumensis are high (Fig 5.21), confirmed that 

chloroplasts were intact within cells of this taxon.

It is clear that Round Loch does have an epipelic flora. The exact composition of this flora is poorly 

defined, as many of the species occurring in the shallow-water mud samples also occur in other 

habitats, but the flora is characterised by the Navicula species, Navicula hoefleri, Navicula 

leptostriata and Navicula madumensis. This flora could be an important source of diatoms to the 

sediment.
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5.4.2 Evidence of contemporary and non-contemporary surface sediments

Jones and Flower (1986) suggested that some of the diatoms found in the surface sediment of Round 

Loch are not part of the current flora. This has been confirmed by this study. Several of the 

TWINSPAN groups are characterised by diatoms which are not part of the current epiphyton, 

epilithon, or epipsammon: Brachysira vitrea in group 5, Aulacoseira perglabra and Cymbella lunata 

in group 7, and Aulacoseira perglabra, Aulacoseira perglabra var.floriniae and Aulacoseira lirata 

in group 8. Group 6 is dominated by Fragilaria virescens var. exigua which is present in the 

periphyton, but only in very low abundances (see Chapter Four). Group 6 is also characterised by 

Cymbella lunata and Melosira arentii, which are not part of the current flora. Checking for 

chloroplasts in unprepared material showed that all of these taxa are not living in situ as epipelic 

forms. Indeed some of the samples are found in very deep water, well below the photic zone (e.g. 

K03, K68). This suggests that these samples contain old diatom assemblages deposited earlier in the 

Holocene history of the loch. There are no close matches to the assemblages of Group 8 in the post

glacial record (Table 5.11). This is because the group is dominated by Aulacoseira perglabra and 

Aulacoseira perglabra var. Jloriniae to the extent that their combined percentages exceed 50%. 

Although these taxa are common in the post-glacial flora of Round Loch before c.1850 B.P., they 

never achieve the dominance apparent in TWINSPAN group 8. Although these samples therefore 

almost certainly represent areas in the lake where sediment accumulation ceased earlier in the 

Holocene, it is difficult to say when this happened.

TWINSPAN group 7 is also dominated by the Aulacoseira species, but Fragilaria virescens var. 

exigua, Eunotia incisa, and Brachysira brebissonii are also common. Although the analog matches 

are not particularly good, the assemblages all match samples from 140-150 cm in core RLGH3, 

which represents the end of diatom zone 2. This suggests that accumulation ceased in these samples 

around 4000-5000 B.P..

The samples from TWINSPAN group 6 are dominated by Frustulia rhomboid.es var. saxonica, 

Fragilaria virescens var. exigua, Eunotia incisa, and Brachysira brebissonii. These diatoms are 

abundant in the assemblages of core RLGH3 through much of the Post-glacial (Jones et a l, 1989). 

Consequently the closest analogs to the samples in this group are found in a wide range of depths 

in RLGH3, although not in zone 6b which represents the last 40 years. Although the samples from 

TWINSPAN group 6 also represent areas where sediment is no longer accumulating, it is again 

difficult to say when the accumulation ceased.
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TWINSPAN group 5 contains diatoms that are currently an important part of the live flora (e.g. 

Eunotia incisa) but are characterised by Brachysira vitrea, which is no longer an important part of 

the live flora. In core RLGH3 Brachysira vitrea is characteristic of diatom zone 5, and most of the 

assemblages in group 5b match closely with this zone (Table 5.11). This suggests that group 5b 

represents samples where accumulation ceased sometime between c.1650 and 1850 A.D.. However, 

the assemblages in group 5a match with levels in RLGH3 from zones 5, 6a and 6b, and generally 

contain a more acid flora that group 5b. The high abundances of Brachysira vitrea in these samples 

indicate that they are not contemporary. These samples could therefore represent areas where 

accumulation ceased sometime between 1850 and 1950 A.D.. An alternative interpretation is that 

they represent areas with extremely low accumulation rates. If this is the case the time-averaging 

effect of taking a 5 mm core slice could mean that older diatoms which do not represent recent 

accumulation are incorporated into the sample, effectively making the sample appear older. This can 

be tested by looking at the assemblages down a core at this location to assess the accumulation rate.

An interesting feature of TWINSPAN groups 5-8, representing non-contemporary sediments, is the 

virtual absence of Cyclotella kuetzingiana from these assemblages. This taxon was common in the 

lake in diatom zones 3 and 4 (see Table 3.3), which together represent the age range c.4100 B.P to 

c. 1650 A.D.. The absence of Cyclotella kuetzingiana from the non-contemporary surface sediments 

suggests that sediment accumulation ceased either before c.4100 B.P. or after c.1650 A.D.. The 

discussion above suggests that TWINSPAN groups 6-8 fall into the former category, and 

TWINSPAN group 5 falls into the latter category.

A possible explanation for occurrence of non-contemporary surface sediments is that they are caused 

by changes in the supply of sediment to the loch from the catchment. The samples from TWINSPAN 

group 5 all post-date the stratigraphic event interpreted by Stevenson et al (1990) as representing 

the inwash of organic peats eroded from the catchment. This inwash increased the supply of sediment 

to the loch and one result was an increase in profundal sediment accumulation rates (Stevenson et 

a l , 1990). Another possible result could have been the deposition of organic sediments across wider 

areas of the lake basin than prior to the inwash. Many of the peat hags in the catchment of Round 

Loch, however, have revegetated since their formation (Jones et a l , 1987). This stabilisation may 

have led to a reduction in the inwash of eroded peat material into the lake, and consequently 

increased focusing of sediments into preferential areas of the lake, such as the deep water in the 

south-west of the basin. The result would be a cessation of accumulation in other areas of the lake. 

This would leave non-contemporary sediments such as those in TWINSPAN group 5 on the lake bed. 

It is more difficult to suggest a detailed explanation for the causes of the non-contemporary
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sediments in TWINSPAN groups 6-8, but changes in the inwash of sediment from the catchment 

may also be responsible.

The remaining TWINSPAN groups (1-4) all consist of assemblages containing diatoms currently 

living in the loch. TWINSPAN group 4 is dominated by epipsammic diatoms (e.g. Eunotia 

vanheurckii var. intermedia, Achnanthes marginulata, Eunotia incisa). The samples in this group are 

sandy sediments and are found in shallow waters. It is clear that these samples represent epipsammic 

assemblages growing in situ. The low LOI and high dry weight values of these samples also account 

for some of the relationship between the sediment variables and the surface sediment diatom 

assemblages. These samples mostly occur in water <2 m deep. The results show that organic 

sediment does not accumulate in water at these very shallow depths. This suggests that 2 m 

represents the depth of the 'wave base’ in Round Loch, the depth above which fine-grained 

sediments are continuously transported by wave action (Hakanson & Jansson, 1983).

TWINSPAN groups 1-3, are composed of black organic muds with high LOI values. These samples 

are floristically similar relative to the other groups. The high abundances of post-acidification taxa 

such as Tabellaria quadriseptata in these samples indicate that they are contemporary sediments. 

This is confirmed by the analog matching, which shows that all the samples match closely to the 

most recent levels in core RLGH3. The samples in TWINSPAN Group 3 are restricted to deep water, 

and clearly represent currently accumulating profundal sediments. They also appear to represent the 

range of diatom habitats currently growing in Round Loch better than any other contemporary 

organic sediments, as they contain diatoms characteristic of the epipsammon which are rare in 

TWINSPAN groups 1 and 2. The samples in TWINSPAN Group 2 generally occur in intermediate 

water depths. There is evidence that some of the diatoms present in the assemblages of this group 

are epipelic diatoms growing in situ (e.g. Navicula madumensis). This group therefore seems to 

represent samples containing a mixture of such in situ forms and diatoms deposited here after 

transport from other habitats. TWINSPAN group 1 is dominated by diatoms abundant in the 

periphytic diatom communities and by epipelic taxa, and the samples in this group are found only 

in shallow water (typically <3 m).

5.4.3 Variation in surface sediment diatom assemblages and implications for biostratigraphic 

studies

Much of the variation in surface sediment diatom assemblages is clearly due to the presence of non

contemporary surface sediments. TWINSPAN groups 1-3 represent contemporary organic sediments 

(LOI >30%), and are relatively floristically similar. The results suggest that TWINSPAN groups 5-8
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represent areas of truncated stratigraphy where sediment accumulation ceased at different times in 

the Holocene. As the samples become progressively older they also become less organic. This does 

not entirely match with the lithostratigraphy of RLGH3, which shows a virtually uniform organic 

mud throughout most of the Post-glacial (Jones et a l, 1989). It does mean, however, that different 

assemblages in the surface sediment samples are associated with different sediment types with 

different LOI and dry weight characteristics. The relationship between the sediment variables (LOI 

and dry weight) and diatom assemblages is strengthened by TWINSPAN group 4. Although these 

samples represent contemporary diatoms they consist of a highly distinctive epipsammic flora 

associated with an extreme sediment type, sand, which has a very high dry weight and low LOI.

The results indicate that geographical and morphological (water depth and slope) variables account 

for some of the variation in assemblages. Again, some of this can be attributed to the difference 

between areas of current accumulation and non-accumulation. The organic clay samples of 

TWINSPAN group 8 are generally found on steep slopes (Table 5.2; Fig 5.3). These slopes are 

almost certainly too steep for organic sediments to accumulate on, leaving the more consolidated clay 

sediments exposed (e.g. Hakanson, 1977, 1981).

The geographical and morphological variables can also explain some of the variation in diatom 

assemblages of currently accumulating organic sediments (TWINSPAN groups 1-3). There is 

evidence of deposition of contemporary diatoms close to their source communities (e.g. Bradbury 

& Winter, 1976; Sweets, 1983). Eunotia naegelii, for instance, is associated with the liverwort and 

Juncus epiphyton, and is most abundant in the surface sediments in the south-west comer of the loch, 

particularly just off the west shore (Fig 5.15). This is the area of the lake where the liverwort 

Jungermannia obovata grows most extensively on the rocks and boulders. It therefore seems likely 

that the detritus from this macrophyte is deposited close to the shore, leading to the high abundances 

of Eunotia naegelii. There is also a clear water depth zonation in the currently accumulating organic 

sediments. The shallow sediments (TWINSPAN group 1) contain the highest abundance of epipelic 

taxa. The samples from intermediate depths (TWINSPAN group 2b) are characterised by high 

abundances of Navicula madumensis, believed to grow as an epipelic form at these depths. The 

profundal black organic mud samples (TWINSPAN group 3) contain low abundances of epipelic taxa 

relative to these other contemporary organic sediments. This zonation is clearly due to the 

representation of epipelic taxa varying with the importance of in situ growth at the sample site (e.g. 

Stevenson et a l, 1985; DeNicola, 1986).

The presence of so many surface sediment samples in the loch containing non-contemporary or non-
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organic sediments limits the areas of the loch which contain a recent stratigraphic record. The areas 

of the loch without contemporary organic sediment at the sediment surface are shown in Figure 5.26. 

This indicates that large areas of the loch are unsuitable for stratigraphic study of the very recent 

diatom record. The steep slopes in the south-west of the basin and to the east of the island are 

characterised by non-contemporary sediments, some of which are organic clays originating from the 

early or mid-Holocene. The lack of consistent organic accumulation on steep slopes is a typical 

occurrence in lakes (Hakanson, 1977, 1981), and so such areas are usually avoided in 

palaeolimnological studies. There are also two areas of the littoral where contemporary organic 

sediment is not found. The first is along the eastern and north-eastern shore of the loch. Some of 

these samples are sands, and occur immediately offshore of the sandy bays in these areas. The lack 

of contemporary accumulation in water depths of 2-4 m at this side of the loch may be due to 

increased exposure, as the prevailing wind is from the south-west. The second area of the littoral 

without contemporary accumulation is around the island. It is difficult to explain why contemporary 

sediments are not found here since they do occur in other areas of the extensive shelf of shallow 

water (depth c.2 m) in the western part of the basin.

In single-core palaeolimnological studies the deepest water in the lake basin would be targeted for 

coring (e.g. Engstrom & Wright, 1984). Of the eleven surface sediment samples taken from water 

depths >12 m in Round Loch nine fall into TWINSPAN group 3, representing typical profundal 

diatom assemblages. K06 has higher abundances of Navicula madumensis than found in other 

profundal samples, and so falls into TWINSPAN group 2a. The only sample from these water depths 

that does not represent contemporary organic sediment is K03. This sample falls into TWINSPAN 

group 5, and possibly represents a truncated stratigraphy where accumulation ceased prior to 

acidification. K03 is located at the base of the steep slope rising south from the deepest water in the 

lake basin. It is possible that the stratigraphy at this location has been influenced by the slope.

It is clear that current organic accumulation is consistent throughout water depths >12 m, although 

not at the base of the steep slopes. These steep basin slopes and the positive relationship between 

water depth and organic content of the sediment (see Fig 5.2) suggests that sediment focusing is 

important in the loch (e.g. Likens & Davis, 1975; Davis & Ford, 1982). This supports the evidence 

of Jones (1987) that the greatest accumulation of organic sediment is found in the deepest water (see 

Fig 3.6). The highest stratigraphic resolution is therefore almost certainly found in this part of the 

loch basin. It is therefore clear that the deepest water in the basin (>12 m) provides the favoured 

location for studies of the recent stratigraphic record of the loch and the evaluation of any 

reversibility signal.



Figure 5.26 Areas of the Round Loch of Glenhead without contemporary accumulation of 
organic sediment.
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It is important to evaluate the spatial variation in diatom assemblages within the favoured coring 

zone, even though the variation at water depths >12 m is relatively low compared to that within the 

whole loch basin. This will facilitate a comparison of the spatial variation with temporal variation 

in sediment cores and aid interpretation of signals of recent reversibility. A factor not considered in 

the analyses so far which could account for a significant proportion of the variation is accumulation 

rate. The time-averaging effects of low accumulation rates have already been cited as potentially 

responsible for the differences in diatom assemblages between TWINSPAN groups 1-3 and group 

5a. Variation in accumulation rate could also be responsible for much of the variation within the 

assemblages of the currently accumulating sediments. The issue of spatial variation in profundal 

surface sediment diatom assemblages is therefore considered in detail in Chapter Seven when core 

accumulation rates are presented.

In addition to limiting the areas of the lake containing a recent stratigraphic record and therefore 

being useful for reversibility studies, the non-contemporary sediments provide a potential source of 

diatoms for resuspension and incorporation into contemporary sediments. Anderson (1990b) found 

similar surfaces of old sediment in Loch Fleet and suggested they provided a significant source of 

re-worked diatoms at this site. The extensive area of samples in the shallow water around the island 

from TWINSPAN group 5, characterised by Brachysira vitrea and Fragilaria virescens var. exigua, 

provides an obvious potential source of re-worked sediments. Another potential source is the non

contemporary samples on the steep basin slopes, consisting of both samples from TWINSPAN group 

5 and organic clays characterised by Aulacoseira spp.. Resuspension of these sediments and 

deposition into deeper water could result in contamination of the recent biostratigraphy. In evaluating 

the evidence of reversibility from sediment cores it is therefore important to assess whether any 

recent trends in biostratigraphy are the result of such contamination. These issues are considered in 

detail in Chapter Eight following the presentation of the biostratigraphic evidence of reversibility.
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Chapter Six 

Sediment Trapping

6.1 Introduction

Sediment traps provide quantitative and qualitative information on sedimenting material in lakes over 

discrete periods of time. The source material for traps can be both primary material, such as live 

algae, and secondary material such as resuspended sediment. Sediment trap design and the value of 

the data collected has been extensively investigated (e.g. Lau, 1979; Hargrave & Bums, 1979; 

Kirchner, 1975; Gardner, 1980a, 1980b; Flower, 1980). Studies have utilised traps for many different 

purposes including the estimation of sedimentation rates (e.g. Bloesch & Evans, 1982; Premazzi & 

Marengo, 1982), the evaluation of sediment resuspension (e.g. Davis, 1968, 1973; Gasith, 1975; 

Bloesch, 1982; Charlton & Lean, 1987), seasonal monitoring of diatom production (e.g. Bradbury,

1988) and the evaluation of algal representation in sediments (e.g. Sweets, 1983; Haberyan, 1990; 

Cameron, 1990). Flower (1991) has pointed out the potential of traps as long term biological 

monitoring devices, particularly for the diatom flora of a lake.

Critical reviews have provided recommendations on the best designs of trap (Bloesch & Bums, 1980; 

Blomqvist & Hakanson, 1981; Butman et a l , 1986; Hakanson et a l , 1989). The ideal sediment trap 

is one which accurately measures both the vertical sediment flux through the water column and the 

distribution of particle types and sizes that contribute to the flux (Hawley, 1988). It is generally 

accepted that simple cylinders provide the best form of sediment traps (Gardner, 1980a, 1980b; 

Bloesch & Bums, 1980; Blomqvist & Hakanson, 1980). Funnel traps have also been extensively 

used, but under-trap relative to the area of the funnel opening. This is because in turbulent conditions 

eddies can penetrate the funnel reducing the effective trapping area and resuspending any sediment 

deposited on the funnel walls. The true collection area of funnel traps cannot therefore be calculated 

(Hargrave & Bums, 1979). Systematic studies have confirmed this under-trapping effect (e.g. 

Pennington,1974; Gardner, 1980a, 1980b; Hargrave & Bums, 1979). The literature also recommends 

that cylinder traps should have diameters larger than 4 cm (Hakanson et a l , 1989). Smaller diameters 

can lead to over-trapping relative to area (Bloesch & Bums, 1980).

The heightrwidth ratio (aspect ratio) of a trap is also an important consideration. Low aspect ratio 

traps allow resuspension of sediment from the traps when turbulence in the water column is high
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(e.g. Flower, 1990). To prevent such resuspension, the aspect ratio has to be sufficient to maintain 

a turbulence free boundary layer at the bottom of the cylinder (Hargrave & Bums, 1979). Aspect 

ratios of >5 prevent resuspension from cylindrical traps in lakes, even where turbulent conditions 

prevail (Bloesch & Bums, 1980; Blomqvist & Kofoed, 1981; Flower, 1991). It is important to 

distinguish between net sedimentation, and gross sedimentation which includes resuspended material. 

High aspect ratio traps will provide quantitative measures of gross sedimentation. In lakes where 

resuspension is important high aspect ratio traps will over-represent the primary sediment flux (e.g. 

Surruya, 1977; Flower, 1980, 1991).

Within this study the data provided by sediment traps can be of value in a number of contexts. The 

diatom composition of the sedimenting material can be compared to the composition of the live 

diatom flora to assess the representation of different habitats in the sediment (e.g. Sweets, 1983; 

Cameron, 1990). The diatom composition of the contemporary sedimenting material can also be 

compared directly to the diatom assemblages of surface sediments and sediment cores. This will 

allow inferences to be made concerning the representation of current diatom deposition in the 

sediments. Chapter Five identified surface sediments representing areas where sediment is no longer 

accumulating. These samples contained diatoms which are no longer a part of the living diatom flora. 

These taxa can be used as ’markers’ in sediment traps to assess the extent to which the old sediments 

are reworked and therefore contaminate recent sedimentation. All these factors may have an influence 

on the recent diatom stratigraphy of the lake-sediment and the accuracy of diatom-based 

reconstructions of pH change.

Sediment traps potentially also provide a highly effective mechanism of monitoring reversibility 

when compared to sediment cores or live diatom communities. Low accumulation rates and sediment 

mixing can reduce the resolution of sediment stratigraphy. The ability of traps to measure diatom 

sedimentation over discrete periods of time therefore allows a degree of time-control that cannot 

usually be obtained from cores. Traps also integrate diatoms from the major communities within a 

lake, reducing the spatial and habitat variation associated with live diatom communities. Sediment 

traps therefore have the potential to provide an integrated high resolution record of changes in the 

diatom flora of a lake. Annual sediment trapping could provide a mechanism of monitoring recent 

trends in diatom biostratigraphy complementary to sediment core studies and the monitoring of live 

diatom communities, although the time-frame of this study limits the length of trap record that can 

be considered.
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6.2 Sediment trapping strategy

All sediment traps used within this study were deployed in 11.5 m of water adjacent to the location 

of K23 (see Fig 5.1). Two types of sediment trap were used; traps emptied on each visit to the loch 

(the monthly trap sequence), and traps employed over a whole year (the annual trap ). An array of 

four cylinder traps (diameter 64 mm, aspect ratio = 7.8) was used for the annual trap. The trap was 

deployed on 13 June 1989 and sampled on 7 June 1990. The sediment accumulation rate of the trap 

can be compared to the accumulation rate of sediment cores to provide evidence of the quantitative 

importance of sediment resuspension (e.g. Pennington, 1974). The trap will also provide data on the 

quality and quantity of diatom deposition for a discrete year. This can be compared to surface 

sediments and cores to assess the accuracy with which the sediment records the diatom composition 

of contemporary sedimenting material.

The monthly trap sequence was employed to provide information on seasonal variation in sediment 

and diatom deposition. The traps were emptied at approximately three monthly intervals between 

October 1988 and May 1989, at approximately monthly intervals between May 1989 and June 1990, 

and then twice more in October 1990 and January 1991. Initially a cylindrical trap design was used 

(October 1989-June 1990). However, because of the low sediment accumulation rate in Round Loch 

it became clear that on a monthly basis the amount of the sediment obtained from the traps would 

be extremely low (< 0.015 g). It was therefore felt that an amplification device was needed to 

increase the amount of sediment trapped each month. Funnel traps provide such amplification, 

although at the cost of under-trapping relative to the true sedimentation rate per unit area (Hargrave 

& Bums, 1979; Gardner, 1980a). A more important consideration in the context of this study is 

whether funnel traps also bias the relative abundance of diatom taxa trapped compared to cylinders.

A pilot study was conducted in order to compare the diatom assemblage caught by cylindrical traps 

with that from funnel traps. An array of four cylinder traps (diameter 64 mm, aspect ratio=7.8) was 

anchored adjacent to an array of funnel traps (diameter 120 mm, aspect ratio below funnel=8.0). The 

traps were deployed on 13 June 1989 and sampled on 30 August 1989. The mean sediment 

accumulation rate was 7.0 g cm'2 a'1 (S.E.=0.8) in the cylinder traps, and 3.3 g cm'1 a'1 (S.E.=0.4) 

in the funnel traps. This suggests that the funnel traps under-trap by approximately 50%, although 

this must be viewed with caution as it represents only one trapping period with associated conditions 

of water turbulence. Unrestricted Monte Carlo permutation testing within CANOCO was used to test 

the null-hypothesis of no significant difference between the diatom assemblages in each type of trap 

(ter Braak, 1988a, 1990; see Chapter Four). The test was based on 99 permutations, and was not
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significant at the 95% level (p=0.06). This suggests that funnel traps do not bias diatom assemblages 

caught relative to cylinder traps. An array of four funnel traps was therefore employed for the 

monthly trap sequence from June 1989 onwards with the acknowledgement of the limitations of the 

qualitative data these provide.

6.3 Annual sediment trap sequence

6.3.1 Results

The annual traps recorded a mean sediment accumulation rate of 12.4 g cm'2 a'1 xlO*3 (S.E.=1.1). The 

corresponding mean diatom flux was 24.16 cells cm'2 a'1 xlO*5 (S.E.=2.6). The sediment was a highly 

organic mud, with mean loss on ignition of 57.5% (S.E.=0.26).

Table 6.1 shows the diatoms occurring in the traps in mean abundances of over 1%. The assemblage 

is dominated by three taxa, Tabellaria quadriseptata, Eunotia incisa and Frustulia rhomboides var. 

saxonica, all of which achieve abundances >10%. Navicula leptostriata and Eunotia naegelii both 

occur in abundances of around 6%. Also common are Brachysira brebissonii, Navicula hoe fieri, 

Peronia fibula, Tabellaria binalis and Navicula madumensis. The assemblages are diverse, however, 

and 12 other taxa achieve mean abundances >1%. Compared to the surface sediment diatom 

assemblages the trap assemblages are most similar floristically to TWINSPAN group 3a (cf. Tab 5.5) 

Analog matching using the programme MATCH (Juggins, pers comm.) indicated that the closest 

analog from the surface sediment diatom assemblage data-set to the trap samples is KOI (squared 

chi-squared distance = 0.20).

6.3.2 Discussion

The dominant diatoms in the annual traps are all species which occur in high abundances in several 

habitats in the lake. Tabellaria quadriseptata and Frustulia rhomboides var. saxonica are common 

in the epilithon and epiphyton. Eunotia incisa is also abundant in these habitats as well as in the 

epipsammon. All three of these taxa may also grow as epipelic forms on mud surfaces in shallow 

waters (see Chapter Five). It is unsuiprising, then, that they dominate the assemblages of the 

sedimenting material as they are present in all primary diatom sources for the sediment

The degree to which different habitats and diatom sources are represented in the sedimenting material
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Table 6.1

Species occurring in a mean abundance of >1% in the diatom assemblages of the

annual trap sequence.

Species %
Tabellaria quadriseptata 11.4
Eunotia incisa 10.7
Frustulia rhomboides var. saxonica 10.1
Navicula leptostriata 6.1
Eunotia naegelii 5.8
Brachysira brebissonii 4.1
Navicula hoefleri 4.0
Peronia fibula 3.7
Tabellaria binalis 2.6
Navicula madumensis 2.3
Eunotia spp. 2.0
Fragilaria virescens var. exigua 1.9
Tabellaria flocculosa 1.8
Eunotia [sp.10 (minima)] 1.7
Eunotia [vanheurckii var. 1] 1.7
Brachysira vitrea 1.7
Eunotia rhomboidea 1.7
Achnanthes marginulata 1.6
Eunotia exigua 1.5
Cymbella hebridica 1.4
Navicula mediocris 1.4
Eunotia denticulata 1.3
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can be examined by using taxa restricted in occurrence to a single diatom source as markers, 

assuming that there are no other sources of these taxa and the relative proportions of taxa on a 

substrate do not vary through the year. Several factors will influence the degree to which diatom 

sources are represented in profundal sedimenting material. The extent of diatom habitats within the 

loch will clearly control the extent of individual live diatom communities, and therefore the quantity 

of diatoms from the community available for transport to profundal sediments Another major factor 

is the rate of production. Habitats which have high productivities will clearly have potentially the 

greatest numbers of diatoms available for transport into the deep water. Transport factors, however, 

may influence diatom deposition so that it no longer closely reflects production. Diatom sources may 

be sheltered from turbulent conditions, leading to reduced representation in sedimenting material. 

Different communities will also have different susceptibilities to transport from the littoral, depending 

on habitat type, growth form and the strength of attachment of the diatoms.

Brachysira brebissonii is highly characteristic of the epilithic flora of the lake. In June 1989 its mean 

abundance in the epilithon was 16.8%, although its abundance decreased after the decline in lake- 

water pH in February 1990. The abundance in the trap assemblage was 4.1%, and this implies that 

the epilithic flora is well represented in the sedimenting material. This is supported by the mean 

abundances of Navicula mediocris, another taxa characteristic of the epilithon; 3.2% in the June 1989 

epilithon samples and 1.4% in the sedimenting material. Assuming no other sources of these taxa, 

these data suggest that around 25-30% of the diatoms in the sedimenting material originally came 

from the epilithon.

Eunotia [vanheurckii var.l], Eunotia rhomboidea, and Achnanthes marginulata occur in the 

sedimenting material in abundances of 1.7%, 1.7% and 1.6% respectively. These taxa are all 

characteristic of the epipsammon. In June 1989 they occurred in the epipsammon in mean 

abundances of 16.6%, 6.0% and 16.4% respectively. It is clear that the epipsammon is poorly 

represented in the sedimenting material relative to the epilithon. The relative abundances of the 

individual taxa in the epipsammon and the sedimenting material suggest that approximately 10% of 

the diatoms in the sedimenting material originated in the epipsammon. The relatively poor 

representation of this community in the sediments could be due to the strong attachment of 

epipsammic forms to sand grains (e.g. Krejci & Lowe, 1986), which would make transport more 

difficult. Alternatively, production rates in the epipsammon could be low relative to other live diatom 

communities.

It is more difficult to estimate the relative contributions of the epiphyton and epipelon to the 

sedimenting material, as there are few taxa restricted only to these communities. The discussion
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above suggests that the epilithon and epipsammon contribute a total of about 40% of the deposited 

diatoms in the traps. Around 60% of the diatoms must therefore originate from other habitats. In 

Round Loch the only other primary sources are the epiphyton and epipelon. Eunotia naegelii is 

characteristic of the Juncus and liverwort epiphyton in mean abundances of 20-40%, although it does 

also occur in the epilithon. It occurs in the sedimenting material in an abundance of 5.8%. Assuming 

no input of Eunotia naegelii from the epilithon or other sources, this suggests that the Juncus and 

liverwort epiphyton contribute around 20% of the diatoms to the sedimenting material. This is an 

over-estimation, but it is clear that these epiphytes are well represented in the sediment and are 

important contributors to sedimenting diatom assemblages. Peronia fibula is primarily associated with 

the Isoetes epiphyton, although it also occurs in low abundances in other habitats. It occurred in a 

mean abundance of 13.4% in the Isoetes epiphyton in June 1989, and occurs in an abundance of 

3.7% in the sedimenting material. This suggests that Isoetes epiphyton is very well represented in 

the sedimenting material, contributing over 20% of the deposited diatoms, although again this is 

almost certainly an over-estimation. There are no species restricted to the Lobelia epiphyton. It is 

clear, however, that the epiphytes contribute significantly to the diatom assemblages of the 

sedimenting material. The epiphytic communities are likely to be transported rapidly to deeper water 

when the host plant dies and becomes detritus. In Round Loch Juncus, Isoetes and liverwort exhibit 

annual die-back in the autumn. Their associated diatom floras would therefore be transported easily 

to deeper water, and this could account for the apparent high representation of epiphytes in the 

sedimenting material.

The contribution of the epipelon is also difficult to quantify. Chapter Five suggested that the 

Navicula species, Navicula madumensis, Navicula leptostriata and Navicula hoefleri were likely to 

be epipelic forms in Round Loch. They are certainly abundant in the surface sediment samples from 

muds in shallow waters, and are well represented in the sedimenting material (see Table 6.1). This 

suggests that the shallow water muds do provide an important source of diatoms for the sedimenting 

material in profundal areas of the lake, either as direct epipelic production or as a source of 

temporary storage of diatoms from other sources.

Figure 6.1 shows a CCA joint plot of the habitat samples from Chapter Four constrained against 

habitat type. The sample positions, centroids of habitat type and centroids of annual trap samples 

(analysed passively) are all shown. This diagram illustrates the points made in the discussion above, 

that the epilithon, epipsammon, and epiphyton communities are all represented in the sedimenting 

material. The trap samples plot in the centre of the diagram at intermediate distance from the 

epilithon and epiphyton samples, but slightly further from the epipsammon samples. This
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Figure 6.1 CCA joint plot of the habitat survey diatom samples constrained by habitat type with
the annual trap sequence diatom assemblages analysed passively.

Circles = epilithon samples.
Crosses = epiphyton samples.
Diamonds = epipsammon samples.

Rock = centroid of epilithon samples.
Sand = centroid of epipsammon samples.
June = centroid of Juncus epiphyton samples.
Liv = centroid of Liverwort epiphyton samples.
Lob = centroid of Lobelia epiphyton samples.
Iso = centroid of Isoetes epiphyton samples.
Trap = centroid of annual sediment trap samples (analysed passively).
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demonstrates the relatively poor representation of the epipsammon described above.

Overall, the sedimenting material contains diatoms from all habitats within the lake. Any changes 

in the diatom composition of these habitats will therefore be reflected in the sedimenting material. 

The assemblages of the sedimenting material reflect most closely the assemblages of the epilithon 

and epiphyton, and these habitats appear to contribute the majority of the diatoms to the profundal 

sediment. The relationship between the trap samples and the sediment cores is discussed in Chapter 

Eight.

6.4 Monthly sediment trap sequence

6.4.1 Results

Figure 6.2 shows fluxes of sediment and diatoms and the concentration of diatoms in the sediment 

for the monthly trap sequence. The diagrams only show this information for the period when funnel 

traps were employed. The data must be viewed with a degree of caution because of the under

trapping effects associated with funnel traps. The most striking aspect of the diagrams is the major 

peak in sediment and diatom flux in January and February 1990. These peaks coincide with the 

storms of winter 1989-90 (see Chapter Three). It can be deduced that these storm events were 

responsible for a major proportion of the annual sedimentation. In the year between 13 June 1989 

and 7 June 1990 nearly 60% of the total annual sedimentation was deposited in the two month period 

between 5 January 1990 and 5 March 1990. Correspondingly, 55% of the annual diatom deposition 

occurred during this period.

Apart from the peak due to the storms events, Figure 6.2 shows that sediment and diatom deposition 

were relatively uniform over the study period. An exception is the increase in sediment flux in winter 

1990-91, although this is not matched by a corresponding increase in the diatom deposition. Figure 

6.2c shows the concentration of diatoms in the sedimenting material. Concentrations were relatively 

low in June 1989, rose to high levels through the winter of 1989-90, then decreased again.

Figure 6.3 shows the mean relative abundances of common taxa in the monthly trap samples. This 

includes samples from cylinder traps prior to 13 June 1989, when the funnel traps were first 

deployed. It has already been shown that there is no bias in the diatom assemblages trapped by 

cylinders compared to the assemblages trapped by funnels. The diagram shows some interesting
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Figure 6.2 Sediment and diatom deposition in the Round Loch of Glenhead between June 1989 
and January 1991 as measured by the monthly sediment trap sequence; a) sediment 
flux, b) diatom flux, c) diatom cells per gdw sediment.
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Figure 6.3 Mean abundances of common taxa in the monthly sediment trap sequence.
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Figure 6.3 Continued.
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trends. Tabellaria quadriseptata shows high abundances (c.26%) in autumn 1988, then decreases 

through spring and summer 1989. The abundance increases again in August 1989, then decreases 

very sharply to 11% in November 1989. The percentage remains low until June 1990, and then 

sharply rises again to 33%. The sample from October 1990 to January 1991, however, shows a return 

to an abundance of c.12%. The general pattern for Tabellaria quadriseptata, then, seems to be higher 

abundances in late summer-early autumn and lower abundances in winter and spring.

Other taxa also appear to show seasonal or cyclic variation. Frustulia rhomboides var. saxonica 

shows higher abundances in winter and spring and lower abundances in June-October. Eunotia 

naegelii shows a strong peak in July 1989, and generally shows higher abundances in June-August 

than at other times of the year. Peronia fibula shows peaks in abundance in June, although the 1990 

peak is lower than the 1989 peak. Navicula leptostriata shows a peak in abundance in February to 

April 1989, a second more pronounced broader peak between October 1989 and April 1990, and a 

final pronounced peak between October 1990 and January 1991. The size of these cyclic peaks in 

Navicula leptostriata increases through the study period.

Several taxa show non-cyclic trends. Navicula madumensis becomes more abundant through the 

sequence before reaching a peak in February 1990, after which the abundance decreases again. 

Brachysira vitrea shows a peak in abundance in January 1990, and then remains at relatively high 

levels until April 1990. Navicula cumbriensis and Aulacoseira perglabra are most abundant at the 

beginning of the sequence. Tabellaria binalis, Brachysira brebissonii, Eunotia incisa, and Achnanthes 
marginulata show no notable trends through the trapping sequence. Brachysira brebissonii in 

particular shows very little variation in abundance throughout the sequence.

The diatom data can be analysed more fully using ordination techniques. A DCA of the monthly trap 

sequence species data reveals that the total variance is low (sum of gradients = 0.747 s.d.). 

Ordination techniques usually recover meaningful patterns of variation on the first few ordination 

axes, even if the variance accounted for by these axes is low (Gauch, 1982b). Thei first ordination 

axes should therefore indicate the major trends in the species data. Figure 6.4 shows a graph of axis 

1 scores for the centroids of each trapping period plotted against time. Two trends seem to be present 

in the diagram; overall the scores increase through the trapping period, but superimposed on this is 

a cyclic pattern of lower scores in summer months and higher scores in the winter and spring. The 

factors that account for these patterns need to be appraised.

Two a priori hypotheses are considered; there is no difference in relative species abundance in the
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monthly trap data with variation in lake-water pH and with season. Seasonal change can be 

represented by changes in lake surface water temperatures, which show a strong seasonal cycle (see 

Chapter Three). The lake-water pH change that occurred after the storm events of winter 1989-90 

led to changes in the epilithic diatom flora of the lake. Whether this response to pH is apparent in 

the trap assemblages needs to be assessed. Chapter Four also showed that seasonal succession did 

not occur in the epilithic flora. Figure 6.4, however, implies that there may be seasonal succession 

in diatom deposition. The relationships between the diatom assemblages from the traps and these 

factors can again be investigated using ordination techniques.

RDA is used to summarise the part of the variation in species composition that is related to sample 

date, treated as a set of ’dummy’ (0/1) environmental variables. The RDA gives two major ordination 

axes with eigenvalues 0.343 and 0.236. These two axes explain 57% of the variation in species data. 

Figure 6.5 shows the centroids of trap samples from a given date connected into a time-track, and 

Figure 6.6 shows the species vectors. These diagrams are separated for clarity. Also shown on Figure

6.5 are the vectors of loch surface water temperature (a surrogate for seasonal variation) and pH, 

which have been analysed passively and do not influence the ordination.

The date points clearly depict seasonal changes in species composition. The samples between October

1988 and June 1989 plot at the bottom of the diagram. The species plot indicates that Frustulia 

rhomboides var. saxonica, Tabellaria binalis, and Navicula leptostriata are abundant in these 

samples, and Eunotia naegelii, Peronia fibula, and Eunotia exigua occur in low abundances. These 

samples are associated with low to average water temperatures and average to high pH. The next 

sample, from July 1989, is the most distinctive in the sequence with very high relative abundances 

of Eunotia naegelii, Peronia fibula, and Eunotia exigua and very low abundances of Frustulia 

rhomboides var. saxonica. It is associated with the relatively high pH and water temperature 

conditions prevalent in the loch in July 1989 (see Chapter Three). The samples from August-October

1989 all plot on the right of the diagram, and Tabellaria quadriseptata is particularly abundant. They 

are associated with high pH and high to average water temperature. The next group of samples, 

January-May 1990, cluster at the left of the plot. They are associated with low winter temperatures. 

Also the pH in the lake fell by c.0.2 units in February 1990, so the samples are also associated with 

low pH. Navicula leptostriata, and Brachysira vitrea are relatively abundant in these samples, and 

Tabellaria quadriseptata less abundant. The sample from June 1990 then plots towards the top of 

the diagram. It has similar characteristic diatoms to the sample from July 1989, but the relative 

abundances of taxa are nowhere near as extreme. The sample containing sediment from July-October

1990 plots to the right of the diagram with the samples from August-October 1989, and is
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Figure 6.5 RDA of the monthly sediment trap sequence: time-track of centroids of sample date.

Sample date centroids are labelled with month and year (e.g. 1/89).
PH = vector of lake-water pH (analysed passively).
WT = vector of surface water temperature (analysed passively).
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Figure 6.6 RDA of the monthly sediment trap sequence: species plot.

Species are labelled with diatcodes (see Appendix One).
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characterised by high abundances of Tabellaria quadriseptata. The sample containing sediment from 

November 1990 to January 1991 plots to the left of the diagram, close to the samples from winter- 

spring 1990.

The significance of the relationships between the monthly trap diatom assemblages and loch surface 

water temperature and pH can be statistically tested using RDA and unrestricted Monte Carlo 

permutation tests implemented through CANOCO (ter Braak, 1988a; ter Braak, 1990; see Chapter 

Four). Both pH and water temperature show a significant fit to the species data, even after the effects 

of the other variable have been removed (Table 6.2). The species which are associated with the 

variation in water temperature are shown in Table 6.4 (taken from CANOCO output, see Chapter 

Four). This supports the trends apparent in Figure 6.5. Of the common taxa, Frustulia rhomboides 

var. saxonica and Navicula leptostriata are associated with cold winter temperatures, and Eunotia 

naegelii and Peronia fibula are associated with warm summer temperatures. Table 6.4 also reveals 

that some less common taxa in the monthly trap data-set show seasonal preference. The small 

Eunotia species Eunotia exigua, Eunotia [vanheurckii var. 1], and Eunotia vanheurckii var. 

intermedia are associated with high temperatures. The latter two species are characteristic of the 

epipsammic flora.

Table 6. 3 shows the species which are associated with variation in lake-water pH. Eunotia [sp.10 

(minima)] is strongly associated with low pH. Eunotia bactriana, Navicula hoefleri, and Eunotia 

rhomboidea are also associated with low pH. Tabellaria quadriseptata, Eunotia curvata var. 

subarcuata, and Peronia fibula are associated with high lake-water pH. Table 6.3 also shows the pH 

optima of these taxa from the SWAP data-set (Stevenson et a l , 1991). In February 1990 there was 

a shift in lake-water pH from around 4.9-5.0 to 4.7-4.8 (see Chapter Three). The changes in Eunotia 

curvata var. subarcuata and Peronia fibula fit a shift from higher to lower pH across the trap 

sequence. The optimum for Eunotia rhomboidea, however, indicates that it should be associated more 

with the higher pH conditions in Round Loch, whereas the opposite is the case. The pH optimum 

of Eunotia bactriana is 4.7, which fits with its association with the lower pH conditions. The 

remaining three taxa all have optima of 4.9.

6.4.2 Discussion

The results clearly show that during the trapping sequence most of the sediment and diatom 

deposition in profundal areas of Round Loch was associated with storm events. During the year June 

1989-June 1990 over half of the total deposition of sediment and diatoms occurred during January
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Table 6.2

Results of unrestricted Monte Carlo permutation tests designed to test the null-hypotheses that there 

are no differences in monthly sediment trap diatom assemblages with variation in a) lake surface 

water temperature and b) lake-water pH using redundancy analysis and partial redundancy analysis. 

All tests are based on 99 permutations. (n.s. = not significant at a  = 0.05).

Variable Tested Partialled out co-variables Probability

Water temperature None 0.01

Water temperature pH 0.01

pH None 0.01

pH Water temperature 0.01

Table 6.3

Species for which >10% of the variation in diatom assemblages from the monthly trap samples is 

explained by lake-water pH with species pH optima (from Stevenson et a l , 1991).

Species Variance explained Preference pH

Eunotia [sp.10 {minima)] 35.6% Low pH 4.7

Tabellaria quadriseptata 17.6% High pH 4.9

Eunotia bactriana 17.4% Low pH 4.7

Navicula hoefleri 16.8% Low pH 4.9

Eunotia curvata var. subarcuata 13.0% High pH 5.3

Eunotia bidentula 12.4% High pH -

Peronia fibula 12.0% High pH 5.3

Achnanthes altaica 11.1% Low pH 5.7

Eunotia rhomboidea 10.9% Low pH 5.1
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Table 6.4

Species for which >10% of the variation in diatom assemblages from the monthly trap samples is

explained by lake surface water temperature.

Species Variance explained Preference

Frustulia rhomboides var. saxonica 43.1% Low temperatures

Eunotia exigua 34.6% High temperatures

Eunotia naegelii 33.0% High temperatures

Peronia fibula 25.7% High temperatures

Navicula leptostriata 24.5% Low temperatures

Eunotia [vanheurckii var. 1] 21.4% High temperatures

Eunotia vanheurckii var. intermedia 19.2% High temperatures

Brachysira vitrea 18.0% Low temperatures

Eunotia bactriana 11.3% Low temperatures
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and February, concurrent with the major storms. These may be under-estimates of the true magnitude 

of deposition during these months as funnels under-trap in turbulent conditions, such as those 

associated with storm induced water currents (Hargrave & Bums, 1979). The diatom and sediment 

flux seems to be more or less constant throughout the rest of the trapping sequence.

The observed pattern of profundal sedimentation suggests two mechanisms of transport (e.g. Davis 

et a l, 1984); the movement of large quantities of diatoms and sediment during exceptionally 

turbulent storm events, and more continuous transport associated with average lake turbulence 

conditions (e.g. Davis, 1973). The latter process is likely to affect only shallow areas of the littoral 

zone due to the rapid reduction of turbulence with depth under normal conditions (Smith, 1982). As 

the process is more or less continuous, the material transported is likely to represent primary rather 

than reworked sediment. In storm events, however, wind induced currents will penetrate to greater 

depths. This will allow the resuspension and transport of fine-grained sediments deposited in the 

littoral zone but protected from resuspension in normal turbulence conditions. This sediment will 

have accumulated since the last storm event, and the amount of such temporarily stored sediment will 

increase with the size of the return period between storm events. The greater the wind speeds during 

the storms, the greater the water depth to which turbulence will penetrate, and thus the larger the area 

of lake susceptible to sediment resuspension. Storm induced resuspension is a widely reported 

phenomenon in lakes (e.g. Bloesch, 1982; Luettich et a l, 1990), and almost certainly explains the 

peaks in sediment deposition in winter 1989-90. Of primary interest is whether this material 

represents only the resuspension of flocculent detrital muds from shallow water or also includes 

resuspended sediment from deeper water or from the non-contemporary surface sediments identified 

in Chapter Five.

Sediment traps have been used by several authors to quantify sources of the sediment (e.g. Davis, 

1973; Gasith, 1975; Lastein, 1976). This is difficult in Round Loch, as there are no obvious 

quantitative differences between primary and resuspended material. The most obvious source of 

sediment in the lake for resuspension is the flocculent muds found in shallow water, which would 

be susceptible to resuspension during storm events. These are generally in TWINSPAN group 1 (see 

Chapter Five), and have diatom assemblages dominated by taxa common in the epilithon and 

epiphyton. The resuspension of sediment from old sediment surfaces in the loch can be qualitatively 

evaluated, however, using diatom taxa as markers. These old surface sediments contain characteristic 

taxa no longer an important part of the live diatom flora (see Chapter Five). Brachysira vitrea is 

characteristic of surface sediment samples of TWINSPAN group 5, which consists of organic and 

mineral muds interpreted as sediment surfaces where accumulation ceased between c.1640-1950 

A.D.. Aulacoseira perglabra is characteristic of TWINSPAN groups 7 and 8, consisting of organic
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clays, which are interpreted as samples where accumulation ceased earlier in the Holocene history 

of the loch. These two taxa can therefore be used as markers to assess whether the storm events of 

winter 1989-90 led to increased deposition of reworked diatoms into the traps and by inference to 

the profundal sediments.

There is a peak in the abundance of Brachysira vitrea in the monthly trap sequence in winter 1989- 

90 (see Fig 6.3). Assuming that Brachysira vitrea had not become part of the live diatom flora at 

this time, this implies resuspension of the sediments containing high abundances of this taxa over 

this period. This is plausible, as there is a concentration of samples with high abundances of 

Brachysira vitrea in 1.5-3 m of water (see Chapter Five), and resuspension could have occurred in 

these areas in the storm events. However, the peak in abundance of Brachysira vitrea occurs in 

December-January 1989, which is one month prior to the major storm induced resuspension events. 

This increased deposition of Brachysira vitrea is therefore associated with more normal turbulence 

conditions and is difficult to explain. There is also no peak in the abundance of Aulacoseira 

perglabra during the storm events (see Fig 6.3). This suggests that the sediment deposited in the 

profundal zone during storm events is not biased towards sediment resuspended from these old 

sediment surfaces. In fact although diatom and sediment deposition increase dramatically in January 

1990, there is no major change in the diatom assemblage of the sedimenting material compared to 

the previous few months, particularly when compared to the overall annual variation in the 

assemblages (see Figs 6.3 and 6.5). The implication is that there are no major differences in the 

source of sedimenting material during storm events compared to normal conditions.

It is clear from the results that there is seasonal succession in the diatom assemblages of the 

sedimenting material. Over the trapping sequence samples from similar times of the year contain 

similar diatom assemblages (see Fig 6.5). Eunotia naegelii and Peronia fibula occur in the 

sedimenting material in higher percentages in the summer, and percentages of Navicula leptostriata 

and Frustulia rhomboides var. saxonica are lower over this period. Eunotia naegelii and Peronia 

fibula are both characteristic of the epiphytic flora of Round Loch. Peronia fibula is particularly 

associated with Isoetes lacustris and Eunotia naegelii is associated with Juncus bulbosus and also 

the liverwort Jungermannia. These species all pass through an annual cycle of growth in the spring 

and summer followed by die-back in the autumn when much of the plant becomes detrital material. 

The surface area available for the colonisation and growth of epiphytes therefore changes through 

the year, with maximum area available in the summer. Jungermannia in Round Loch was observed 

to be limited in seasonal occurrence, with rapid growth occurring in June-July followed by rapid die- 

back. The peaks in the abundance of Eunotia naegelii and Peronia fibula are therefore almost
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certainly caused by habitat availability. Production of these taxa will be highest when the greatest 

amount of habitat is available (e.g. June-August). It appears from the peaks in abundance of these 

taxa in the monthly trap sequence that there is little delay in the representation of habitat-related 

changes in the epiphyton in the sedimenting material (see Fig 6.3). This further supports a model of 

continuous transport of diatoms and sediment from the littoral into deeper water.

Frustulia rhomboides var. saxonica and Navicula leptostriata are more abundant in the trap sequence 

in autumn and winter. It is possible that these taxa are abundant in the sedimenting material at this 

time due to lower production rates of epiphytic species such as Eunotia naegelii. Other non-epiphytic 

taxa, however, show constant percentages throughout the trap sequence. An example is Brachysira 

brebissonii, highly characteristic of the epilithon. This provides evidence against a closure effect, 

unless epilithic production rates are also reduced in the winter. Navicula leptostriata grows as an 

epipelic form on the shallow muds in Round Loch, and Frustulia rhomboides var. saxonica is also 

common in these sediments and may grow as an epipelic form (see Chapter Five). It is possible that 

epipelic productivity rises in winter months, when shading by aquatic macrophytes is reduced. This 

could account for the seasonal variation in these taxa in the trap sequence. Chapter Five also argued 

that Navicula madumensis and Navicula hoefleri are epipelic taxa in Round Loch. Figure 6.3 shows 

that these species follow similar seasonal patterns in the trap assemblages as Navicula leptostriata 

and Frustulia rhomboides var. saxonica, although less pronounced.

In addition to more common species, the small Eunotia species Eunotia exigua, Eunotia [vanheurckii 

var.l], and Eunotia vanheurckii var. intermedia are more abundant in the summer. The latter two 

species are characteristic of the epipsammic flora. The reasons for these patterns are unclear, although 

the production of these epipsammic taxa could increase over the summer months.

An interesting feature of the trap data is the relatively constant diatom flux throughout the year, with 

the exception of the period during the storm events. It has often been assumed that production rates 

of diatoms are lower during the winter months (e.g. Wetzel, 1983b). The relatively constant diatom 

flux into the sediment traps suggests either that production rates are uniform throughout the year, or 

that transport of the diatoms to the sediment is more effective during winter months and compensates 

for lower production rates.

The results indicate a relationship between the trap assemblages and lake-water pH. Such a 

relationship is certainly evident in the epilithic flora of the loch, which responded immediately to the 

decrease in lake-water pH in January 1990 (see Chapter Four). The trap results showed that Eunotia
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rhomboidea is associated with lower pH conditions. This taxa was also associated with epilithon 

samples from 1983 when the pH was around 4.7 (see Chapter Four). Other taxa associated with the 

lower pH conditions also have relatively low pH optima (Stevenson et a l, 1991), e.g. Navicula 

hoefleri (4.7) and Eunotia bactriana (4.7). Additionally, the fact that the summer peaks in Eunotia 

naegelii and Peronia fibula were lower in 1990 than 1989 could be a result of the lower pH 

conditions, either through direct effects on diatom growth or through indirect effects of reduced 

macrophyte production.

There are reasons, however, to be cautious about the statistical relationship identified between pH 

and the trap diatom assemblages. There is no immediate response in the trap assemblages to the pH 

change in January 1990 (see Fig 6.3 and 6.5). Brachysira brebissonii provides a useful marker for 

such a response, as it declined significantly in the epilithon following the pH change. Throughout 

the trapping period, however, the percentage of Brachysira brebissonii in the sedimenting material 

remained constant, although there was a slight decline in June-August 1990. The lack of response 

could be because although there was a response in the live diatom flora, the storms at this time also 

transported sediment from the littoral zone to deeper water. This sediment would have been 

accumulating in the littoral since the last storm event of equal magnitude, and so contain diatoms 

reflecting the whole of this period. The result would be a lag in the response of the diatom 

deposition to the pH change until after the storm induced resuspension events. It is clear though that 

the sedimenting diatoms do not closely reflect the changes in the epilithon following the pH 

decrease.

Another reason to be cautious of the apparent relationship between the trap assemblages and pH is 

that the reduction in the size of the summer peaks of Eunotia naegelii and Peronia fibula could be 

a result of the low sample resolution after June 1990. If the peak abundance of these taxa actually 

occurred in June-July 1990, which seems likely, the size of the peak would be attenuated by the 

time-averaging effect of the June-October sample.

It is therefore difficult to interpret whether there has been a real response in the relative abundance 

of diatom taxa in the trap sequence to the pH change. Although the responses of epilithic species are 

known from Chapter Four, the corresponding changes in other communities are unknown. If there 

is a response, it appears that the storm event and the associated resuspension may have buffered the 

true response of the diatom flora. The lack of growth of aquatic macrophytes until the spring and 

summer may also have caused a delay in diatom response being recorded in the sedimenting 

material.
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In conclusion, the data have indicated that sediment traps accurately record low-magnitude changes 

in sedimenting diatom assemblages, as demonstrated by the seasonal succession apparent in the 

monthly trap sequence. The trap data have also shown that even in storm events the sedimenting 

diatom assemblages are dominated by contemporary diatoms. By inference the biostratigraphic record 

of profundal sediments will reflect the true diatom flora of the loch at the time of deposition, and 

will not be attenuated through contamination by non-contemporary diatoms. The results have 

confirmed the value of sediment traps as a monitoring mechanism for diatom reversibility. The traps 

integrate diatoms from all habitats within the loch, low-magnitude signals are accurately recorded, 

and sedimenting diatom assemblages can be collected over discrete time periods allowing a high 

degree of resolution.
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Chapter Seven 

Sediment Cores

7.1 Introduction

The previous chapters have established that live diatom communities are sensitive to changes in lake- 

water pH and that the current diatom flora is effectively transported to the deep water sediments. 

Additionally, despite the occurrence of surfaces of non-contemporary sediments in some areas of the 

loch bed, the deep water sediments provide suitable coring sites for the study of the recent 

biostratigraphic record. The principal aim of this chapter is to establish whether the very recent 

diatom biostratigraphy of Round Loch contains real evidence of lake recovery.

Battarbee et a l (1988b) presented evidence of the response of the diatom biostratigraphy to the post- 

1980 A.D. increase in lake-water pH. Their conclusion was based on floristic reversals within the 

top one or two levels of two cores, and represented a weak floristic signal relative to the acidification 

trend. Flower et al (1990) also found a small floristic reversal in the top of a core taken from Round 

Loch in 1988, but there were several other reversals of equal magnitude lower down the core. This 

indicates that natural variation in biostratigraphy can result in low-magnitude apparent reversals of 

the acidification trend. Anderson (1990b) argued that the floristic reversals observed by Battarbee 

et al (1988b) were the result of such natural variation. It is therefore important to clarify the recent 

trends in the diatom biostratigraphy of Round Loch, and to assess whether the trends observed by 

Battarbee et al (1988b) can be further substantiated. This can be achieved by increasing the number 

of observations of the recent diatom biostratigraphy both by core replication and by high resolution 

core study.

The majority of palaeoecological studies are based on interpretations from a single core taken from 

a central location in the deepest part of the lake basin (e.g Engstrom & Wright, 1984; Jones et a l,

1989). Multiple-core studies have been undertaken, however, and show the general reproducibility 

of stratigraphic profiles across a lake basin (e.g. Pennington, 1973; Battarbee, 1978; Edwards & 

Thompson, 1984; Dixit & Evans, 1986; Anderson, 1986a, 1989, 1990b; Davis et a l, 1990). These 

studies were concerned with broad scale ecological changes, and showed that similar biostratigraphic 

trends were apparent in replicate profiles. The expected magnitude of the ecological change resulting 

from reversibility at Round Loch, however, is much lower than the change reported from these
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studies. If the magnitude of the biostratigraphic reversal signal is equal or less than the magnitude 

of natural variation or ’noise’ it will not be possible to say with certainty that the signal in a single 

core is a real response to increasing lake-water pH. A multiple-core study of Round Loch is therefore 

necessary to provide replication of the recent trends in diatom biostratigraphy. Kajak cores have been 

obtained from all areas of the lake basin (see Fig 5.1), although the cores chosen for study are 

mainly from the area of deepest water ( >12 m) where the accumulation of contemporary organic 

sediments is most consistent (see Chapter Five).

The resolution of a core is controlled by the sediment accumulation rate, the degree of sediment 

mixing, and the thickness of core slices. The potential resolution of a core can therefore be 

maximised by close-interval subsampling, and freeze-coring potentially provides the best basis for 

such high-resolution biostratigraphic study. Stratigraphic resolution can sometimes be high enough 

to allow the seasonal succession of diatom taxa to be identified within frozen cores (e.g Simola, 

1977; Battarbee, 1981). This high level of resolution, however, has only been achieved in annually 

laminated lakes where sediment mixing is virtually absent. Although freeze-coring techniques have 

been applied in lakes without winter ice cover (e.g. Simola et a l , 1981), they are normally used on 

ice-covered lakes when water temperatures are low (Renberg, 1981; Simola et a l , 1986). Attempts 

to obtain frozen cores from Round Loch in June 1989 using techniques modified from Renberg 

(1981) met with limited success. The sediment water interface was not recovered as a result of the 

imperfect design of the corer.

An alternative high-resolution technique is the fine-slicing of wet sediment cores, such as those 

obtained with a Kajak gravity corer. Glew (1988) describes an extrusion system which allows 

accurate close interval subsampling of Kajak cores. Dixit et al (1989) used a similar device to 

subsample a core at 2.5 mm intervals and Dickman and Fortes cue (1991) sliced cores taken with a 

Kajak corer at 2 mm intervals. These studies demonstrate that high resolution core study can be 

achieved without the necessity of using freeze-coring techniques, although not for studies concerned 

with seasonality. There is also good evidence that lakes with visibly non-laminated, homogenous 

sediment can contain high resolution fossil records. Strong relationships have been identified between 

year-specific events in such lakes and the fossil record (e.g. Haworth, 1979, 1980; Griffith, 1978), 

suggesting at least an annual resolution in biostratigraphy. Consequently in this study Kajak cores 

obtained from the deepest water ( >12 m) have been finely-sliced to maximise their potential 

resolution, provide as detailed a record of recent changes in diatom biostratigraphy as possible, and 

allow the influence of the time-average of core slices on stratigraphic resolution to be evaluated.
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7.2 Sampling strategy and data analyses

In June 1989 eighty-one Kajak cores (K01-K81) were taken from the loch as part of the survey of 

surface sediment diatom assemblages (Fig 5.1). The coring locations were spaced to give systematic 

coverage of the lake basin. Four of these cores were lost during extrusion (K04, K18, K39 and K72), 

and only the surface sediment (top 5 mm) was extruded from five other cores (K74, K76, K77, K79 

and K80). The remaining 72 cores were sliced at 5 mm intervals down to 10 cm, and at 10 mm 

intervals below this. The surface sediment diatom survey (Chapter Five) indicated that consistent 

contemporary organic accumulation is largely limited to the deepest water in the basin away from 

the base of slopes, so twelve more Kajak cores (K82-K93) were obtained from this area in June 1990 

(see Fig 7.1). Three of these were finely-sliced using the apparatus described in Chapter Two. K88 

was sliced at 1 mm intervals down to 5 cm, at 5 mm intervals between 5-10 cm, and at 10 mm 

intervals below this. Cores K83 and K86 were sliced at 2 mm intervals down to 3 cm, at 5 mm 

intervals between 3-5 cm, and at 10 mm intervals below this. The remaining nine cores taken in June 

1990 (K82, K84, K85, K87, K89, K90, K91, K92, K93) wete sliced at 5 mm intervals down to 5 

cm, and at 10 mm intervals below this. K90-K93 were taken from within a single 4 m2 area of the 

lake bed in order to allow an assessment of small-scale variation in biostratigraphy. Additionally K96 

was taken from the lake in October 1990. This core was obtained from an area previously identified 

as having a low sediment accumulation rate and was finely-sliced with subsamples at 1 mm intervals 

down to 1 cm, at 2 mm intervals between 1-3 cm, and at 5 mm intervals below this. The core was 

taken in order to assess whether recent trends in biostratigraphy are preserved in low accumulation 

rate cores and can be detected using fine-slicing, or whether they are destroyed through sediment 

mixing processes.

Lithostratigraphic analyses (loss on ignition (LOI), dry weight and Troels-Smith classification) were 

performed on every level of each core. LOI and dry weight measurements were not carried out on 

the uppermost levels of K83, K86, and K88, as there was insufficient sediment in the finely-sliced 

sections of these cores. Core K05 was selected as a master core as a result of its position in the 

centre of the deepest part of the lake basin, and was 210Pb dated. Diatom analyses were performed 

on levels throughout the length of this core, and dates transferred to other cores by comparative 

correlation of diatom biostratigraphy (e.g. Anderson, 1986b; Jones, 1987).

Two types of core are available for the evaluation of recent trends in diatom biostratigraphy; finely- 

sliced cores, and cores sliced at 5 mm intervals in the uppermost levels. These latter cores provide 

the basis for the core replication of recent diatom trends. Diatom analysis was performed on twelve
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of the cores from June 1989 as part of the replication exercise (KOI, K02, K06, K07, K09, K10, 

K16, K22, K26, K37, K49, K67). These cores were all located in water depths greater than 9 m. 

Diatom analyses were also performed on all the cores taken in June 1990. The replicate core data-set 

therefore consists of 22 cores (including K05) and the finely-sliced core data-set contains 4 cores. 

To facilitate the evaluation of recent trends in diatom biostratigraphy several forms of multivariate 

data analyses have been applied to the replicate and finely-sliced cores. Quantitative pH 

reconstructions were made with the programme WACALIB 2.1 (Line & Birks, 1990) in conjunction 

with the SWAP surface sediment diatom and water chemistry data-set (Stevenson et a l, 1991). 

Floristic trends were explored using ordination techniques. Canonical correspondence analysis (CCA) 

(ter Braak, 1986) was used to summarise the variation in diatom biostratigraphy that is associated 

with known diatom-water chemistry relationships. The data from each core were analysed passively 

in a CCA of the SWAP diatom/water chemistry data-set (Stevenson et a lt 1991). The floristic 

variation in each core can therefore be directly related to gradients of lake-water chemistry.

Unconstrained ordination can summarise the main patterns of variation within individual cores, and 

is therefore complimentary to the CCAs. Detrended correspondence analysis (DCA) selectively 

recovers patterns affecting several species on early ordination axes, whilst selectively deferring noise 

to late axes (Gauch, 1982b). Meaningful ecological variation is therefore represented on the first few 

axes. This feature of DCA provides a powerful tool for the calculation of the floristic similarity of 

samples (Okland, 1986). Axis 1 of a DCA will recover the main gradient of floristic change in a 

data-set. Samples with similar scores on axis 1 will therefore be similar in terms of floristic 

composition. The scaling in DCA results in scores being in multiples of standard deviation units 

(s.d.), with a species expected to appear, rise to a maximum, and disappear over a range of about 

4 s.d. (Hill & Gauch, 1980).

Each of the cores has been constrained in a CCA against sample depth using Hill’s scaling (Hill & 

Gauch, 1980). The CCA therefore provides one axis representing the variation in core species data 

related to depth, a surrogate for the variation associated with time. The range of scores on this axis 

will give the 'species turnover’ of the core in s.d. units, a measure of the total floristic change in the 

core. The trend of scores along the axis will reflect the main trend in the diatom biostratigraphy 

through time, and a floristic reversal will be represented by a reversal in the trend of these scores.

In Chapter Five several distinctive groups of surface sediment diatom assemblage were identified, 

some of which were interpreted as representing areas of non-accumulation and some as containing 

diatoms living in situ as epipelic forms. Analysing the diatom biostratigraphy of cores from these 

groups may reinforce these interpretations and provide additional information on patterns of diatom
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deposition across the lake basin. Five cores have therefore been counted in addition to the replicated 

and finely-sliced cores; K03 (TWINSPAN group 5b), K08 (TWINSPAN group 5a), K41 

(TWINSPAN group lb), K52 (TWINSPAN group 2b), and K78 (TWINSPAN group lb). To 

compare the assemblages in these cores with the full post-glacial diatom record of Round Loch 

described by Jones et al (1989) the analog matching programme MATCH (Jugginspers comm.) has 

been used.

7.3 Results

7.3.1 Core lithostratigraphy

Troels-Smith sediment descriptions for all the cores taken are presented in Appendix Three. In the 

sediments of Round Loch LOI and dry weight are inversely related (Jones 1987; see Chapter Five). 

Only the LOI results are therefore presented here.

The cores taken in 1989 can be split into five types on the basis of their Troels-Smith description 

and LOI profiles (Figs 12-1.5’, see Appendix Three). Type I cores consist entirely of black organic 

mud with high, generally stable LOI values of 25-40% (Fig 7.2). These cores are usually from deep 

water (>9 m) and generally show a trend of gradually declining LOI values towards the top of the 

core. Some of the cores also have elevated LOI values in the uppermost sediments (e.g. K02, K10, 

K15). K65 shows a highly variable LOI profile, which is atypical of these cores.

Type II cores contain two distinctive stratigraphic units; a black organic mud overlying a brown 

organic mud. The LOI profiles of this group are diverse (Fig 7.3), but the boundary between the two 

units can be identified by an up-core increase in LOI from 15-20% to 25-40%. This boundary is 

abrupt in some cores (e.g. K08, K28, K61), but much more gradual in others (e.g. K19, K21, K71). 

The cores come from a wide range of water depths (2-13 m) and show no spatial preference within 

the lake basin. Some of the cores show marked depressions in their LOI profiles within the upper 

unit (e.g. K27, K29). These could represent the inwash of less organic sediment. It must be noted 

that in many cases the distinction between Type I and Type II cores is rather false, being a product 

of the length of the cores rather than any real differences in stratigraphy.

Type HI cores are similar to Type n  cores, but have a silty organic mud unit underlying the brown 

organic mud. The boundaries between the three stratigraphic units in these cores are all gradual, and
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Figure 7.2 Type I loss on ignition profiles: cores taken in June 1989.
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Figure 7.3 Type II loss on ignition profiles: cores taken in June 1989.
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Figure 7.3 Continued.
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Figure 7.4 Type HI loss on ignition profiles: cores taken in June 1989.
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Figure 7.5 Type IV and Type V loss on ignition profiles: cores taken in June 1989.

(n.b. K31, K33, and K38 represent type V loss on ignition profiles).
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are generally indistinct in the LOI profiles (Fig 7.4). The profiles indicate slowly increasing LOI 

values throughout the cores, ranging from 10-15% at the base to c.40% at the surface sediment. The 

cores are all from water depths <3 m, except K46 which is from a depth of 5.5 m. Interestingly, this 

latter core also contains a relatively distinct boundary between the upper two stratigraphic units.

The 13 cores in Type IV consist of brown or silty organic mud sediments with LOI values of <25%. 

There is no overlying black organic mud unit. Some of the cores consist entirely of brown organic 

mud, and some of the cores have a lower stratigraphic unit of silty organic mud characterised by 

lower LOI (<10%). The LOI profiles for these cores are shown in Figure 7.5. Three cores (K31, K33 

and K38) do not fit into any of the core types so far described, and so are allocated as Type V cores 

(Fig 7.5). K31 consists entirely of sand, and is located in shallow water immediately off the sandy 

bay in the south-east comer of the loch. The LOI values of this core are exceptionally low. K33 

consists of a thin layer of clay rich mud overlying an organic clay. K38 has an organic clay at the 

base and then consists of black organic mud with LOI >25%, apart from between 8-10 cm where 

there is a band of mineral mud with LOI c.15%.

Most of the cores taken in June 1990 correspond to the 1989 Type I cores. Two features, however, 

distinguish them; the very smooth nature of their LOI profiles, and the upturn in LOI values in the 

uppermost levels of the cores (Fig 7.6). K85 in particular has very high LOI values at 5-15 mm in 

the core, coincident with a lens of sediment containing abundant liverwort remains. K96 is the only 

core from 1990 which does not consist entirely of black organic mud, and has brown organic mud 

with LOI c.10% below 12 cm. The boundary between the two stratigraphic units is sharp. The core 

corresponds to the 1989 Type II cores.

7.3.2 Biostratigraphy of the master core

A summary diatom diagram of K05 with a pH reconstruction is shown in Figure 7.7 and the 210Pb 

chronology of this core is shown in Table 7.1. The diatom diagram shows a series of changes in the 

diatom biostratigraphy typical of the acidification sequence of Round Loch (Flower et a l, 1987; 

Jones et a l, 1989). At the base of the core (20-30 cm) the assemblage is dominated by the 

circumneutral taxon Brachysira vitrea, with the acidophilous Eunotia incisa,Fragilaria virescens var. 

exigua, Frustulia rhomboides var. saxonica, Navicula leptostriata, and Peronia fibula achieving an 

abundance of 2-5%. The reconstructed pH in this section of the core indicates a stable pH at 53-5.5. 

Above 20 cm the assemblage changes and acidophilous species becoming more important. 

Percentages of Brachysira vitrea and Fragilaria virescens var. exigua decrease, and Eunotia incisa,
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Figure 7.6 Loss on ignition profiles of cores taken in June 1990.
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Table 7.1 210Pb chronology of core K05

D ep th
(cm )

C um  D ry  
M ass (gem '2)

Date (AD)

C hrono logy

Age (jt ) +/■

S ed i

g cm'* a 1

m en ta tio n  F

cm a '1

la te

w-<%>

0.0 0.0000 1989 0 0.0124 0.170 u%

05 0.0299 1987 2 1 0.0124 0.170 u%

1.0 0.0612 1984 5 2 0.0124 0.170 u%

15 0.0935 1981 8 2 0.0124 0370 u%

2.0 0.1275 1979 10 2 0.0124 0.170 u%

25 0.1631 1976 13 2 0.0124 0.170 u%

3.0 0.1986 1973 16 2 0.0124 0.170 u%

35 02342 1970 19 2 0.0124 0.170 u%

4.0 02703 1967 22 2 0.0124 0.170 u%

45 03070 1964 25 3 0.0124 0.170 u%

5.0 03447 1%1 28 3 0.0124 0.170 11%

55 03834 1958 31 3 0.0124 0.170 11%

6.0 0.4224 1955 34 4 0.0124 0.170 11%

65 0.4634 1952 37 4 0.0124 0.170 11%

7.0 05059 1948 41 5 0.0124 0.170 11%

75 05476 1945 44 5 03)124 0.143 u%

8.0 05887 1942 47 5 0.0124 0.143 u%

85 0.62% 1938 51 6 0.0124 0.143 i\%

9.0 0.6701 1935 54 6 0.0124 0.143 u%

95 0.7107 1932 57 6 0.0124 0.143 u%

10.0 0.7522 1928 61 7 0.0124 0.143 11%

11.0 0.8371 1921 68 7 0.0124 0.143 11%

12.0 05220 1915 74 8 0.0124 0.143 u%

13.0 1.0110 1907 82 9 0.0124 0.143 11%

14.0 1.1042 1900 89 10 0.0124 0.143 u%

15.0 1.1975 1892 97 11 0.0124 0.143 11%

155 12441 1889 100 11 0.0124 0.143 11%

Table 7.2 Depth of dating horizons in210Pb dated cores from the Round Loch of Glenhead

C o re R L G H 81 R L G H 3 R L G H 86 R L G H K 5

Date of Core 1981 1984 1986 1989

Depth of Brachysira vitrea decline (cm) 9.5 12.5 6.0 14.5

Date of Brachysira vitrea decline 1897 1898 1900 1896

Depth of Eiuwtia incisa peak (cm) 9.25 11.75 6.5 13.5

Date of Eunotia incisa peak 1899 1902 1898 1904
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Peroniafibula, Brachysira brebissonii, Frustulia rhomboides var. saxonica, and Tabellaria flocculosa 

start to increase. Peronia fibula reaches an abundance of 10% at c.15 cm (1892 A.D.), but decreases 

in the core above this level.

By 13.5 cm (1903 A.D.) the assemblage is dominated by Eunotia incisa (18%) with Frustulia 

rhomboides var. saxonica, Peronia fibula, and Navicula leptostriata each achieving abundances of 

about 5%. Above 13.5 cm the acidophilous species Eunotia naegelii and the acidobiontic species 

Tabellaria quadriseptata start to increase in abundance as the diatom assemblages reflect increasingly 

acid conditions. Eunotia naegelii and Eunotia incisa reach peaks in abundance at around 10 cm 

(1928 A.D.) before slowly declining. The abundance of Tabellaria quadriseptata is relatively stable 

at c.8% between 10 and 7 cm. At about 7.5 cm (1945 A.D.) the acidobiontic species Tabellaria 

binalis, Navicula hoefleri, and Navicula madumensis begin to become more important in the 

assemblages, and their percentages begin to increase, At 5 cm (1961 A.D.) Tabellaria quadriseptata 

has become the most abundant taxon (15%) with Eunotia incisa and Frustulia rhomboides var. 

saxonica present at about 12% abundance. Above 5 cm Eunotia incisa begins to gradually increase 

in abundance.

At 3 cm (1973 A.D.) the assemblage has become dominated by acidobiontic taxa indicating that the 

loch has become acutely acidified. Above 2 cm (1979 A.D.), however, there are a number of changes 

consistent with a reversal of the acidification trend. The abundances of Navicula hoefleri, and to a 

lesser extent Tabellaria quadriseptata and Tabellaria binalis, decline and the abundance of Eunotia 

incisa continues to increase. There is little systematic trend, however, in the abundance of other taxa.

The pH reconstruction shows a sharp decline from 5.5 to 4.9 between 21 cm (c.1856 A.D.) and 13 

cm (1907 A.D.), indicating rapid acidification of the loch in this section of the core. The rate of pH 

decline then slows, with a steady fall until 3.75 cm (1968 A.D.) when the reconstructed pH is 4.77. 

There is then a cessation of the acidification trend and the reconstructed pH generally remains 

uniform at 4.72-4.73 between 3.5-1.5 cm (1970-1981 A.D.). There is some variation, however, and 

the sample at 2.75 cm has a higher value of reconstructed pH (4.78). Between 1.5-0 cm there is a 

reversal of the acidification and the reconstructed pH increases with each successive sample. The 

reconstructed pH value of the surface sediment sample is 4.81.

7.3.3 Core dating by biostratigraphic correlation

210Pb dated cores from Round Loch have also been presented by Flower et al (1987) and Jones et
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a l (1987). Including K05 a total of four cores have been 210Pb dated. Comparative correlation of the 

biostratigraphy of these cores was undertaken to identify synchronous horizons. Visual comparison 

established that only two dating horizons could be consistently recognised in all four cores (Table 

7.2). The first is the sharp decline in Brachysira vitrea before it reaches low background levels. This 

horizon is located at 14.5 cm in K05 (Fig 7.7). The second horizon is characterised by the peak in 

abundance of Eunotia incisa immediately above the first horizon (13.5 cm in K05). Table 7.2 shows 

the dates of the two horizons in the cores. The average 210Pb date of the lower horizon is 1898 A.D. 

(range = 4 years), and the average date of the upper horizon is 1901 A.D. (range = 6 years). These 

biostratigraphic horizons are close in terms both of date and position in the cores, and are therefore 

mutually supportive. Unfortunately, no other unequivocable biostratigraphic dating horizons could 

be established for more recent dates. It was therefore decided to use the upper dating horizon, the 

peak in Eunotia incisa, as a biostratigraphic marker for 1901 A.D. in the replicate and finely-sliced 

cores. This allows the calculation of post-1901 A.D. sediment accumulation rates for all the cores.

7.3.4 Evidence of reversibility: replicate cores

A total of 22 cores have been analysed in the replication exercise for recent diatom biostratigraphy; 

13 from 1989 and 9 from 1990. After analysing five or six cores it became clear that there was 

significant variation in between-core accumulation rate, and it appeared that this influenced the ability 

of the stratigraphy to contain evidence of a recent reversal. This suggested an a postiori hypothesis; 

core resolution and the clarity of stratigraphic evidence of the reversal is dependent on the sediment 

accumulation rate. This hypothesis is considered and tested in Chapter Eight. The main trends in the 

recent biostratigraphy, pH reconstructions and CCA time-tracks are presented for the replicate cores 

in serial order rather than in order of increasing accumulation rate, although the accumulation rate 

(range 0.20-1.53 mm a 1) is noted in each case. Time-tracks of the replicate cores constrained against 

the SWAP diatom-water chemistry data-set are shown in Figures 7.9 and 7.22.

Two types of floristic reversal are described in the following summaries of recent sediment core 

biostratigraphies. The first are in the uppermost samples of a core. These correspond to a reversal 

of the acidification trend in the most recent sediments. Some of the cores also show a second type 

of reversal; temporary reversals or cessations of the acidification trend lower down in the 

biostratigraphic record. These are distinguished from the recent reversals as the acidification trend 

continues in the overlying stratigraphy. It is important to note these temporary reversals as they could 

represent variability rather than a real signal of floristic change. The magnitude and frequency of 

temporary reversals in the diatom biostratigraphy can be compared to any recent reversals to aid the 

assessment of whether these recent reversals represent variation rather than a real floristic response



to increasing lake-water pH (see Chapter Eight).
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KOI

A summary diatom diagram for KOI is presented in Figure 7.8. This shows the same changes in 

biostratigraphy associated with acidification as K05, but compressed into a 5 cm record. The 1901 

A.D. dating horizon is located at 2.75 cm, so the mean post-1901 A.D. accumulation rate is 0.31 mm 

a'1. In the uppermost level of the core Tabellaria quadriseptata and Navicula hoefleri decline in 

abundance, and Navicula leptostriata and Eunotia incisa increase. However, the pH reconstruction 

shows a trend of acidification throughout the profile, with the lowest reconstructed pH (4.77) in the 

surface sediment sample.

The time-track for KOI shows a clear bottom-right to top-left trend (Fig 7.9b). This follows a 

gradient of high to low pH and low to high aluminium levels (Fig 7.9a). The trend is clearly one of 

acidification. There is no indication of a floristic reversal in the time-track for KOI, and the surface 

sediment sample clearly contains the most acid flora.

K02

The 1901 A.D. horizon in K02 is at 7.25 cm, so the core has a mean post-1901 A.D. accumulation 

rate of 0.82 mm a*1. There are changes in the uppermost levels of the core indicative of a floristic 

reversal (Fig 7.10). Abundances of the acidobiontic taxa Tabellaria quadriseptata, Tabellaria binalis, 

Navicula hoefleri, and Navicula madumensis peak at 1.25 cm and then decline towards the top of 

the core. The abundance of Eunotia incisa increases abruptly in the uppermost level. The pH 

reconstruction shows a gradual decline throughout the profile to 4.72 at 1.25 cm. The acidification 

trend is then reversed, with the top two core slices having higher reconstructed pH values of 4.78- 

4.79.

The CCA time-track shows a clear acidification trend through most of the length of the core (Fig 

7.9c). There is a clear floristic reversal at the top of the core, however, with the samples above 1.25 

cm trending back down the pH gradient. The trajectory of this reversal is back along the time-track 

of acidification. The time-track also indicates that the surface sediment sample is similar in floristic 

composition to the sample from 2.75 cm.

K05

Although K05 is the dated master core, it is also a part of the replicate core data-set The summary 

diatom diagram and pH reconstruction have been presented above, and indicate trends in the recent
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Figure 7.9 CCA time-tracks of the 1989 replicate core diatom assemblages constrained by the 
SWAP diatom/water chemistry data-set (Stevenson et a l, 1991).
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Figure 7.9 Continued.
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Figure 7.9 Continued.
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biostratigraphy consistent with reversibility. The mean post-1901 A.D. accumulation rate of K05 is 

very high (1.53 mm a 1). The CCA time-track of this core again trends along the pH gradient (Fig 

7.9d). There is a good deal of variation away from the gradient, however, before the flora indicates 

the most acid conditions at 2.25 cm (1978 A.D.). Samples above 1.75 cm (1980 A.D.) trend straight 

back down the time-track. The top sample is most similar in floristic composition to those from 4.25 

cm (1965 A.D.) and 6.75 cm (1950 A.D.).

K06

There is no evidence of recent floristic reversal in K06. The acidobiontic taxa Tabellaria 

quadriseptata, Navicula hoefleri and Navicula madumensis reach their highest abundances in the top 

sample (Fig 7.11). The pH reconstruction shows a trend of continuing acidification, with the most 

acid reconstructed pH in the surface sediment sample. The CCA time-track also shows a 

straightforward acidification trend, with no floristic reversal in the uppermost levels (Fig 7.9e). The 

mean post-1901 A.D. accumulation rate is 0.40 mm a 1.

K07

The mean post-1901 A.D. accumulation rate of K07 is 0.65 mm a*1. The summary diatom diagram 

(Fig 7.12) shows ambiguous biostratigraphic evidence of reversibility. Although there is a slight 

decline in Tabellaria quadriseptata in the uppermost level, there is also a sharp increase in the 

abundance of Navicula hoefleri. The pH reconstruction, however, does show a slight reversal of the 

acidification trend in the top sample. This reversal is also shown in the CCA time track (Fig 7.9f).

K09

K09 shows no evidence of a recent reversibility signal. The diatom diagram shows a constantly 

increasing abundance of Tabellaria quadriseptata to the uppermost sample, although Navicula 

hoefleri does decline in the uppermost levels (Fig 7.13). The abundance of Eunotia incisa is variable 

throughout the profile, but increases abruptly in the top sample. The pH reconstruction shows a trend 

of continuing acidification throughout the profile, with the most acid assemblages in the top sample. 

This is confirmed by the CCA time-track (Fig 7.9h), although there is variation away from the pH 

gradient, possibly because of the varying abundance of Eunotia incisa. The mean post-1901 A.D. 

accumulation rate of K09 is 0.63 mm a'1.

K10

In the uppermost sediments of K10 (mean post-1901 A.D. accumulation rate = 0.99 mm a'1) the 

acidobiontic taxa Tabellaria quadriseptata, Navicula hoefleri, and Navicula madumensis all decline
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in abundance slightly (Fig 7.14). There is a corresponding increase in the abundance of Eunotia 

incisa and Tabellaria flocculosa. The pH reconstruction indicates a very small increase in the top 

sample. The CCA time-track of K10 (Fig 7.9i) is highly variable in the lower part of the core (5-9 

cm). The top two samples, however, lie at about the same point on the pH gradient K10 therefore 

does not produce strong evidence of a reversal, but the acidification trend seems to cease in the 

uppermost sediments.

K16

K16 has a mean post-1901 A.D. accumulation rate of 0.43 mm a'1 and shows a reversal of the 

acidification trend in the uppermost sediments. Tabellaria quadriseptata and Tabellaria binalis reach 

peaks in abundance at 1.25 cm and decline above this level (Fig 7.15). Navicula hoefleri and 

Navicula madumensis peak in abundance at 0.75 cm and decline in the top sample. The pH profile 

shows acidification until 0.75 cm, when the reconstructed pH is 4.71. The pH then increases to 4.77 

in the top sample. The recent reversal is also apparent in the CCA time-track (Fig 7.9j).

The biostratigraphic profile of K16 suggests that the accumulation rate may have varied through the 

core, or that there may have been a hiatus. This is indicated by the rapid rise of Tabellaria 

quadriseptata from background levels of 3-4% at 3.25 cm to 14% at 2.25 cm (Fig 7.15). This feature 

occurs immediately after the fall in Brachysira vitrea and peak in Eunotia incisa used as dating 

horizons (1898 and 1901 A.D. respectively). This rapid change in biostratigraphy immediately after 

the dating horizons is not a feature of any of the other cores. In K05 Tabellaria quadriseptata only 

reaches an abundance of >10% at 1955 A.D.. It therefore seems likely that the core has a very low 

accumulation rate in the first half of the 20th century, or that there is a hiatus in the core over this 

period. Either way, the result is that the mean post-1901 A.D. accumulation rate will grossly under

estimate the more recent (e.g. post-1970 A.D.) accumulation rate.

K22

In K22 Tabellaria quadriseptata increases in abundance throughout the length of the core (Fig 7.16), 

and Navicula hoefleri and Navicula madumensis increase in abundance in the top sample. The pH 

profile shows that the top three samples have approximately the same reconstructed pH (c.4.80), and 

this is confirmed by the CCA time-track which indicates the floristic similarity of these samples (Fig 

7.9k). Although there is no recent reversal in K22 there does seem to be a cessation of the 

acidification trend in the uppermost sediments. The post-1901 A.D. accumulation rate of this core 

is 0.40 mm a 1.
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K26

K26 has a very low mean post-1901 A.D. sediment accumulation rate (0.20 mm a'1). The diatom 

diagram shows that the acidobiontic taxa Tabellaria quadriseptata, Navicula hoefleri, and Navicula 

madumensis increase in abundance throughout the core (Fig 7.17). The pH profile shows a trend of 

continuing acidification in the uppermost sediments, and this is confirmed by the CCA time-track 

(Fig 7.91). The surface sediment sample contains the most acid assemblage in the core.

K37

Although generally increasing throughout K37, the abundance of Tabellaria quadriseptata is variable 

in this core (Fig 7.18). This is also true of Navicula hoefleri and Navicula madumensis. The pH 

profile indicates a steady acidification until the top two samples, which both have a reconstructed 

pH of 4.78. These samples also have the same position on the pH gradient of the CCA time-track, 

although they appear to be slightly floristically dissimilar (Fig 7.9n). Again, although this core shows 

no evidence of a reversal, the uppermost sediments indicate a cessation of the acidification trend. 

K37 has a mean post-1901 A.D. accumulation rate of 0.45 mm a'1.

K49

This core is located in the centre of the northern part of the lake basin in 9 m of water (Fig 5.1). It 

is therefore located some distance from most of the other cores in the replication study, which were 

taken from the southern half of the basin. The mean post-1901 A.D. accumulation rate of K49 is 0.54 

mm a'1. Tabellaria quadriseptata peaks at 1.25 cm and then declines in the uppermost sediments (Fig 

7.19). The acidobiontic Navicula species, Navicula hoefleri, and Navicula madumensis both have 

peaks in abundance at 0.75 cm and decrease in the top sample. These trends imply a possible 

reversal. The pH reconstruction, however, shows that although the rate of acidification slows in the 

top three samples, the surface sediment sample has the most acid assemblage in the core. The relative 

similarity of the top three samples is highlighted in the CCA (Fig 7.9o), as they plot almost on top 

of one another.

K67

This core has a low post-1901 A.D. accumulation rate (0.31 mm a 1). There is little evidence of a
*

systematic reversal in the trends of individual taxa in the uppermost sediments and the pH profile 

shows an acidification trend throughout the length of the core (Fig 7.20). This is also the case with 

the CCA time-track (Fig 7.9p). There is a temporary reversal in the sample at 2.25 cm before the 

acidification trend continues (Figs 7.20 & 7.9p). This temporary reversal is due to an increase in the 

abundance of Brachysira vitrea at this level (Fig 7.20).



205

H T h

rn-f 111—i i —I___[• .v

n
%

□ H~~l i i

\ V/,

%
n t

m = L

VO
s
8
8
Ui
£
£

2
8
8
SCOm
tj

00cd

a
.8
bcdaa
5

i>
t
AE

U3



206

% | I M I | I II I | I I II | I I 1 I | I I I I | I I I I | | |

.  IA t

ir-rm-rrn-n I~1 n

\x  V ..m

r - n - H - r - m  n  n

% n  r-i

%

&SS6
%

X
ri I i~i r~l l~i i—i i i

** %<A\ n
'*■ n - m - h - n  [~l n

\  A  X

X.
X

X

X  ' L O U

isro
X
8
8
I*
£
c.2
0 
2
1 
8
SCL

GOCO
’•3
£
I’•B
b
CO
a
a3in

00
j>
t
AE

U3



207

1111111111111111111111111111111111it 11111111111111

n  n  n

%  V
n  n

%
i i I I I  I

I I I—I I—I

V
%

% □ z r f E L .n .

<$> n
T~T~I I I (~~1 m f~1

\

V
V

X ^ D rhn n , . n .  rn

0\
3
2
8

1
8
2
Ba.

ao
'*3
5
I

bCO
8
83
C/3

U3



208

\
\

V ^ r r r n -

V
^ n-rt-n
<s

w<

js%
n  r> -n—m

\  \  
\  *

i>
s
2oo

I

oo
2
Ea,

b£)CO

S
Q
CO

b
CO
£
£3
C/3

CJ

t
1&

U3



209

K82

This core has a relatively high post-1901 A.D. accumulation rate (1.40 mm a'1). The acidobiontic 

taxa peak in abundance before the uppermost sample, Tabellaria quadriseptata at 0.75 cm, Navicula 

hoefleri at 1.5 cm, and Navicula madumensis at 1.25 cm (Fig 7.21). Frustulia rhomboides var. 

saxonica reaches a minimum abundance of 10% at 1.75 cm and then increases through the uppermost 

sediments. Eunotia incisa and Tabellaria flocculosa both show increases in abundance in the top 

sample. These changes are reflected in the pH profile. The acidification trend continues until 1.75 

cm. The next three samples all have approximately the same reconstructed pH value (c.4.75). The 

reconstructed pH then increases to 4.80 in the top sample.

The CCA time-track clearly illustrated these changes (Fig 7.22b). The samples between 1.75-0.75 

cm plot virtually on top of one another and lie on the same point on the pH gradient There is then 

a reversal of the acidification trend, with the top sample trending back down the acidification 

gradient There is also a temporary reversal earlier in the core at 3.75 cm when an increase in 

reconstructed pH is indicated before the acidification trend continues (Figs 7.21 & 7.22b). This 

appears to be the result of slightly elevated abundances of Brachysira vitrea and Fragilaria virescens 

var. exigua in this sample (Fig 7.21).

K84

The diatom diagram of this core also shows a reversal in the trends of individual species in the 

uppermost sediments (Fig 7.23). Tabellaria quadriseptata peaks at 0.75 cm, Navicula hoefleri at 1.25 

cm, and Navicula madumensis at 0.75 cm. These taxa all decline in abundance after these peaks. 

Frustulia rhomboides var. saxonica consistently increases in the uppermost sediments, and Peronia 

fibula, Tabellaria flocculosa, and Brachysira vitrea all reach their lowest abundances at 0.75 cm, 

then increase in the top sample.

The pH reconstruction shows a clear reversal in the uppermost sample. There is also an earlier, 

temporary reversal of the acidification trend between 3.75-2.25 cm. These two reversals are clearly 

illustrated in the CCA time-track and are of around the same order of magnitude (Fig 7.22c). The 

core has a mean post-1901 A.D. accumulation rate of 0.97 mm a'1.

K85

K85 has a mean post-1901 A.D. accumulation rate of 0.79 mm a'1. The uppermost levels of this core 

are unusual relative to the other replicate cores (Fig 7.24). Abundances of Eunotia naegelii are 

extremely high at 0.75 cm (c.16%), and remain at relatively elevated levels in the top sample.
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Figure 7.22 CCA time-tracks of the 1990 replicate core diatom assemblages constrained by the 
SWAP diatom/water chemistry data-set (Stevenson et aL, 1991).
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Figure 7.22 Continued.
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Tabellaria quadriseptata also occurs in very high abundances (20%) between 1.25-0.75 cm. The 

result is that the reconstructed pH is particularly low (4.62-4.65) in these two levels. The 

lithostratigraphic analyses of this core showed abundant remains of the liverwort Jungermannia in 

these upper sediments.

The core does indicate a reversal of the acidification trend in the uppermost sample. Tabellaria 

quadriseptata and Eunotia naegelii decrease in abundance from the very high levels, and Frustulia 

rhomboides var. saxonica and Brachysira brebissonii increase. This reversal is illustrated in both the 

pH reconstruction and in the CCA time-track (Fig 7.22d). There is also a temporary reversal at 2.75 

cm, the magnitude of which is lower than the reversal in the uppermost sediments.

K87

This core shows some changes associated with recent reversibility; Tabellaria binalis, Navicula 

hoefleri, and Navicula madumensis all peak in abundance at 0.75 cm and decrease in the top sample 

(Fig 7.25). Additionally, Peronia fibula increases in abundance in the uppermost sample. The highest 

abundance of the acidobiontic Tabellaria quadriseptata, however, is also found in the uppermost 

sample. The pH reconstruction and CCA time-track (Fig 7.22e) indicate two reversals of the 

acidification trend; one in the top sample and a temporary reversal between 2.75-1.75 cm. The 

temporary reversal is of greater magnitude than the recent reversal. K87 has a mean post-1901 A.D. 

accumulation rate of 0.90 mm a'1.

K89

The profiles of individual taxa in this core indicate a clear recent reversal of the acidification trend 

(Fig 7.26). Tabellaria quadriseptata reaches a maximum abundance of 18% at 1.25 cm, then 

decreases to 10% in the top sample. Tabellaria binalis, Navicula hoefleri, and Navicula madumensis 

all reach peak abundances at 1.75-1.25 cm before decreasing in the uppermost sediments. These 

trends are partly counter-balanced by increases in Brachysira vitrea and Fragilaria virescens var. 

exigua. The pH profile and CCA time-track (Fig 7.22f) show a clear acidification trend until 1.75 

cm, when the reconstructed pH is 4.68. There is then a marked reversal in this trend, and the 

reconstructed pH of the top sample is 4.90. The CCA time-track indicates that this surface sediment 

sample is similar in floristic composition to the sample from 6.5 cm. The mean post-1901 A.D. 

accumulation rate of K89 is 0.97 mm a'1.

K90

K90 has a relatively high post-1901 A.D. accumulation rate (1.07 mm a*1), but the evidence for
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recent reversibility is indistinct. The abundances of Tabellaria binalis, Tabellaria quadriseptata, and 

Navicula hoefleri are relatively stable in the uppermost sediments (Fig 7.27). Of the common 

acidobiontic taxa only Navicula madumensis shows a reversal of the acidification trend beginning 

at 1.75 cm. There are no other systematic trends in other common taxa in the uppermost sediments. 

The reconstructed pH between 2.5-0 cm is slightly variable, but generally shows a cessation of the 

acidification trend with stable pH at around 4.7 (Fig 7.27). This cessation of the acidification is also 

illustrated in the CCA time-track (Fig 7.22h). The top five samples plot fairly close to one another 

with no directional trend in the time-track.

K91

This core has a relatively high post-1901 A.D. accumulation rate (1.18 mm a 1). Although Tabellaria 

quadriseptata shows no reversal of trend in the uppermost sediments the acidobiontic Navicula 

species do (Fig 7.28). Both Navicula hoefleri and Navicula madumensis reach a peak in abundance 

at 1.25 cm before declining. Although Peronia fibula increases in abundance slightly in the 

uppermost sample, no other common taxa show a clear increase in the uppermost sediments. The pH 

reconstruction (Fig 7.28) and CCA time-track (Fig 7.22i) show two reversals in the acidification 

trend; a temporary reversal at 3.75 cm and a more pronounced reversal in the uppermost sediment 

sample. The trajectory of the recent reversal is clearly back along the time-track of acidification. The 

magnitude of the recent reversal clearly exceeds that of the earlier, temporary reversal.

K92

Figure 7.29 shows a recent reversal in the trends of increasing abundance of Tabellaria quadriseptata 

and Navicula hoefleri beginning at 0.75 cm. There is also a reversal in the trend of Navicula 

madumensis, beginning at 1.25 cm. The abundance of Eunotia incisa is much lower in the uppermost 

three samples than in the rest of the core. Both the pH reconstruction and CCA time-track (Fig 7.22j) 

show variability in the overall trend of acidification. There is a reversal of the acidification trend in 

the uppermost sample, but this is matched in magnitude by several temporary reversals lower down 

in the core. K92 has a mean post-1901 A.D. accumulation rate of 0.73 mm a'1.

K93

Abundances of the common taxa in the uppermost levels of this core are variable (Fig 7.30). Overall, 

the abundances of the acidobiontic taxa appear to increase throughout the length of the core, although 

in the top sample Tabellaria quadriseptata and Tabellaria binalis decrease slightly. Abundances of 

the acidophilous species Navicula leptostriata, Frustulia rhomboides var. saxonica, Brachysira 

brebissonii, and Eunotia incisa are particularly variable in the upper levels, showing no clear trends.
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The pH reconstruction and CCA time-track (Fig 7.22k) show two reversals in the acidification trend. 

The first more prominent temporary reversal is at 1.75 cm, and the second recent reversal is in the 

top sample. The core has a mean post-1901 A.D. accumulation rate of 0.79 mm a*1.

K90-K93 were taken from within a 4 m2 area to allow the assessment of small scale variability in 

diatom biostratigraphy. The four cores show significant variation in mean post-1901 A.D. 

accumulation rates, the range being 0.73-1.18 mm a'1. The overall trends in biostratigraphy are 

similar, with a clear acidification sequence typified by the increasing abundance of Tabellaria 

quadriseptata and other acidobiontic taxa. There are no apparent major differences in the abundance 

of common taxa through the acidification sequence in the cores (Figs 7.27-7.30). Tabellaria 

quadriseptata, for instance, increases steadily before reaching a maximum abundance of c.15% in 

all four cores. There are variations in the trends of some taxa, however, which are not consistent in 

all the cores. Trends in Eunotia incisa are particularly dissimilar in the uppermost sediment of the 

cores. These variations lead to inconsistent trends in reconstructed pH and CCA time-tracks between 

the four cores, although all four cores do show evidence of a recent reversal of varying magnitude.

7.3.5 Summary of replicate core evidence of reversibility

Table 7.3 summarises the replicate core evidence of recent reversibility of the acidification trend. 

This table includes the total range of reconstructed pH values in each core since 1901 AD and the 

corresponding amount of species turnover (s.d. units). The size of any recent reversal is expressed 

by two measures; first, the difference in reconstructed pH units between the sample at the point of 

reversal and the surface sediment sample; second, the amount of species turnover following any 

reversal in the overall trend of sample scores along the CCA axis constrained by depth. 

Reconstructed pH and species turnover provide contrasting measures of recent reversal. A reversal 

in the trend of reconstructed pH values represents a floristic change to species with higher pH 

optima. A reversal in turnover, however, indicates a reversal in the major gradient of floristic 

variation, which is clearly one of acidification. Species turnover therefore can provide a clear 

indication that core assemblages are returning to those occurring earlier in the biostratigraphic record, 

and is therefore a rigorous measure of floristic reversal.

Table 7.3 clearly shows differences between cores taken in 1989 and 1990. The 1989 cores cover 

a range of water depths from 9 m to 13.2 m, whereas the 1990 cores are restricted to depths >12.5 

m. A feature of the 1989 cores is their variable mean post-1901 A.D. sediment accumulation rates 

(range 0.20-1.53 mm a'1). The accumulation rates of the 1990 cores also vary, but over a lower range 

(0.73-1.40 mm a*1). The mean accumulation rate of the 1990 cores is much higher than the 1989



224

Table 7.3 Summary of replicate core evidence of a recent diatom reversal (ordered by sediment
accumulation rate).

Core W ater Depth 

(m)
Depth of 1901

Dating 
Horizon (cm)

Mean post-
1901 

Accumulation 
Rate (mm a'1)

pH Reconstruction Species Turnover

Total post- 
1901 pH 
Change

Size of 
Reversal 

(reconstructed 
pH Units)

Total post- 
1991 Species 

Turnover (sd)

Size of 
Revenal (sd)

K26 9.3 1.75 0.20 0.244 - 0.80 -
KOI 10.0 2.75 0.31 0.355 - 0.96 -
K67 12.7 2.75 0.31 0202 - 0.75 -
K22 11.6 2.75 0.31 0.109 - 0.70 -
K06 132 3.50 0.40 0.350 - 0.98 -
K16 12.4 3.75 0.43 0.423 0.054 1.07 -
K37 10.6 4.00 0.45 0.147 - 0.78 -
K49 9.0 4.75 0.54 0245 - 0.92 -
K09 12.9 5.50 0.63 0.292 - 0.93 -
K07 12.1 5.75 0.65 0299 0.042 1.11 -
K92 12.5 6.50 0.73 0234 0.093 0.81 0.059
K85 13.4 7.00 0.79 0256 0.091 0.76 0.071

K93 12.5 7.00 0.79 0245 0.023 0.78 0.009
K02 11.4 7.25 0.82 0.321 0.055 1.00 0.092
K87 13.4 8.00 0.90 0288 0.032 0.79 0.049
K84 13.6 8.5 0.97 0243 0.060 0.84 0.087
K89 12.6 8.5 0.97 0.289 0214 0.81 0.142
K10 13.2 8.75 0.99 0.197 0.014 0.85 -
K90 12.5 9.5 1.07 0243 0.031 0.74 0.032
K91 12.5 10.5 1.18 0.255 0.107 0.84 0.135
K82 12.6 12.5 1.40 0.220 0.061 0.81 0.103
K05 12.6 13.5 1.53 0.228 0.094 0.68 0.031
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cores, 0.98 mm a'1 (S.E.=0.07) and 0.58 mm a*1 (S.E.=0.10) respectively. The 1990 cores also show 

much less variation in the magnitude of post-1901 A.D. floristic change. The range in species 

turnover for the 1989 cores is 0.68-1.11 s.d., whereas the range for the 1990 cores is only 0.74-0.84 

s.d.. This is also reflected in the respective ranges of total reconstructed pH change, 0.109-0.423 

reconstructed pH units compare to 0.220-0.289 reconstructed pH units. Table 7.3 therefore indicates 

that the 1989 cores show greater variation than the 1990 cores in all aspects.

7.3.6 Evidence of reversibility: finely-sliced cores

K88

This core was sliced at 1 mm intervals in the uppermost sediments and so potentially has the highest 

resolution of all the cores studied. A summary diatom diagram again reveals a clear acidification 

sequence (Fig 7.31). The peak in Eunotia incisa representing 1901 A.D. is at 8.5 cm, so the core has 

a mean post-1901 A.D. accumulation rate of 0.97 mm a'1. Tabellaria quadriseptata increases in 

abundance from <1% at 10.5 cm to 9% at 5.5 cm. The abundance then remains at this level until 2.5 

cm, when it gradually increases to 15% before decreasing to 11% at 1.4 cm. After remaining level 

the abundance of Tabellaria quadriseptata then increases sharply to 22% at 0.6 cm. Tabellaria 

binalis and Navicula madumensis both become continuously present at around 5 cm. They then 

gradually increase to peaks in abundance of 4% for Tabellaria binalis at 0.4 cm, and 4.5% for 

Navicula madumensis at 0.7 cm. Navicula hoefleri is present in the profile at low abundances until 

2.1 cm. At this point the abundance begins to increase, reaching 5% at 1.4 cm. This abundance is 

maintained to 0.4 cm, when there is a minor peak of c.6%. There are clear peaks in the abundance 

of Navicula leptostriata at 8.5 cm and 5.5 cm. The most pronounced trend in this taxon is the decline 

in abundance from 7% at 1.4 cm to 3% at 0.5 cm. Percentages of Frustulia rhomboides var. saxonica 

and Brachysira brebissonii are variable throughout the profile, but generally show a trend of 

increasing abundance. Eunotia incisa increases in abundance slightly between 5-4 cm, and then stays 

approximately constant until 1.7 cm. After the peak in abundance at 8.5 cm, Eunotia incisa declines 

slightly before maintaining a stable abundance at c.13% until 5 cm. There is then an increase to 

c.17% at 4 cm. Although variable, the percentage of this taxon then stays at approximately this level 

until 1.5 cm. There is then a steady decline to 10% at 0.7 cm. The abundance of Eunotia naegelii 

slowly increases through the profile to a peak of 10% at 6.5 cm. This taxon then gradually decreases 

in abundance to about 4%, although the value fluctuates in the uppermost sediments. Peronia fibula, 

Tabellaria flocculosa and Brachysira vitrea generally decline in abundance throughout the profile 

until minimal values are reached at 0.3-0.4 cm. Fragilaria virescens var. exigua shows a similar 

pattern, although there is a marked peak in abundance at 1.4 cm.
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There are clearly changes in the uppermost sediments which suggest a recent reversal in the trends 

of individual species. The most obvious is the rapid decline in Tabellaria quadriseptata from 22% 

at 0.6 cm to 13% in the top sample. There are also decreases in Tabellaria binalis and Navicula 

hoefleri in the top 0.4 cm, and in Navicula madumensis in the top 0.2 cm. Eunotia incisa generally 

increases in abundance in the top seven samples, although the abundances are variable. There are 

clear increases in the abundance of Peronia fibula and Tabellaria flocculosa in the top 0.2 cm, and 

in Navicula leptostriata in the uppermost sample.

These trends are reflected in the pH reconstruction and CCA time-track (Fig 7.32d). The succeeding 

assemblages reflect increasingly acid conditions until 4 cm. Between 4.0-2.5 cm the reconstructed 

pH is variable but generally stable at c.4.8. The assemblages of the samples between these depths 

are also floristically similar, and plot at approximately the same point in the CCA. These samples 

are within the finely-sliced section of the core. The assemblages then become more acid between 2.5 

cm and 1.7 cm, the reconstructed pH falling from 4.80 to 4.72. There is then a temporary reversal 

in the reconstructed pH trend, which gradually rises to 4.78 at 1.0 cm. This is followed by a 

pronounced trend of acidification, with the reconstructed pH dropping to 4.62 at 0.3-0.4 cm. The 

CCA clearly shows that this section of the core is floristically distinctive. The time-track between 

5.25 cm and 0.7 cm is confused, the samples all plotting in approximately the same area, indicating 

the broad floristic similarity of these samples. There is then a clear trajectory of continued 

acidification, however, to the most acid sample at 0.3 cm. This is followed by a distinct reversal of 

this acidification trend in the uppermost sediments, with the time-track of the top three samples 

heading back down the pH gradient. The top sample is floristically most similar to the sample from 

1.0 cm. This reversal in the uppermost sediments is also illustrated in the pH reconstruction, and the 

top sample has a reconstructed pH of 4.77. The pH reconstruction and CCA time-track clearly show 

that the magnitude of this upper reversal exceeds that of any of the variation lower down in the core.

K83

The Eunotia incisa peak representing 1901 A.D. is found at 11.5 cm in this core, and so K83 has 

a mean post-1901 A.D. accumulation rate of 1.29 mm a'1. The core clearly shows the same trends 

in biostratigraphy as observed in K88 (Fig 7.33). Tabellaria quadriseptata, Tabellaria binalis, 

Navicula hoefleri, and Navicula madumensis all peak in the uppermost sediments and then decrease 

in abundance to the top sample. Frustulia rhomboides var. saxonica increases in abundance 

throughout the top 2 cm of the core and Navicula leptostriata increases in the top 0.7 cm. Eunotia 

incisa, however, is variable in abundance in the uppermost sediments, and there are no clear 

increases in other acidophilous taxa such as Peronia fibula and Tabellaria flocculosa.
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Figure 7.32 CCA time-tracks of the finely-sliced core diatom assemblages constrained by the 
SWAP diatom/water chemistry data-set (Stevenson et aL, 1991).
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The pH reconstruction shows a trend of gradually declining reconstructed pH to 4.72 at 1.3 cm. 

Imposed on this overall trend, however, are several small temporary reversals which are also apparent 

in the CCA time-track (Fig 7.32b). The reconstructed pH then falls rapidly to 4.63 at 0.9 cm, and 

the CCA clearly shows the rapid floristic change in this section of the core. There is then a reversal 

of the acidification trend, and the top four samples all have a reconstructed pH of c.4.69. The CCA 

time-track shows that these four samples plot at the same point along the pH gradient, and 

floristically the top three samples are particularly similar. The magnitude of the recent reversal 

between 1.0-0 cm is of the same order of magnitude as some of the temporary reversals further down 

the core.

K86

This core has a mean post-1901 A.D. accumulation rate of 0.97 mm a'1, and again the trends in 

biostratigraphy (Fig 7.34) closely match those apparent in K88. Navicula hoefleri and Navicula 

madumensis increase in abundance until peaks at 1.1 cm and 0.9 cm respectively, and then decrease. 

This is also the case with the other common acidobiontic taxa, Tabellaria quadriseptata and 

Tabellaria binalis, which peak at 0.5 cm and 0.7 cm respectively. The abundances of Brachysira 

brebissonii, Eunotia incisa, and Frustulia rhomboides var. saxonica are variable in the uppermost 

sediments. There are recent reversals in the trends of declining abundance of Navicula leptostriata 

and Peronia fibula in the uppermost sediments, the former at 0.2 cm and the latter at 0.5 cm. The 

increase in Peronia fibula in the uppermost sediments is particularly striking, ranging from >2% to 

c.7%. The biostratigraphy therefore clearly shows changes conforming to a recent reversal of the 
acidification trend.

These changes are reflected in the pH reconstruction, which shows a steady decline in pH between 

14 cm and 1.2 cm (Fig 7.34). The lowest reconstructed pH value is 4.69 at 1.1 cm. The five samples 

above 1.1 cm show a clear trend of increasing pH. The magnitude of this reversal is greater than that 

of the variation within the profile. The CCA time-track (Fig 7.32c) closely follows the pH gradient, 

indicating a trend to progressively more acidic diatom floras. In the finely-sliced section of the core 

(above 3 cm) the amount of noise increases, and a number of minor temporary floristic reversals 

occur. The sample at 1.3 cm shows particular deviation away from the general trend of the time-track 

due to an increased abundance of Brachysira vitrea in this sample (Fig 7.34). The samples above 1.1 

cm trend straight back down the pH gradient The trajectory of the recent reversal is back along the 

time-track of acidification.
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K96

This core has an exceptionally low accumulation rate. The peak in Eunotia incisa representing 1901 

A.D. occurs at 1.3 cm, so the mean post-1901 A.D. accumulation rate is just 0.15 mm a*1. Even so, 

the core clearly resolves the changes in the abundances of individual taxa which are associated with 

acidification. Tabellaria quadriseptata increases in abundance towards the top of the profile, the rate 

of the increase accelerating in the top 4 mm (Fig 7.35). Tabellaria binalis, Navicula hoefleri, and 

Navicula madumensis all become increasingly abundant towards the top of the core. Navicula 

madumensis, though, does reach a distinct peak in abundance at 5 mm. The abundances of Navicula 

leptostriata, Eunotia incisa, Tabellaria flocculosa and Brachysira vitrea decrease in the uppermost 

levels of the core.

The pH reconstruction and CCA time-track (Fig 7.32e) indicate a reversal of the acidification trend 

in the uppermost sample. The core also shows significant deviation away from the acidification trend 

lower down the core. At 4 mm there is a temporary increase in the trend of reconstructed pH (Fig 

7.35), and the time-track trends back down the acidification trend between 5 and 4 mm (Fig 7.32e). 

The magnitude of this variation is greater than the magnitude of the reversal in the uppermost 

sample.

Table 7.4 summarises the evidence of recent reversibility in the four finely-sliced cores. K96 has the 

lowest post-1901 A.D. accumulation rate of any of the cores studied, but the other three cores all 

have relatively high accumulation rates. The magnitudes of the total post-1901 A.D. change in 

diatom assemblages are veiy similar in the three high accumulation rate cores in terms of both pH 

and species turnover change. There is variation, however, in the size of the recent reversal measured 

by these three cores. The total reconstructed pH change and species turnover of K96 is less than the 

other cores. The size of the recent reversal in this core is also less than that in the other three cores.

7.3.7 Biostratigraphic study of cores with contrasting surface sediment diatom assemblages

This section presents results of diatom analyses of cores from the littoral zone and also of profundal 

cores with possible relict surface sediment diatom assemblages. Five cores have been studied; two 

from water depths >10 m (K03, K08) and three from littoral areas (K41, K52, K78). The surface 

sediments of the former cores fall into TWINSPAN group 5, and analysis of the biostratigraphy may 

clarify whether these represent truncated stratigraphies. Analysis of the cores from littoral areas will 

provide data on sediment accumulation in the littoral, the ability of littoral sediments to contain a 

detailed biostratigraphic record, and may also provide information on the degree of stratigraphic
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Table 7.4 Summary of finely-sliced core evidence of a recent diatom reversal.

Core W ater Depth 
(m)

Depth of 1901
Dating 

Horizon (cm)

Mean post-
1901 

Accumulation 
Rate (mm a'1)

pH Reconstruction Species Turnover

Total post- 
1901 pH 
Change

Size of 
Reversal 

(reconstructed 
pH Units)

Total post- 
1901 Species 

Turnover (sd)

Size of 
Reversal (sd)

K83 13.2 11.5 1.29 0.349 0.071 0.99 0.161

K86 12.0 8.5 0.97 0.378 0.058 0.98 0.144

K88 13.1 8.5 0.97 0.366 0.155 1.08 0.325
K96 10.5 1.3 0.15 0.288 0.043 0.85 0.022
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resolution lost in these areas through sediment mixing processes relative to the profundal.

K03

This core is located at a depth of 12.6 m in the south-west comer of the lake (see Fig 7.1). The 

surface sediment sample from this core fell into TWINSPAN group 5b. This was interpreted as 

representing samples where sediment accumulation ceased sometime prior to acidification but after 

the peat erosion which occurred around 1650 A.D.. The biostratigraphy of common taxa is presented 

in Figure 7.36. This shows that the circumneutral taxa Brachysira vitrea and Achnanthes minutissima 

dominate the core assemblages. Other common taxa are the circumneutral Fragilaria virescens var. 

exigua and Nitzschia perminuta and the acidophilous Tabellaria flocculosa, Peronia fibula, Eunotia 

incisa, Frustulia rhomboides var. saxonica, and Navicula leptostriata. These assemblages are typical 

of the pre-acidification flora of the loch (see Chapter Three). The only floristic changes in the core 

are between 1-0 cm, where Brachysira vitrea and Achnanthes minutissima decrease in abundance and 

the acidobiontic taxa Tabellaria quadriseptata and Navicula hoefleri appear in low abundances. 

Below 1 cm the diatom assemblages show little systematic variation. The pH reconstruction indicates 

stable pH at around 5.7 until the top two samples, where the reconstructed pH falls to 5.3.

Analog matching with the long core RLGH3 shows that all the samples in K03 closely match levels 

from diatom zone 5 in RLGH3 (Table 7.5). The results also show that core K03 corresponds most 

closely to the section of RLGH3 between c.18-33 cm. The 210Pb chronology of core RLGH3 indicates 

that 18 cm represents 1869 A.D. (Jones et a l , 1987), so K03 is missing approximately the last 120 

years of sediment accumulation.

K08

K08 was also recovered from deep water (10.6 m) in the south-west comer of the lake and is located 

at the base of the steep slope rising to the north (Fig 7.1). The surface sediment diatom assemblage 

from this core fell into TWINSPAN group 5a, samples which were interpreted as indicative of 

stratigraphies in which sediment accumulation ceased sometime between 1900-1950 A.D..

The summary diatom diagram reveals that between 6.0-0.5 cm the core is dominated by the 

circumneutral taxa Brachysira vitrea, Achnanthes minutissima, and Fragilaria virescens var. exigua 

(Fig 7.37). The acidophilous species Frustulia rhomboides var. saxonica and Eunotia incisa are also 

common, occurring in abundances of 4-7 %. These assemblages are indicative of the pre-acidification 

flora of the loch. The acidobiontic taxa Tabellaria quadriseptata and Navicula hoefleri become 

continuously present in the uppermost sediments, and in the top sample reach maximum abundances
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Table 7.5 Analog matches of core K03 with core RLGH3.
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Sample Depth in KQ3 (cm) C

Depth in RLGH3 (cm)

Closest Analog in Core RJLGH' 

Diatom Zone in RLGH3 Squared Chi-Squared 
Distance

0.3 18.3 5 0.33

0.8 22.5 5 0.39

1.8 25.5 5 0.43

2.8 28.5 5 0.43

3.8 28.5 5 0.35

5.8 32.5 5 0.39

Table 7.6 Analog matches of core K08 with core RLGH3.

Sample Depth in KQ8 (cm) C

Depth in RLGH3 (cm)

losest Analog in Core RLGHi 

Diatom Zone in RLGH3 Squared Chi-Squared 
Distance

0.3 13.3 5 0.38

0.8 20.5 5 0.35

1.8 28.5 5 0.32

2.8 28.5 5 0.35

3.8 28.5 5 0.38

5.8 36.5 5 0.37
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of 5% and 2% respectively. Eunotia incisa also increases in abundance in the top sample, and there 

is a corresponding fall in the abundances of Brachysira vitrea and Achnanthes minutissima.

These changes in biostratigraphy are reflected in the pH reconstruction which shows a stable pH of 

5.6-5.7 until 3.5 cm, then a gradual decline to 5.4 by 0.5 cm. In the top sample there is a further fall 

in reconstructed pH to 5.1. The results of analog matching show that all the samples in this core 

match to levels in RLGH3 from diatom zone 5 (Table 7.6). The matches show that K08 corresponds 

most closely to the section of RLGH3 between 13 and 37 cm. The 210Pb chronology of RLGH3 

indicates that 13 cm represents 1895 A.D. (Jones et a l , 1987), so K08 is missing approximately the 

last 94 years of sediment accumulation

K41

This core was located on the shelf of shallow water to the south-west of the island. Although it was 

only taken in 2.4 m of water the core is located close to the centre of the loch (see Fig 5.1). The LOI 

profile is typical of the type lH profiles which occur in littoral cores (see Fig 7.4). The surface 

sediment sample fell into TWINSPAN group lb, dominated by diatoms currently living in the lake 

including possible epipelic Navicula species.

The summary diatom diagram shows several major changes in biostratigraphy (Fig 7.38). Between 

26-8 cm the assemblages are dominated by Brachysira vitrea (typically 15%). Peronia fibula, 

Eunotia incisa, and Fragilaria virescens var. exigua are also important. These assemblages are 

indicative of the pre-acidification flora of the loch. The reconstructed pH is around 5.5 throughout 

this period. The sample at 25 cm is distinctive as Cyclotella kuetzingiana is present at an abundance 

of 6%. This taxon was common in the lake before the inwash associated with peat erosion (Jones 

et a l, 1988).

Above 8 cm the core shows changes in the abundances of individual species indicative of 

acidification. The circumneutral taxa Brachysira vitrea, Achnanthes minutissima, and Fragilaria 

virescens var. exigua decrease in abundance. The acidophilous species Peronia fibula, Eunotia 

naegelii, Eunotia incisa, and Navicula leptostriata become more important and acidobiontic taxa 

become continuously present. The reconstructed pH falls from 5.5 at 8 cm to 4.8 at 6 cm. There is 

then a temporary reversal of the acidification trend. The abundance of Tabellaria quadriseptata and 

Eunotia incisa fall and Brachysira vitrea becomes briefly more important in the assemblages. This 

short reversal is followed by an acute acidification in the top 4 cm of the core. The reconstructed 

pH in the uppermost sample is 4.6, acidobiontic taxa are dominant and the circumneutral taxa
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decrease to abundances <1%.

There are some notable differences in the relative abundances of individual taxa during the 

acidification sequence of the core compared to the replicate and finely-sliced cores. Peronia fibula 

achieves abundances of >10% in the middle of the acidification sequence, much greater than 

observed in the profundal cores. Navicula leptostriata follows similar trends as observed in other 

cores, but has a consistently higher abundance. Navicula hoefleri becomes important in the uppermost 

sediments, but again achieves much higher abundances (>10%) than are recorded in deep water 

cores. Eunotia incisa also occurs in higher abundances than in deep water cores.

Analog matching confirms that K41 contains a complete acidification record (Table 7.7). 

Interestingly, because of the presence of Cyclotella kuetzingiana the sample from 25.5 cm in K41 

matches most closely to the 60.5 cm level in RLGH3 which is in diatom zone 4 (Table 7.7). This 

zone represents the pre-peat erosion flora of the lake.

The peak in Eunotia incisa representing 1901 A.D. used as a dating horizon in the profundal cores 

can clearly be seen at 6.75 cm in K41. This suggests that K41 has a mean post-1901 A.D. 

accumulation rate of 0.77 mm a'1.

K52

This core is located in 3.8 m of water on the slope to the east of the island (see Fig 5.1). The core 

is therefore within the photic zone. The surface sediment sample falls in TWTNSPAN group 2b, 

characterised by high relative abundances of Navicula madumensis. This group was interpreted in 

Chapter Five as intermediate between group 1, dominated by the common species currently living 

in the loch, and the currently accumulating profundal sediments of TWINSPAN group 3. This core 

shows a straightforward acidification sequence between 15-7 cm with decreases in the abundances 

of circumneutral taxa, particularly Brachysira vitrea, and corresponding increases in acidophilous 

species and the continuous appearance of acidobiontic taxa (Fig 7.39). During this section of the core 

the reconstructed pH declines from c.5.4 to 4.8. The 1901 AD peak in Eunotia incisa can tentatively 

be identified in K52 at 6.75 cm. This suggests that this core has a mean post-1901 A.D. 

accumulation rate of c.0.77 cm a*1.

The biostratigraphy above 7 cm shows few clear trends. The abundance of Tabellaria quadriseptata 

remains at about 7% throughout the top 5 cm of the core, and abundances of Navicula hoefleri are 

variable. The only acidobiontic taxon that shows a clear trend of increase is Navicula madumensis.



Table 7.7 Analog matches of core K41 with core RLGH3.
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Sample Depth in K41 (cm) C

Depth in RLGH3 (cm)

Closest Analog in Core RLGH3 

Diatom Zone in RLGH3 Squared Chi-Squared 
Distance

0.3 1.3 6b 0.36

0.8 0.8 6b 0.34

1.3 1.8 6b 0.37

1.8 1.8 6b 029

2.3 1.8 6b 0.36

2.8 1.8 6b 0.37

3.3 9.3 6a 0.38

4.3 9.3 6a 0.45

5.3 10.3 6a 0.41

6.3 8.3 6a 0.39

7.3 10.3 6a 0.33

8.3 22.5 5 0.34

9.3 18.3 5 0.37

10.5 22.5 5 0.34

15.5 22.5 5 0.40

20.5 22.5 5 0.40

25.5 60.5 4 0.49

Table 7.8 Analog matches of core K52 with core RLGH3.

Sample Depth in K52 (cm) C

Depth in RLGH3 (cm)

'losest Analog in Core RLGH! 

Diatom Zone in RLGH3 Squared Chi-Squared 
Distance

0.3 1.8 6b 0.32

0.8 8.3 6a 0.34

1.3 1.8 6b 029

1.8 6.3 6a 0.30

23 1.8 6b 0.33

2.8 8.3 6a 0.34

3.3 6.3 6a 0.32

4.8 6.3 6a 0.32

6.8 9.3 6a 0.30

8.8 10.3 6a 0.38

11.5 10.3 6a 0.43

14.5 22.3 5 0.39
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Navicula leptostriata shows a peak in abundance of 14% at 7 cm, then declines to 5% at 2 cm before 

increasing again in the uppermost sediments. The abundances of this taxon are generally higher than 

found in profundal cores. Frustulia rhomboides var. saxonica and Eunotia incisa both peak in 

abundance at around 2.5 cm before declining towards the top of the core. In the top 3 cm of the core 

Brachysira vitrea also varies considerably between 1-4%. The pH reconstruction shows generally 

stable levels at 4.8 in the upper 7 cm of the core. A feature of the reconstruction, though, is the 

variation in the top 3 cm caused by the fluctuating percentages of Brachysira vitrea.

Analog matching confirms that the lower part of the core represents the early part of the typical 

acidification sequence of biostratigraphy (Table 7.8). The upper part of the core matches to zone 6 

in RLGH3 (Table 7.8), although again there is variation in the sequence of depths of matches caused 

by fluctuations in the assemblages in the top 3 cm of K52.

K78

This core is located at a depth of 1.8 m in the extensive area of shallow water to the west of the 

island (see Fig 5.1). Like K41 this core has a type HI LOI profile, and the surface sediment diatom 

assemblage falls in TWINSPAN group lb.

A summary diatom diagram is shown in Figure 7.40. The samples between 31-10 cm are dominated 

by Brachysira vitrea and Fragilaria virescens var. exigua. The sample at 30.5 cm is characterised 

by Melosira arentii, which occurs at an abundance of 5%. Cyclotella kuetzingiana occurs in the core 

at c.4% between 26-20 cm. Achnanthes minutissima occurs in abundances of 7-12% between 26-15 

cm. The pH reconstruction generally shows a pattern of gradually declining pH in this lower section 

of the core, from 5.8 at 25 cm to 5.3 at 8 cm.

Above 8 cm the core shows changes in biostratigraphy associated with acidification. The 1901 A.D. 

dating horizon can clearly be identified at 5.25 cm in K78. This core therefore has a mean post-1901 

A.D. accumulation rate of 0.60 mm a*1 There are two major differences between the biostratigraphy 

of the acidification in this core compared to that of profundal cores. The first is the generally 

elevated abundances of Peronia fibula, Eunotia incisa, and Navicula leptostriata. The second is the 

very rapid increase in abundances of Tabellaria quadriseptata and Navicula hoefleri in the top 

centimetre of the core. The pH reconstruction clearly demonstrates the rapid acidification in the upper 

part of the core. The reconstructed pH of the top sample is 4.6.

Analog matching confirms that the top section of the core reflects the acidification sequence typically
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observed in profundal cores, with successively deeper levels in K78 matching successively deeper 

levels in RLGH3 (Table 7.9). Unlike K41, however, the levels characterised by Cyclotella 

kuetzingiana match more closely to RLGH3 zone 5 than zone 4. The closest match for the bottom 

sample of K78, which is characterised by Melosira arentii, is in diatom zone 4.

7.4 Discussion

The main results of this chapter concerning evidence of reversibility are discussed in Chapter Eight 

The brief discussion here is restricted to sampling, core dating and the calculation of accumulation 

rates, and the relationship between core top surface sediment diatom assemblages and environmental 

variables.

The diatom biostratigraphy of 31 cores has been analysed. Nineteen of these cores were taken from 

water depths greater than 12 m, the preferred coring location identified in Chapter Five. This zone 

of the loch is therefore well represented in the biostratigraphic data-set, and consequently the 

evidence of diatom reversibility in the profundal stratigraphic record can be evaluated confidently 

in Chapter Eight.

Inferences about core resolution in this study are dependent on the accurate calculation of 

accumulation rates in the cores, as these will influence the time-average of core slices. The 

accumulation rates have been calculated as mean post-1901 A.D. rates, based on the biostratigraphic 

horizon represented by a peak in the abundance in Eunotia incisa. Only one of the cores presented 

in this study, K05, has been 210Pb dated. Dates for the remaining cores can therefore only be 

calculated by extrapolation from the 1901 A.D. horizon. Accurate dating and accumulation rate 

determination is therefore dependent on two assumptions; first, the 1901 A.D. biostratigraphic 

horizon is ubiquitous and synchronous across the lake basin and can be accurately identified in the 

cores; second, accumulation rates within each core are constant, showing no fluctuation through time 

from 1901 A.D. to the present

The data presented in Table 7.2 support the assumption of synchroneity of the dating horizon. The 

210Pb dated cores from Round Loch show that the 1898 A.D. and 1901 A.D. dating horizons each 

fall within a range of six 210Pb years. These two successive horizons, the Brachysira vitrea decline 

followed by the peak in Eunotia incisa, can also be clearly identified in all the cores counted in this 

study which show an acidification record. This supports the occurrence of the biostratigraphic change
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Table 7.9 Analog matches of core K78 with core RLGH3.

Sample Depth in K78 (cm) C

Depth in RLGH3 (cm)

Closest Analog in Core RLGHi 

Diatom Zone in RLGH3 Squared Chi-Squared 
Distance

0.3 1.3 6b 0.40

0.8 1.8 6b 0.36

1.3 1.8 6b 0.38

1.8 4.8 6b 0.44

2.3 6.3 6a 0.44

2.8 6.3 6a 0.39

3.3 6.3 6a 0.35

4.3 4.8 6b 0.44

5.3 6.3 6a 0.35

6.3 9.3 6a 0.37

7.3 10.3 6a 0.40

8.3 17.3 5 0.38

10.5 20.3 5 0.45

15.5 28.3 5 0.42

20.5 20.3 5 0.48

25.5 28.5 5 0.51

30.5 68.5 4 0.50
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across the whole lake basin. The 1901 A.D. biostratigraphic dating horizon can therefore be used 

with confidence.

Within each of the four 210Pb dated cores the post-1901 A.D. accumulation rates in g m2 a'1 vary by 

less than 5% (Flower et a l, 1987; Jones et a l, 1987; see Table 7.1). This indicates that only slight 

fluctuations in accumulation rate have occurred in these cores. In terms of mm a 1 the accumulation 

rate does increase in the uppermost sediments due to reduced sediment compaction (see Table 7.13). 

The relative increase, however, is approximately constant. This suggests that although the mean post- 

1901 A.D. accumulation rate in mm a 1 will under-estimate the more recent rate, the degree of this 

under-estimation will be approximately constant. Mean post-1901 A.D. accumulation rates in mm 

a 1 can therefore provide a useful relative measure of the post-1970 A.D. rate, which is of more 

concern in terms of the recent reversal.

The consistency of the biostratigraphic changes associated with acidification in the replicate and 

finely-sliced profundal cores also implies that accumulation rates within individual cores have been 

broadly uniform over time. There are two cores, however, where the biostratigraphy suggests 

fluctuations in the accumulation rate; first, K16 appears to contain a hiatus in the sedimentary record 

over the first part of this century; second, the biostratigraphy of K88 suggests a period with higher 

than average accumulation in the early part of this century.

The calculation of accumulation rates for the cores analysed facilitates a more thorough assessment 

of spatial variation in surface sediment diatom assemblages than was possible in Chapter Five. 

Ordination implemented through CANOCO (ter Braak, 1988a, 1990) has been used to evaluate this 

variation and relate it to water depth (m), distance from shore (m), spatial location (x and y co

ordinates), loss on ignition and dry weight (%), and mean post-1901 A.D. accumulation rate (mm 

a 1). These are the morphological, sediment, and geographical variables considered in Chapter Five, 

with the addition of accumulation rate. A data-set of 22 core tops from water depths >9 m is 

available for the analysis, all representing the top 0.5 cm of stratigraphy. Thirteen of these cores were 

taken in 1989 (KOI, K02, K05, K06, K07, K09, K10, K16, K22, K26, K37, K49, and K67) and nine 

were taken in 1990 (K82, K84, K85, K87, K89, K90, K91, K92, and K93). The data-set excludes 

K03 and K08, which appear to have truncated stratigraphic records, so only represents variation in 

the currently accumulating profundal surface sediments.

It has already been established that there are differences between cores taken in 1989 and 1990 in 

terms of water depth, accumulation rate, and variation in recent stratigraphy (see section 7.3.4). The 

reasons for these differences will be discussed in Chapter Eight, but it important to establish whether
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Table 7.10

Comparison of mean post-1901 A.D. and mean post-1970 A.D. accumulation rates from 210Pb 

dated cores from the Round Loch of Glenhead.

Core

Date of Core

Mean post-1901 A.D. 

Accumulation Rate 

(mm a‘l)

Mean post-1970 A.D. 

Accumulation Rate 

(mm a'1)

% Difference

RLGH81 RLGH3

1981 1984

1.13 1.43

1.32 1.87

16.8% 30.8%

RLGH86 RLGHK05

1986 1989

0.74 1.57

0.85 1.84

14.9% 17.1%
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there are systematic differences between the assemblages of profundal core tops due to the year of 

sampling. Preliminary ordination revealed that variation in the data-set is very low (sum of gradients 

= 0.36 s.d.). The effect of sampling year has been tested using RDA implemented through CANOCO 

(ter Braak, 1988a, 1990), constraining the diatom data by the ’dummy’ (0/1) variable 1989. 

Unrestricted Monte Carlo permutation tests have been used to test for significant differences in the 

assemblages from the two sampling periods after fitting covariables.

The RDA indicated that sampling year explains over 16% of the variation in the data-set, and the 

sum of gradients in the data-set is 0.30 s.d. units after partialling out the effect of sampling year. The 

results of the permutation testing are shown in Table 7.11. There are significant differences at the 

95% level between the assemblages taken in 1989 and 1990, even when the effects of the 

morphological, geographical and sediment variable are partialled out both individually and 

collectively. The taxa that have a high level of their variation associated with the 1989/90 difference 

are shown in Table 7.12 (taken from CANOCO output of species fit to RDA axis 1). This indicates 

that Eunotia vanheurckii var. intermedia, Eunotia curvata var. subarcuata, Eunotia incisa, and 

Frustulia rhomboides are associated with 1989, and that Eunotia [sp.10 (minima)], Eunotiapectinalis 

var. minor, Eunotia bactriana, and Peronia fibula are associated with 1990.

A consequence of these data is that the effects of the year of coring need to be removed from any 

subsequent analyses of the relationships between other variables and the diatom assemblages. Table

7.13 shows the results of unrestricted Monte Carlo permutation testing of the significance of the 

morphological, sediment, and geographical variables and accumulation rate, both with and without 

partialling out the effects of sample year. The morphological and sediment variables and 

accumulation rate show a significant relationship with the diatom assemblages when tested without 

removing the effects of sample year. None of the variables tested, however, show a significant 

relationship with the diatom assemblages when the effects of sampling year are removed. It should 

be noted that the hypothesis of a significant correlation between the assemblages and accumulation 

rate is only just rejected at the 95% level. It may be that there is some relationship between the 

profundal surface sediment diatom assemblages and accumulation rate. These data are discussed 

further in Chapter Eight.
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Tabic 7.11

Results of unrestricted Monte Carlo permutation tests designed to test the null-hypothesis that there 

is no difference between profundal surface sediment diatom assemblages from 1989 and 1990, as 

assessed by a) redundancy analysis or b) partial redundancy analysis where the effects of other 

environmental variables are partialled out. All tests are based on 99 permutations. (n.s. = not 

significant at a  = 0.05).

a) redundancy analysis

Variables Tested

1989 vs 1990

b) partial redundancy analysis

Variables Tested Partialled out co-variables Probability

1989 vs 1990 Morphological variables 0.01

1989 vs 1990 Sediment variables 0.01
1989 vs 1990 Accumulation rate 0.01

1989 vs 1990 Geographical variables 0.01

1989 vs 1990 Morphological, sediment and geographical

variables and accumulation rate 0.01

Morphological variables : water depth, slope distance from shore.

Geographical variables : x and y co-ordinates, x2, y2, and xy.

Sediment variables : loss on ignition, dry weight

Probability

0.01
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Table 7.12

Species for which >10% of the variation in the profundal surface sediment diatom assemblages is

explained by year of sampling (1989 or 1990).

Species Variance explained Preference

Eunotia [sp.10 (minima)] 46.6% 1990

Eunotia vanheurckii var. intermedia 40.6% 1989

Eunotia bactriana 39.8% 1990

Eunotia pectinalis var. minor 39.4% 1990

Eunotia curvata var. subarcuata 37.2% 1989

Peronia fibula 32.9% 1990

Eunotia incisa 28.9% 1989

Frustulia rhomboides 20.9% 1989

Tabellaria binalis 20.9% 1990

Eunotia [vanheurckii var. 1] 15.7% 1990

Eunotia denticulata 15.3% 1989

Achnanthes altaica 15.2% 1990

Eunotia naegelii 10.2% 1990
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Results of unrestricted Monte Carlo permutation tests designed to test the null-hypothesis that there 

is no difference in profundal surface sediment diatom assemblages with variation in environmental 

variables as tested by a) redundancy analysis or b) partial redundancy analysis where the effects of 

the year of sampling (1989 or 1990) is partialled out. All tests are based on 99 permutations. (n.s. 

= not significant at a  = 0.05).

a) redundancy analysis

Variables Tested Probability

Morphological 0.03

Sediment 0.01

Geographical 0.54 n.s.

Accumulation Rate 0.01

b) partial redundancy analysis

Variables Tested Partialled out co-variables Probability

Morphological Year of sampling (1989/90) 0.35 n.s.

Sediment Year of sampling (1989/90) 0.50 n.s.

Geographical Year of sampling (1989/90) 0.58 n.s.

Accumulation rate Year of sampling (1989/90) 0.06 n.s.

Morphological variables : water depth, slope, distance from shore.

Geographical variables : x and y co-ordinates, x2, y2, and xy.

Sediment variables : loss on ignition, dry weight
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Chapter Eight 

Discussion

Palaeolimnological studies can play an important role in the study of the reversibility of recent lake 

acidification. It is important to assess the response of a lake to declining acid deposition levels, 

particularly any time-lag or hysteresis associated with this response. The sediment record has the 

potential to record short-term low-magnitude diatom signals and therefore allow the reconstruction 

of diatom response to lake-water pH increases following declines in acid deposition. This potential, 

however, is limited by stratigraphic resolution, variability, and taphonomy. These factors are 

discussed in this chapter, and the ability of the diatom biostratigraphy of sediment cores to 

reconstruct the observed lake-water pH increase is assessed.

8.1 Spatial and temporal pattern of sediment accumulation

This section concerns the general quality of the stratigraphic record and the spatial and temporal 

pattern of sediment accumulation across the lake basin. The principal patterns of sediment 

accumulation can be assessed using the sediment core LOI profiles (Figs 7.2-7.6). Jones et al (1989) 

clearly demonstrated a stratigraphic boundary towards the top of profundal cores which consisted of 

a switch from brown organic muds (LOI 15-20%) to black organic muds (LOI 25-40%). Stevenson 

et al. (1990) tentatively dated this boundary to 1600-1700 A.D., and interpreted it as the result of 

accelerated inwash of organic material into the loch following peat erosion. The boundary coincides 

with the loss of Cyclotella kuetzingiana from the loch, previously the only quantitatively important 

planktonic taxon in the flora. Jones et al. (1987) suggested that increase water column turbidity 

following the peat erosion led to this loss of plankton.

The stratigraphic boundary associated with peat erosion provides a horizon which can be used to 

assess the depth of post-erosion accumulation across the lake basin. There are two limitations to this 

approach; it assumes the littoral sediments will reflect the stratigraphy of the profundal sediments, 

and the cores taken in this study are short (typically <25 cm). This latter point results in many of 

the cores from the deepest water containing only the black organic mud unit (type I LOI profiles; 

see Fig 7.2). These cores clearly have not penetrated to the depth of the inwash horizon, so only 

provide a minimum depth for this. Nevertheless, the LOI profiles can demonstrate the general
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Most of the cores from the deepest water in the loch (>12 m) have type I LOI profiles (e.g. K05, 

K09, K10, and cores taken in 1990). This suggests consistent, relatively high rates of sediment 

accumulation in this part of the lake. Many of these cores also show an upturn in LOI values in the 

uppermost sediments. These sediment are almost certainly still undergoing diagenesis, one of the 

results of which will be the decomposition of organic material through bacterial action (Wetzel, 

1983a; Jones, 1985). The loss of organic matter from surface sediments through such decomposition 

is supported by the LOI value of the sedimenting material from the traps which is over 57% (see 

Chapter Six). This value is much higher than the LOI values of the surface sediment samples in 

profundal areas (typically 40-45%). An alternative but intuitively less likely explanation for the 

difference in LOI of the trap material and surface sediment is that relatively heavy mineral material 

is transported to the sediment below the level of the traps (1 m above the lake bed).

Other type I LOI profiles are found in profundal areas of water depth between 9-12 m (e.g. K14, 

K37, K49). In these depths, however, sediment accumulation is variable. Some of the cores taken 

have type II LOI profiles (e.g. K19, K22, K38). These contain the brown-black organic mud 

boundary, and this indicates that in general these cores have a lower accumulation rate than type I 

cores. There are also areas where no core recovery could be made (e.g. E30), suggesting only a thin 

layer of organic accumulation. Accumulation in these areas of the lake basin is therefore highly 

variable.

The areas in the loch between 4-9 m deep can be split into two principal zones; the steep slopes in 

the south-west comer of the lake, and the more gentle slopes to the east and north of the basin. Few 

Kajak cores could be recovered from the steep slopes (Fig 5.1), and so coverage in the surface 

sediment data-set is confined to Ekman grab samples. This lack of core recovery suggests that no 

or only a thin layer of organic sediment is present on these slopes. Indeed several of the samples 

from the slopes are organic clays (e.g E03, E06). The slopes in these areas exceed 10°, and so the 

apparent deficiency of accumulation fits Hakanson’s model (Hakanson 1977, 1981) which predicts 

that fine deposits will rarely stay on slopes inclined by more than 5°. On the more gentle slopes the 

cores generally have type II LOI profiles (e.g. K17, K35, K47, K59) suggesting a slower rate of 

sediment accumulation than found in the very deep water (>12 m). The surface sediment diatom 

assemblages from these cores generally fall into TWINSPAN groups 2 and 3, and are dominated by 

taxa currently living in the lake. This indicates that the cores represent currently accumulating 

sediments, and that although the accumulation rate is slow a complete stratigraphic record is present.
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The littoral cores from water depths <4 m generally fall into two categories. The first are represented 

by type IV LOI profiles which consist entirely of brown organic mud (e.g. K42, K43, K56). The 

surface sediment diatom assemblages of these cores mainly fall into TWINSPAN group 5, which was 

interpreted in Chapter Five as representing areas of current non-accumulation. The cluster of Ekman 

grab samples immediately to the south-east of the island also fall into TWINSPAN group 5. If the 

brown organic mud in these littoral cores represents the same stratigraphic unit as the brown organic 

muds in profundal cores, then sediment accumulation ceased in the type IV cores some time before 

c.1600-1700 A.D.. The second group of littoral cores are those with type in LOI profiles. These 

occur in water depths <2.5 m, particularly on the shelf of shallow water around the island. The 

uppermost sediments of these cores consist of black organic muds, and the surface sediment samples 

generally fall into TWINSPAN group 1 and are dominated by current epiphytic and epipelic species. 

The core tops therefore represent contemporary sediments. The black organic mud is underlain by 

a brown organic mud and a silty organic mud.

Some of the LOI profiles indicate possible inwash events. The most noticeable of these occurs in the 

black organic mud unit of K23, K24, K27, K28, and K29 and takes the form of a depression in LOI 

values (see Fig 7.3). These cores are all located along a transect running out from the sandy bay at 

the south-east comer of the lake basin (see Fig 5.1). The LOI depression could be the result of the 

inwash of mineral material following a storm event, although there are no clear changes in the 

Troels-Smith description of the stratigraphies (see Appendix Three). K64 and K65 also show highly 

fluctuating LOI profiles, which could be the product of a series of inwash events. Both of these sets 

of cores are located close to inflows into the lake.

Diatom biostratigraphy also provides information on the patterns of sediment and diatom deposition. 

The biostratigraphies of K41 and K78 show complete acidification sequences. This confirms that 

littoral cores with type HI LOI profiles contain a good recent stratigraphic record. The mean post- 

1901 A.D. sediment accumulation rates of these cores are only slightly lower than the mean rates 

for profundal cores. These relatively high accumulation rates in littoral areas could be the result of 

the ’trapping’ of sediment by aquatic macrophytes (e.g. Carpenter & Lodge, 1986; Anderson, 1990c). 

The aquatic macrophytes Isoetes lacustris and Juncus bulbosus are particularly abundant in the 

littoral zone of the loch around the island. Low-energy littoral environments, such as regions of 

macrophyte beds, can retain fine-grained sediments over long periods (Schroder, 1988; Petticrew & 

Kalff, 1991). Anderson (1989, 1990c) cited this mechanism as responsible for reducing littoral 

resuspension of sediments in Lough Augher resulting in uniformity of sediment accumulation across 

the lake basin. The biostratigraphies of the three littoral cores analysed (K41, K52, and K78) show 

elevated abundances of common epiphytic and epipelic taxa compared to profundal cores (e.g.
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Navicula leptostriata and Peronia fibula). It seems likely that this is due partly to in situ growth of 

epipelic forms and partly due to deposition of epiphytic taxa close to their source habitats.

The LOI profiles of the type III cores show the brown-black organic mud boundary, although it is 

a gradual transition. This boundary is not synchronous, however, with the loss of Cyclotella 

kuetzingiana that occurs at the black-brown organic mud boundary of profundal cores (Jones et a l , 

1987). In K41 and K78 the loss of Cyclotella is synchronous with the boundary between the brown 

organic mud and silty organic mud units characteristic of type in cores, where there is an increase 

in LOI from c.10% to c.25% (see Fig 7.4). It therefore appears that this lower stratigraphic boundary 

represents the peat inwash which is clearly characterised in the profundal cores by a switch from 

black to brown organic muds. The brown organic mud layer in the littoral cores does not therefore 

equate with the brown organic mud deposits of the profundal cores. This assertion is supported by 

the surface sediment samples in TWINSPAN group 5 (see Chapter Five). These contain diatom 

assemblages indicative of pre-acidification conditions but Cyclotella kuetzingiana is absent. Many 

of the littoral samples in this group are brown organic muds with a small proportion of silty material 

(see Table 5.2). Littoral sediments are probably less organic than profundal sediments as a result of 

relatively higher amounts of organic decomposition and preferential deposition of mineral material 

close to the shore. It is therefore difficult to correlate the lithostratigraphies of littoral and profundal 

cores, although biostratigraphy clearly can be used for correlation. Anderson (1986b) found the same 

results when correlating littoral and profundal cores from Augher Lough, a small eutrophic lake.

K52 is located at the top of the slope to the east of the island in 3.8 m of water. The biostratigraphy 

is characterised by a cessation of the acidification sequence at 7 cm. Above this there are few clear 

trends in the abundance of individual taxa, and the abundances of Brachysira vitrea fluctuate. The 

core clearly does not contain a full, undisturbed biostratigraphic record of the acidification. The 

occurrence of relatively high abundances of both Brachysira vitrea and acidobiontic taxa in the 

uppermost levels is a species combination not found in other sedimentary assemblages in the lake. 

This suggests disturbance of the stratigraphic record of this core. As the core is located on a slope 

this disturbance seems likely to be the result of sediment slumping (e.g. Hilton, 1985; Hilton et a lt 

1986). Down-slope slumping of accumulated sediments would result in the mixture of pre- and post

acidification sediments and the deposition of sediment with relatively homogeneous biostratigraphy 

lower down the slope. The uppermost sediments of K52 clearly demonstrate such biostratigraphy. 

Evidence of this disturbance in stratigraphy is not apparent in the core lithostratigraphy (see Fig 7.3; 

Appendix Three).
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It was argued in Chapter Five that many of the surface sediment samples represent areas of present 

non-accumulation. These are typified by TWINSPAN groups 5-8. The surface sediment diatom 

assemblages of the profundal cores K03 and K08 fall into TWINSPAN group 5. The cores show 

generally stable diatom assemblages corresponding to pre- or early acidification floras. There is no 

evidence of the full biostratigraphic acidification sequence in either of the cores, although in the 

uppermost levels diatom taxa currently dominant in the flora are present (e.g. Tabellaria 

quadriseptata). These results confirm that sediment accumulation ceased in these cores some time 

prior to 1900 A.D., and that they therefore contain a truncated stratigraphic record. The analog 

matches of the uppermost samples from the cores suggest that sediment accumulation ended at about 

1865 A.D. in K03 and about 1890 A.D. in K08. By inference the other surface sediment samples 

falling into TWINSPAN group 5 also represent a cessation of accumulation in the late-1800s. K08 

is located on the slope to the north of the deepest water in the south-west of the lake (see Fig 7.1). 

It can be recognised that only a limited amount of organic sediment would accumulate on such a 

slope (e.g. Hakanson 1977, 1981) and so a cessation of accumulation could occur. K03 and most of 

the other samples in TWINSPAN group 5, however, are situated on relatively flat areas of the lake 

bed. It is therefore difficult to account for the large number of samples where sediment accumulation 

ended in the late 1800s.

The diatom biostratigraphy of profundal cores (>9 m depth), along with the mean post-1901 A.D. 

accumulation rates, allows the detailed assessment of variation in sediment accumulation in this area 

of the lake. The biostratigraphies generally show that accumulation rates within individual cores have 

been constant over time (see section 7.4). The cores also show that the accumulation rate is highly 

variable spatially even in this area of the lake, ranging from around 0.15 mm a*1 (e.g. K96) to over

1.5 mm a*1 (K05), confirming the inferences made from the LOI profiles. The accumulation rate of 

cores taken within 10 m of one another can vary by a factor of three (e.g. K05 and K06). 

Accumulation rates are generally consistently high in the cores taken in water depths >12 m (see 

Table 7.3), but even in the four cores taken within a single 4 m2 area (K90-K93) the rate varies 

between 0.73-1.18 mm a'1. This is the zone which would be selected for palaeolimnological studies 

using a single core, and so the variation in accumulation rate has implications for such studies of 

recent environmental change. Core resolution is partly controlled by accumulation rate, and low 

accumulation rate cores may therefore not resolve low-magnitude biostratigraphic signals such as that 

associated with reversibility. The interpretations of recent biostratigraphic trends may therefore be 

completely different in a high accumulation rate core compared to a low accumulation rate core.

In profundal areas of the loch with constant water depth away from slopes accumulation rates might 

be expected to be uniform. Several other authors have also found significant variations in the
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accumulation rates of cores taken close together in such areas (e.g. Battarbee, 1978; Kimmel, 1978; 

Dillon & Evans, 1982; Anderson, 1986a; Anderson et a l , 1986). Downing and Rath (1988) found 

that the visual inspection of the sediment surface reveals a profile of hummocks separated by small 

depressions. These bedforms could be the result of slow deep water currents (e.g. Lemmin & 

Imboden, 1987). It is possible that once formed these micro-topographic features can influence 

accumulation rates. Depressions in sediment surface will be relatively sheltered from deep water 

currents. This may lead to increased sediment deposition in these areas. It is difficult to envisage how 

such micro-topographic effects on accumulation rate can be maintained unless irregularities are 

periodically introduced to the lake bed or the intensity of deep water currents fluctuates over time. 

Otherwise the winnowing of sediment from hummocks would in time result in a flattening of the 

sediment surface. The thickness of sediment in Round Loch is generally less than 2 m thick. It is 

therefore possible that the present pattern of varying accumulation rates was initiated by irregularities 

in the lake bed (e.g. Hargrave & Nielsen, 1977). Such a mechanism, however, does not adequately 

explain the small scale variation observed in K90-K93. Battarbee (1978) found considerable variation 

in accumulation rates in cores from Lough Neagh. These also showed temporal fluctuations in 

accumulation rate, and Battarbee (1978) argued that this pattern was a result of post-depositional 

movements of sediment rather than spatial preference in primary sedimentation. In Round Loch, 

however, it is difficult to reconcile processes that remove sediment from one area to another, 

resulting in fluctuations in accumulation rate and hiatuses in stratigraphy, with the general pattern 

of consistent within core accumulation rates suggested by the uniform trends in diatom 

biostratigraphy and the 210Pb dated cores. Cores indicating fluctuating accumulation rates or hiatuses 

(e.g. K16, K88) are the exception rather than the rule.

In summary, over much of the lake basin the accumulation of organic sediment is patchy and 

inconsistent. Areas of consistent, relatively high recent accumulation rates (> 0.6 mm a'1) are only 

found in the very deepest part of the lake basin, away from the base of steep slopes (Tables 7.3 & 

7.4; Fig 7.1). This suggests that there is a degree of sediment focusing into this area the lake, 

probably due to the steep slopes in the south-west comer of the basin. Even at water depth >12 m, 

however, the accumulation rate is variable. This is demonstrated by a plot of accumulation rate 

against water depth for the replicate and finely-sliced cores (Fig 8.1). Although the highest 

accumulation rates do occur in the deepest water there are also areas >9 m deep with little organic 

sediment (see Fig 3.6), so water depth is no sure guide to sediment thickness.

The pattern of sediment accumulation in Round Loch can be contrasted with Loch Fleet, another 

wind-stressed upland loch in Galloway. Anderson et al (1986) found a highly asymmetrical 

distribution of recent sediment accumulation in Loch Fleet with the maximum depth of recent organic
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Figure 8.1 Scattergraph of sediment accumulation rate against water depth for the replicate and 
finely-sliced cores.
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sediment found on the slopes to the north of the basin. They concluded that Loch Fleet provides an 

extreme example of sediment distribution in these wind-stressed upland lochs where basin shape and 

orientation in relation to the prevailing wind direction control the pattern of recent sediment 

accumulation. Round Loch has a less asymmetrical pattern of recent accumulation and conforms 

more closely to a model of sediment focusing into the deepest water. The prevailing wind direction 

at both sites is from the south-west, but the deepest water is offset to the south-west in Round Loch 

and to the north-east in Loch Fleet

The patterns of sediment accumulation in Round Loch have clear implications for studies of the 

recent biostratigraphic record. It is clearly important to select a coring site with consistent, 

contemporary sediment accumulation. Such sites are limited to the profundal zone in water depths 

>12 m. The variation in accumulation rates apparent even in the deepest water will influence 

stratigraphic resolution, and therefore also the ability of the biostratigraphic record to reflect short

term low-magnitude signals. It is therefore important to calculate the sediment accumulation rates 

of cores studied, and be aware of the limitations of low accumulation rate cores on recent 

biostratigraphic studies. The existence of non-contemporary sediments on the loch bed also 

introduces the potential for the re-working of older diatoms into contemporary sediments, and this 

could influence the recent biostratigraphic record. These factors are discussed in more detail below.

8.2 Biostratigraphic evidence of recent reversibility

This section presents the evidence of a recent reversal in the trends of diatom biostratigraphy from 

both the finely-sliced and replicate cores. The finely-sliced cores all show clear evidence of a recent 

reversal of diatom assemblages, both in terms of trends in reconstructed pH and species turnover 

(Table 7.4). This is the case even with K96, which potentially has low stratigraphic resolution due 

to its extremely low accumulation rate. One test of whether the reversal represents a real signal or 

merely variability is the consistency in trends of species response. The three high accumulation rate 

finely-sliced cores show remarkable reproducibility of detailed biostratigraphy both within the 

acidification sequence and the recent reversal (see Figs 7.31, 7.33 & 7.34). The trends in the 

acidobiontic species Tabellaria quadriseptata, Navicula hoefleri, and Navicula madumensis are 

virtually identical, with the abundances of all three taxa increasing through the cores before reaching 

a peak and then declining in abundance in the uppermost sediments. The order of peaks of these 

species also follows the same sequence in the three cores; Navicula hoe/leri-Navicula madumensis - 

Tabellaria quadriseptata. The three cores also all show increases in the abundance of Navicula
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leptostriata and Peronia fibula in the uppermost levels, although the increase of the latter species 

is minor in K83. In all three cores the percentages of the other common acidophilous species, 

Frustulia rhomboides var. saxonica, Brachysira brebissonii, and Eunotia incisa, are variable in the 

uppermost sediments. The profiles of Eunotia incisa are similar through much of the length of the 

three cores. Most pronounced is the marked decline in the abundance of this taxon immediately prior 

to the assemblages indicating the most acid conditions. This decline occurs between 3.2-2.0 cm in 

K83, between 2.6-1.4 cm in K86 and between 1.6-0.6 cm in K88.

The replicate cores can be split into three groups cm the basis of the evidence of their recent 

biostratigraphy. The first group contains cores which show comprehensive evidence of a recent 

reversal. The biostratigraphy, pH reconstruction, and species turnover all show clear reversals in the 

uppermost sediments. There are ten cores in this group; K02, K05, K82, K84, K85, K87, K89, K90, 

K91, and K92. The biostratigraphic changes associated with the recent reversal are the same as found 

in the finely-sliced cores, with decreases in common acidobiontic taxa again most prominent 

Increases in less acid taxa following the point of reversal are generally indistinct although in some 

of the cores Peronia fibula increases (K84, K87, K90, K91, K92) and in two of the cores Tabellaria 

flocculosa increases (K82, K84). Two of the cores have atypical biostratigraphic assemblages in their 

uppermost sediments. K85 has elevated abundances of Tabellaria quadriseptata and Eunotia naegelii 

between 1.5-0.5 cm associated with liverwort remains in the sediments. In K89 there are elevated 

abundances of Brachysira vitrea and Fragilaria virescens var. exigua in the top centimetre of the 

core. These taxa are no longer a major part of the diatom flora of Round Loch, but dominate many 

of the surface sediment samples in areas where sediment is no longer accumulating (see Chapter 

Five). It would appear that these two cores have been influenced by different types of 

’contamination’; K89 by die re-working of old sediment and K85 by the inwash of liverwort remains 

containing an abundance of associated epiphytic diatoms.

The second group of replicate cores is that with inconclusive evidence of the recent reversal and 

includes six cores. In three of these cores (K07, K10, K16) the biostratigraphy and pH reconstruction 

suggest a reversal has occurred, but this is not supported by a reversal in species turnover. In K93 

there is a reversal in species turnover, but it is of low magnitude (Table 7.3). The remaining two 

cores in this group (K37, K49) show no recent reversal in terms of pH or species turnover. The 

uppermost levels in these cores, however, are extremely close both floristically and in terms of 

reconstructed pH. This second group therefore consists of cores which clearly show that a cessation 

of the acidification trend has occurred but do not clearly indicate a recent reversal of this trend.
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The third group of replicate cores is that with no indication of a recent reversal and consists of the 

remaining five cores; KOI, K06, K22, K26, and K67. These cores show trends of continuing 

acidification in their uppermost sediments. Acidobiontic taxa reach maximum abundances in the top 

sample and consequently the lowest reconstructed pH is also found in the uppermost level of the 

cores.

Both the replicate and finely-sliced cores show that the recent reversal is one of re-establishment of 

past-communities. This is indicated both by the CCA time-tracks and by the recent reversals in 

species turnover. The sedimentary diatom assemblages are now floristically similar to those that 

occur in sediments prior to the most acid conditions in the loch’s acidification history. In K05 the 

surface sediment diatom assemblages most closely correspond to the assemblage dating to 1955 A.D. 

(cf. Battaibee et a l, 1988b).

The similarity of current assemblages with these earlier assemblages can be further emphasised by 

comparing core assemblages with the contemporary sedimenting assemblages recorded by the annual 

sediment trap (see Chapter Six). K88 was sliced at 1 mm intervals and has the highest potential 

resolution of the cores studied. The floristic similarity of the samples from this core with the mean 

annual trap assemblages are shown in Figure 8.2. The similarity has been calculated based on 

squared chi-squared distance using the programme MATCH (Juggins, pers comm.). The diagram 

shows that the surface sediment diatom assemblage is relatively similar floristically to the trap 

assemblages. The samples down the core then become progressively less similar to the trap 

assemblage down to 5 mm, which represents the level in the core indicating the most acid conditions 

(see Figs 7.31 & 7.32d). Below 5 mm, the samples become progressively more similar to the trap 

samples until 10 mm. The assemblage at 10 mm is floristically the closest to the trap assemblages 

in the whole core. The biostratigraphy of this core indicates that this assemblage significantly pre

dates the most acid conditions in the loch (Fig 7.31). Below this level the assemblages again become 

progressively less similar to the trap assemblages.

The biostratigraphic changes associated with the recent reversal are consistent in both the finely- 

sliced and replicate cores. The reversal is exemplified by declines in the abundances of acidobiontic 

taxa. These trends are matched by less pronounced reversals in the trends of Navicula leptostriata 

and Peronia fibula, acidophilous taxa which increase in abundance during the reversal. In K88 

Tabellaria flocculosa also increases in the uppermost sediments. There is some indication that 

Frustulia rhomboides var. saxonica and Eunotia incisa increase during the reversal, but the variations 

in abundances of these taxa in the upper sediment of many of the cores mean that trends cannot be 

accurately assessed. These changes can be compared to the data on live diatom communities (see
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Figure 8.2 Profile of squared chi-squared distances between diatom assemblages in core K88 
and the mean diatom assemblages of the annual sediment trap sequence.
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Chapters Four and Five). Navicula hoefleri, Navicula madumensis, and Navicula leptostriata all grow 

as epipelic forms in Round Loch. Tabellaria quadriseptata occurs in most of the live diatom habitats 

within the loch and Peronia fibula is an epiphytic taxon particularly associated with Isoetes lacustris. 

There are no major changes in the trends of taxa characteristic of the epipsammon associated with 

the reversal (e.g. Achnanthes marginulata). This is unsurprising as the epipsammon is poorly 

represented in the sediments relative to other communities (see Chapter Six). Brachysira brebissonii 

is characteristic of the epilithon, and in most cores shows little response following the reversal. These 

data therefore suggest that the main changes in the diatom flora associated with the reversal have 

taken place in the epipelon and epiphyton. The biostratigraphic changes associated with the recent 

reversal can also be compared to the changes in the epilithon between 1983 and 1989/90 (see 

Chapter Four). Table 4.12 shows the taxa associated with the difference between the epilithon 

assemblages in 1983 and 1989/90. None of the taxa associated with the biostratigraphic reversal also 

account for the changes in the epilithon. The epilithon is well represented in the diatom assemblages 

of currently accumulating profundal sediments (see Chapter Six), so this suggests that there may not 

have been important changes in epilithic assemblages over the last 7-8 years.

8.3 Timing and magnitude of the recent reversibility signal

In K05 the beginning of the recent reversal can be dated to 1980 A.D.. It is difficult to establish 

confidently the date of the reversal in other cores because of the absence of a biostratigraphic dating 

horizon after 1901 A.D.. However, in cores with apparently constant accumulation since 1901 A.D., 

extrapolation of the 1901 A.D. horizon supports a date of around 1980 A.D. for the point of change 

of the reversal. The finely-sliced cores K83 and K86, for instance, both date the point of change to 

1981 A.D.. These dates suggest that diatom response to increasing lake-water pH was rapid, 

assuming that the pH was not already rising prior to 1979 A.D. when the first pH measurements 

were made for Round Loch.

The ranges in the magnitude of the recent reversal are 0.01-0.21 reconstructed pH units or 0.01-0.14 

s.d. for the replicate cores, and 0.04-0.16 reconstructed pH units or 0.02-0.33 s.d. for the finely-sliced 

cores (excluding cores not showing the reversal). The magnitude of the reversal therefore varies 

significantly. The mean size of the reversal in reconstructed pH units, however, is 0.07 (S.E.=0.01) 

in the replicate cores and 0.08 (S.E.=0.02) in the finely-sliced cores. The mean size of the reversal 

in species turnover is 0.07 s.d. (S.E.=0.01) in the replicate cores and 0.16 s.d. (S.E.=0.05) in the 

finely-sliced cores. It is important to note that the size of the reversal in reconstructed pH units is
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significantly lower than the root mean squared error of pH prediction of the weighted averaging 

method used, which is 0.32 (Birks et al, 1990a). In any single core the reversal cannot therefore be 

shown to be statistically significant. The replication of the recent reversal and the consistent 

biostratigraphic trends, however, suggests that it is a real floristic response.

8.4 Contamination of the recent biostratigraphic record by non-contemporary diatoms

The strength of the recent reversibility signal could be amplified or reduced by contamination of the 

recent biostratigraphy by re-worked older diatoms. Non-contemporary sediments occur over large 

areas of the bed of Round Loch (see Chapter Five). The diatoms abundant in the assemblages of 

these sediments are typical of less acid conditions than currently occur. A relative increase in the 

resuspension of these taxa and their inwash into currently accumulating profundal sediments could 

theoretically account for the reversibility signal. Such an increase could occur if there has been an 

increase in the intensity of resuspension events, such as storms, over the last decade.

Nine taxa can be identified that are common in the non-contemporary surface sediment diatom 

assemblages, but are absent or quantitatively unimportant in the current diatom flora. These are 

Achnanthes minutissima, Aulacoseira per glabra, Aulacoseira per glabra var. floriniae, Aulacoseira 

lirata, Cyclotella kuetzingiana, Cymbella lunata, Brachysira vitrea, Fragilaria virescens var. exigua, 

and Melosira arentii. Even though these taxa are absent or rare in the current flora, however, they 

occur in low abundances throughout the recent biostratigraphy. This suggests that non-contemporary 

sediments are being resuspended and deposited in contemporary sediment. The critical question, 

however, is whether such resuspension could be responsible for the recent reversal. Evidence to 

support this hypothesis is provided by K89. A marked increase in the abundances of Brachysira 

vitrea and Fragilaria virescens var. exigua can be seen in the uppermost sediment of this core (see 

Fig 7.26). This magnitude of the recent reversal in this core is relatively high compared to other 

cores (see Table 7.3), particularly in terms of reconstructed pH.

It is therefore important to establish whether the recent reversal can consistently be attributed to 

increases in the abundances of re-worked ’contaminant’ taxa. This can be achieved by a comparison 

of the size of the reversal in the cores calculated first including the nine taxa identified above, and 

then calculated removing the effects of these taxa. If the magnitudes of the reversals are consistently 

lower after removing the influence of these taxa, this will reinforce the hypothesis that the reversal 

is due to the resuspension of non-contemporary taxa. The reversal does not have to be removed
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entirely to reinforce the hypothesis, as several taxa currently important in the live diatom 

communities have been abundant throughout the history of Round Loch (e.g. Eunotia incisa, 

Frustulia rhomboides var. saxonica). These will therefore be represented in re-worked assemblages, 

and as they are not removed in the analyses could still cause an apparent recent reversal in the trends 

of diatom biostratigraphy even after the removal of the nine ’contaminant’ taxa. Alternatively if there 

is no consistent pattern of decreased magnitude of the reversal in the cores after the effect of the 

'contaminant' taxa has been removed, the resuspension hypothesis will be falsified.

Figure 8.3 shows a scattergraph of the magnitude of the reversals in the cores calculated including 

the nine 'contaminant' taxa against those calculated excluding these taxa. There is no consistent 

pattern of a smaller recent reversal in species turnover after excluding the 'contaminants’ (Fig 8.3a), 

indeed the magnitude of the reversal remains approximately constant This is peihaps not unexpected 

as the species turnover is based on post-1901 A.D. changes in the biostratigraphy. Abundances of 

the nine 'contaminant' taxa are low after 1901 A.D., and therefore will have only limited influence 

on the amount of species turnover and reversal in species turnover. Reconstructed pH should give 

a truer reflection of the influence of these taxa on the recent reversal, as the 'contaminant' taxa have 

consistently higher pH optima than the species currently living in the loch (Stevenson et a l , 1991). 

Figure 8.3b shows considerable scatter to either side of the line indicating a 1:1 ratio. Some cores 

have a larger reconstructed pH reversal when the 'contaminant' taxa are included, and other cores 

have a larger reversal when these taxa are excluded. It can be inferred that sometimes the abundance 

of the 'contaminant' taxa increases following the recent reversal, sometimes the abundance decreases, 

and sometimes it remains approximately constant There is certainly no consistent pattern. The 

consistent recent reversibility signal is not the result of the increased re-working of non-contemporary 

sediment into the profundal sediments.

Figure 8.3b does suggest however, that increased abundances of the 'contaminant' taxa considerably 

amplify the size of the recent reversal in reconstructed pH in the two cores with the largest pH 

reversals, K88 and K89 (see Tables 7.3 & 7.4). These particularly large reversals could therefore be 

the result of localised deposition of 'contaminant' taxa, as the cores are located close together (Fig 

7.1). The biostratigraphy of the cores suggest Brachysira vitrea and Fragilaria virescens var. exigua 

are the taxa being re-worked (see Figs 7.26 & 7.31). These taxa occur abundantly in the samples in 

TWINSPAN group 5. The removal of the nine 'contaminant' taxa brings the size of the reversals in 

these cores into line with those of other cores (e.g. <0.1 reconstructed pH units).
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Scattergraphs of the size of the recent reversal including contaminant taxa against 
the size of the recent reversal excluding contaminant taxa; a) size of the reversal in 
s.d. units, b) size of the reversal in reconstructed pH units.
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8.5 Stratigraphic resolution and core slice thickness
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The time-average of core slices and impact of sediment mixing processes will control the resolution 

of each core, and therefore the clarity of the recent reversibility signal will also depend on these 

factors. Time-averaging in turn is controlled by the thickness of core-slicing and the accumulation 

rate. The finely-sliced cores provide a basis for the assessment of the effects of core-slice thickness 

on the ability to detect the reversibility signal. K88 is sliced at 1 mm intervals for the top 15 mm 

of the core. By pooling levels in the core, correcting for diatom concentration and quantity of 

sediment in each level, the biostratigraphy that would exist given different thicknesses of core slice 

can be revealed. The biostratigraphy of the uppermost 15 mm of K88 is presented in Figure 8.4. 

This shows Tabellaria binalis, Tabellaria quadriseptata, and the acidobiontic Navicula species 

increasing in the lower part of the diagram before reaching peak abundances, and then declining in 

the top 5 mm of the core. Clear increases in the abundance of Peronia fibula and Tabellaria 

flocculosa can be observed in the top 2 mm, and of Navicula leptostriata in the top 1 mm. The pH 

reconstruction exhibits a trend of acidification followed by a reversal. The pH is stable between 15-7 

mm. This is followed by a trend of rapid acidification to the sample at 5.5 mm and then a reduction 

in the rate of acidification before the assemblage indicating the most acid conditions is reached at

3.5 mm. There is a clear reversal in the acidification trend in the top three samples, with a rapid 

increase in reconstructed pH. The size of the reversal is 0.16 reconstructed pH units.

Figure 8.5 shows the biostratigraphy when the samples have been pooled into 2 mm thick core slices. 

The stratigraphic resolution is reduced, although the same trends in biostratigraphy are evident 

Decreases in the abundances of acidobiontic taxa are now contained within the top two samples. 

There are still increases in the abundances of Peronia fibula and Tabellaria flocculosa associated 

with the reversal, but these are confined to the top sample. The increase in the abundance of 

Navicula leptostriata is no longer apparent. The pH reconstruction shows similar overall trends to 

the reconstruction for 1 mm slices, but the reversal is now confined to the top sample. The size of 

the reversal has also been reduced to 0.13 reconstructed pH units.

The biostratigraphy for 3 mm slices is shown in Figure 8.6. The reversal trends in individual taxa 

are now all confined to the uppermost sample. The biostratigraphy is now considerably ’smoothed’ 

when compared to Figure 8.4. The decreases in the acidobiontic taxa Tabellaria quadriseptata, 

Tabellaria binalis, Navicula madumensis, and Navicula hoefleri are much less pronounced, as are 

the increases in Peronia fibula and Tabellaria flocculosa. The pH reconstruction has lost the section 

where the rate of acidification slows prior to the reversal. The pH reversal is restricted to the top
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sample only, and the size of this is now only 0.07 units.
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The biostratigraphy loses all indications of reversibility when pooled into 4 mm slices (Fig 8.7). The 

acidobiontic taxa no longer decrease in abundance in the top sample and there are no increases in 

acidophilous taxa in the top level. The pH reconstruction shows an acidification trend throughout the 

core, although the rate of this acidification declines. When pooled at 5 mm slices, the core shows 

a clear trend of continued acidification (Fig 8.8). The acidobiontic taxa increase to maximum 

abundances in the top sample, and Peronia fibula, Navicula leptostriata, and Tabellaria flocculosa 

decrease in abundance throughout the profile. The pH reconstruction suggests that the rate of 

acidification is accelerating through the core.

This demonstrates the influence of core slice thickness, and therefore time-averaging, on stratigraphic 

resolution. When the biostratigraphy of K88 is pooled into 4 mm slices all traces of the reversal are 

lost. The core would not have shown a recent reversal if it had been sliced at 0.5 cm intervals like 

the replicate cores. The mean post-1901 A.D. accumulation rate of this core is 0.97 mm a'1, 

suggesting that a 4 mm slice represents a time-average of about 4 years. The results have indicated, 

however, that the mean post-1901 A.D. accumulation rate of K88 almost certainly over-estimates the 

more recent rate due to fluctuations through time. Based on the consistency of their biostratigraphy 

the two other high accumulation rate finely-sliced cores (K83, K86) appear to have constant 

accumulation rates. A prominent recent biostratigraphic horizon for cross correlation of the finely- 

sliced cores is the start of the decline in abundance of Eunotia incisa that occurs prior to the 

assemblages indicating the most acid conditions in each core. This horizon occurs at 3.2 cm in K83 

and 2.6 cm in K86. Assuming constant post-1901 A.D. accumulation rates, the horizon dates to 1965 

A.D. in both cores. In K88 the Eunotia incisa decline is clearly apparent starting at 1.6 cm, 

suggesting a mean post-1965 A.D. accumulation rate of 0.64 mm a'1. This indicates that the time- 

average for 4 mm slices in K88 is approximately 6.3 years and the time-average for 3 mm slices is 

approximately 4.7 years. The results of pooling slices from K88 therefore suggest that for core 

resolution to be high enough to allow detection of the recent reversal a maximum core slice time- 

average of about 6 years is required.

This conclusion is supported by data from the low accumulation rate finely-sliced core, K96. 

Although this core does show evidence of recent reversal in terms of reconstructed pH and species 

turnover (see Table 7.4), the biostratigraphic changes in the uppermost levels of the core are not 

entirely consistent with other cores showing the reversal. Navicula hoefleri and Navicula madumensis 

do decrease in abundance after the reversal, but Tabellaria quadriseptata continues to increase in 

abundance throughout the core (Fig 7.35). The evidence of recent reversibility in this core is
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therefore ambiguous. The core slices in the uppermost levels of K96 have a time average of around

6.5 years, slightly above the detection limit of 6 years identified from K88. The fact that the reversal 

cannot be clearly resolved in K96 is therefore consistent with this detection limit.

The lake-water pH of Round Loch has been increasing since at least 1978 A.D. (see Chapter Three), 

a minimum of 10 years. If the biostratigraphy records this change perfectly the reversibility signal 

should therefore be resolvable when core slice time-averages are less than about 10 years, depending 

on the relative rates of change in the diatom assemblages before and after the reversal. This indicates 

a discrepancy between the observed and theoretical core slice time-average detection limit for the 

reversal. This suggests either a lag in diatom response to the lake-water pH change, or a reduction 

in stratigraphic resolution due to sediment mixing processes. These possibilities are considered in 

more detail below.

8.6 Stratigraphic resolution and variation in between-core sediment accumulation rates

Sediment accumulation rates influence the resolution of individual cores. The replicate cores contain 

a wide range of accumulation rates (0.20-1.53 mm a'1) and were all sliced at 5 mm intervals in their 

upper sediments. They therefore provide a means of testing the hypothesis that the clarity of the 

recent reversibility signal will depend on the accumulation rate.

Some indication of the effect of accumulation rate on the ability to detect the recent reversal in the 

replicate cores is given in Table 7.3. The cores with very low accumulation rates show no evidence 

of the reversal, whereas the cores with high accumulation rates show clear evidence of the recent 

reversal. The importance of the accumulation rate in determining whether a replicate core shows the 

reversal is illustrated in Figure 8.9. The upper plot indicates that no core with an accumulation rate 

<0.7 mm a 1 shows a recent reversal in the trend of species turnover. Only one core, K10, has an 

accumulation rate >0.7 mm a'1 and shows no reversal in turnover. The lower plot indicates that there 

is also a threshold of accumulation rate for the detection of a recent reversal in reconstructed pH. 

Only one core, K16, shows a reversal when the accumulation rate is <0.65 mm a'1. Previous results 

have already indicated that the mean post-1901 A.D. accumulation rate of this core almost certainly 

under-represents the recent accumulation rate. All of the cores with accumulation rates >0.65 mm 

a 1 contain a recent reversal in reconstructed pH. The reversal can therefore be replicated in cores 

sliced at 0.5 cm provided the accumulation rate is greater than c.0.7 mm a'1. In order for the replicate 

cores to be able to detect the reversal, then, the time-average of core slices needs to be less than
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Figure 8.9 Scattergraphs of the size of the recent reversal against sediment accumulation rate;
a) size of recent reversal in s.d. units, b) size of reversal in reconstructed pH units.

Closed circles = 1989 cores.
Open circles = 1990 cores.
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around 7 years. This value is close to the time-average detection limit calculated from different core 

slice thicknesses in K88 (about 6 years).

The influence of accumulation rate on the clarity of the recent reversibility signal is emphasised by 

the mean accumulation rates for the three groups of replicate cores discussed in section 8.2. Cores 

in the first group show clear evidence of the reversal and have high accumulation rates (mean=1.04 

mm a'1, S.E.=0.08). The second group of cores does not show conclusive evidence of the reversal 

but does indicate a clear cessation of the acidification trend. These cores have a mean accumulation 

rate of 0.64 mm a'1 (S.E.=0.08), close to the threshold of detection for the reversal (Fig 8.9). The 

final group of cores shows a continuing trend of acidification and has very low accumulation rates 

(mean=0.31 mm a 1, S.E.=0.03). These latter cores have a time-average of at least 12 years per core 

slice and clearly cannot resolve the changes in diatom assemblages over the last decade associated 

with the increase in lake-water pH.

These results explain the conflicting results of previous studies of diatom reversibility at Round 

Loch. Flower et al (1990) found little evidence of a recent reversal, but the core studied was sliced 

at 0.5 cm intervals and had an accumulation rate of c.0.66 mm a 1. On the basis of the results 

presented above this core would not be expected to show conclusive evidence of a recent reversal. 

The cores presented by Battarbee et al (1988b) were also sliced at 0.5 cm intervals, but had 

accumulation rates of 0.90-1.39 mm a*1. The resolution of these latter cores was therefore sufficiently 

high to allow a clear floristic reversal to be observed despite the fact that they were taken in 1984-86 

A.D., only 5-7 years after the start of the observed increase in lake-water pH.

8.7 Stratigraphic resolution and sediment mixing

The results have clearly demonstrated the limitations the time-average of core slices imposes on the 

clarity of the recent reversibility signal. The other factor that could influence this clarity is sediment 

mixing. The importance of mixing on the stratigraphy of Round Loch is difficult to quantify from 

the results presented above, and only indirect inferences can be made. The impact of mixing should 

be greatest in the littoral sediments. In shallow water the activity of benthic invertebrates will be 

highest and exposure to water turbulence greatest The extent of sediment homogenization should 

therefore be most pronounced in littoral areas (Robbins, 1982). The LOI profiles from shallow water 

cores certainly suggest that mixing has occurred in these sediments. The stratigraphic boundaries in 

type III LOI profiles are gradual and the profile trends smooth, indicating homogenization of the
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sediment (see Fig 7.4). The diatom biostratigraphies of K41 and K78, however, show a clear record 

of acidification in their top 10 cm (see Figs 7.38 & 7.40). The intensity of mixing within the littoral 

zone, then, has not been sufficient to result in the loss of an accurate fossil record of acidification. 

Other workers have shown that moderate levels of sediment mixing do not destroy fossil signals (e.g. 

Leavitt & Carpenter, 1989).

There is also evidence of sediment mixing from the LOI profiles of several profundal cores. Cores 

K21 and K22 are located at a depth of c .ll m in the centre of the lake basin (Fig 5.1). The cores 

both have type II LOI profiles, with brown organic mud underlying the upper black organic mud (Fig 

7.3). The profiles show a gradual increase in LOI values over the stratigraphic boundary between 

these two units, rather than the rapid increases found in other profundal type II cores (e.g. K12, 

K17). The gradual transition suggests loss of stratigraphic resolution through sediment mixing 

processes. The recent biostratigraphy of K22 is shown in Figure 7.16. This core has a relatively low 

mean post-1901 A.D. accumulation rate (0.31 mm a 1), and is therefore not expected to indicate 

recent reversibility. It is difficult, then, to evaluate whether mixing has reduced the biostratigraphic 

resolution of this core.

Varying sediment accumulation rates may account for the varying evidence of mixing apparent in 

the LOI profiles of profundal cores. Assuming the same depth and intensity of mixing throughout 

the profundal zone, the loss of stratigraphic resolution will be greatest in low accumulation rate 

cores. The sediment in such cores will be within the surface sediment mixing zone for a greater 

period of time, allowing homogenization to be more complete. Peaks in biostratigraphy should 

therefore be most pronounced in high accumulation rate cores (e.g. Anderson, 1986a, 1986b). This 

in turn implies that a positive relationship should exist between the magnitude of the recent 

reversibility signal and core accumulation rates. It is clear from Figure 8.9 that this relationship does 

not hold. There is a clear threshold of accumulation rate above which the reversal is apparent in the 

cores, but for the cores showing a recent reversal there is no significant correlation between the size 

of the reversal and accumulation rate.

Other lines of evidence, however, do suggest that stratigraphic resolution of the profundal cores may 

be lost through sediment mixing. The results from both the finely-sliced and replicate cores show 

that the recent reversibility signal can only be detected when the core slice time-average is less than 

about 6 years. The lake-water pH of Round Loch has been increasing since at least 1980 A.D., a 

period of 9-10 years. Two alternative hypotheses can be suggested to explain the discrepancy 

between these two values; first, loss of biostratigraphic resolution through sediment mixing; second, 

a delay in the response of the diatom flora to changing pH conditions. The second hypothesis can
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be falsified as the point of reversal is dated to 1980 A.D. in K05 and approximately 1981 A.D. in 

K83 and K86, suggesting a rapid response of the diatom flora to the pH changes. Furthermore the 

results of the core pH reconstructions also suggest a loss of stratigraphic resolution. The mean size 

of the reversal in reconstructed pH units is 0.07 in the replicate cores (excluding cores showing no 

reversal) and 0.08 in the finely-sliced cores. These compare to a known minimum lake-water pH 

increase of 0.23 pH units since 1978-79. The surface sediment diatom assemblages from the 

profundal zone (depth >12 m) also under-estimate the true current mean lake-water pH; 4.77 

reconstructed pH units (n=19, S.E.=0.01) compared to 4.85 pH units. These discrepancies suggest 

an attenuation of the biostratigraphic record through sediment mixing processes.

Cameron (1990) found that sediment mixing in Loch Fleet led to a significant loss of biostratigraphic 

resolution. The lake was limed in 1986, but diatom-based pH reconstructions under-estimated the true 

increase in lake-water pH following this event by up to 50%. Cameron (1990) suggested that 

sediment resuspension is not the dominant process of mixing in Loch Fleet, as trap assemblages are 

little affected by older sediment contamination. He therefore concluded that the mixing was probably 

the result of bioturbation.

The results from Round Loch suggest that bioturbation is also probably responsible for the apparent 

loss of stratigraphic resolution in Round Loch. The monthly sediment trap studies have shown that 

during storm events, when resuspension might be expected to introduce resuspended sediment into 

profundal sediments, the diatom assemblages of sedimenting material do not significantly change. 

This suggests that the recent diatom reversal is not attenuated by the resuspension of older sediments, 

indeed both the annual and monthly sequences of trap samples recorded very low abundances of 

possible ’contaminant’ taxa (e.g. Aulacoseiraperglabra, Brachysira vitrea). Also the measured trap 

sediment accumulation rate (0.0123 g cm'2 a'1) is almost identical to the mean post-1980 A.D. rate 

calculated from high accumulation rate 210Pb dated cores (0.0125 g cm'2 a'1 in RLGH3; 0.0123 g cm'2 

a 1 in K05). This close match suggests that physical resuspension from the profundal sediments is 

not quantitatively important. Alternatively, low densities of chironomids (approximately 45 

individuals per m2) were found in the profundal zone in a series of Ekman grab samples taken in 

June 1990. Chaoborus larvae, whose migratory habits make them potentially important bioturbators 

(e.g. Stenson, 1981), have also been observed in the tops of cores taken from Round Loch (Battarbee 

pers comm.). Several studies have shown that moderate levels of sediment mixing do not destroy 

fossil signals (e.g. Leavitt & Carpenter, 1998). Bioturbation is probably therefore responsible for 

some attenuation of the recent reversibility signal, but is clearly not intense enough to completely 

remove all indications of the reversal, even in low accumulation rate cores such as K96.
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8.8 Spatial and temporal variability and the recent reversibility signal

An important issue to be addressed is that of the relationship between the reversibility signal and the 

level of variation within the cores. There is clearly temporal variation in the biostratigraphy of many 

of the cores studied, and this is reflected in variation in the pH reconstructions and CCA time-tracks. 

A good example from the replicate cores is K92 (Fig 7.29 & 7.22h). This core shows variations in 

the trends of abundance of Tabellaria quadriseptata, Navicula leptostriata, and Brachysira vitrea in 

the uppermost levels. The consequence is variation in the trends of both reconstruction pH and the 

CCA time-track. The magnitude of the variation is about the same as the magnitude of the 

reversibility signal in the top sample. Temporary reversals in the biostratigraphic trends of several 

of the cores (e.g. K67, K82, K91) seem to represent temporal variation rather than lake-wide floristic 

signals. This is indicated by the inconsistency of timing of these temporary reversals, and by the fact 

that they are not apparent in all the cores studied. Some of the temporary reversals are probably due 

to the re-working and localised deposition of non-contemporary sediments. K82 has a temporary 

reversal of the acidification trend at 3.75 cm, for instance, which is associated with a temporary 

increase in the abundances of Brachysira vitrea and Fragilaria virescens var. exigua. These taxa are 

common in the non-contemporary surface sediment samples of TWINSPAN group 5. The temporary 

reversals are therefore interpreted as variation rather than real floristic response to increased lake- 

water pH (e.g. Anderson, 1990b).

The recent reversal could therefore also be interpreted as variation or ’noise’. In most of the replicate 

cores, however, the size of the recent reversal is greater than any variation lower down in the 

biostratigraphy, including temporary reversals, and this is also the case with the three high 

accumulation rate finely-sliced cores. Additionally natural variation or ’noise’ would result in 

deflections of trend in both directions. The replicate cores with accumulation rates >0.65 mm a'1 

consistently show a recent deflection from the acidification trend indicative of reversibility rather 

than accelerated acidification. This evidence is inconsistent with the hypothesis that recent trends are 

a result of variation. The recent reversal is a real floristic signal.

The amount of variation in the cores is clearly influenced by the effects of time-averaging. Cores 

with the shortest core slice time-averages display the most variation. In the replicate cores this is 

demonstrated in the CCA time-tracks of cores with progressively lower accumulation rates (Fig 7.9). 

K05 has the highest accumulation rate (1.53 mm a 4)and a time-average of 3.2 years per slice. The 

time-track shows significant deviations away from the acidification trend which are the result of 

variability. The magnitude of the recent reversal, however, is greater than the magnitude of variation.
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Decreasing the accumulation rate increases the time-averaging of each core slice and results in a 

reduction in variation. K02 has an accumulation rate of 0.82 mm a*1 and therefore each core slice 

has a time-average of about 6 years. The effect is to reduce the amount of variation in the core. The 

only signal apart from the acidification trend is the reversal in the top two samples. Further reduction 

of accumulation rate results in further reductions in resolution. In K07 (time average 7.7 years) the 

reversal is only apparent in the top sample. Increasing the time-averaging effect further results in loss 

of even the reversibility signal, and the only trend left is one of acidification (e.g. K06 with a time- 

average of 12.5 years). This effect of increased variation with shorter time-averages is also apparent 

in the finely-sliced cores. The amount of variation in these cores is clearly greater in the finely-sliced 

upper sediments than in the coarser sliced levels lower down the cores (Fig 7.32). Again, though, 

the magnitude of the recent reversal is greater than the magnitude of variation.

Anderson (1990b) argued that variability in surface sediment diatom assemblages could invalidate 

the accurate inference of small-scale biostratigraphic changes, such as that associated with 

reversibility. It was shown in Chapter Seven that the variation in currently accumulating profundal 

surface sediment diatom assemblages is low (sum of gradients = 0.30 s.d.). This can be compared 

with the mean magnitude of the reversals in species turnover; 0.16 s.d. units in the finely-sliced cores 

and 0.07 s.d. units in the replicate cores. The magnitude of the reversal is therefore significantly 

lower than the spatial variation in profundal surface sediment diatom assemblages. The trends in 

biostratigraphy associated with the reversal, however, show that this spatial variation does not 

invalidate the evidence of reversibility. Abundances of individual taxa may vary between cores, but 

the trends are consistent. The results have also indicated that some of the spatial variation may be 

due to varying accumulation rates. If this is the case then variability will be created by some samples 

integrating diatoms from longer time periods than others.

The multivariate statistical techniques used to evaluate the reversibility trend are ordination and 

weighted average pH reconstruction. These techniques are indirect methods of assessing the 

significance of the reversal. They do not provide an evaluation of the statistical confidence that can 

be placed on the reversibility signal. The analysis should provide a multivariate statistical test of the 

significance of the recent reversibility trend utilising all the core data available, a form of repeated 

measurement time-series analysis (e.g. Diggle, 1988). Standard techniques of multivariate time-series 

analysis, however, are not appropriate for analysing the data presented in this study. The core data 

consist of ’replicate’ time-series of diatom assemblages, but there are problems of spatial and 

temporal autocorrelation. The diatom assemblages are not spatially independent, as they are affected 

by patterns of diatom deposition across the lake basin. The assemblages within a single core are also 

not temporally independent because of sediment mixing and the hysteresis of temporal change in live
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diatom communities. The reversal is therefore exceptionally difficult to test statistically using 

currently available techniques. Collaboration is underway with workers at the Department of 

Mathematics, University of Lancaster, to develop new statistical techniques to allow the analysis of 

these types of data.

The results have demonstrated significant differences between profundal surface sediment diatom 

assemblages from 1989 and 1990. These differences are almost certainly due to changes in the 

sedimenting diatom assemblages between 1989 and 1990. The monthly trap sequence has shown that 

changes in the sedimenting assemblages did occur over this period (see Chapter Six). Particularly 

of interest are the possible responses to the decrease in lake-water pH in January 1990. After this 

event Eunotia [sp.10 {minima)], Eunotia bactriana, Navicula hoe fieri, and Eunotia rhomboidea 

increased in abundance and Tabellaria quadriseptata, Eunotia curvata var. subarcuata, and Peronia 

fibula decreased in abundance in the monthly trap samples (see Table 6.4). Some of these taxa are 

those which also account for the significant difference between the 1989 and 1990 profundal surface 

sediment assemblages. Eunotia curvata var. subarcuata is more common in the 1989 samples and 

Eunotia [sp.10 (minima)] and Eunotia bactriana are more common in the 1990 samples (Table 7.12). 

These changes correspond to those seen in the monthly trap sequence over the same time period. 

Alternatively, Peronia fibula is less common in the trap assemblages after January 1990, but is more 

common in the 1990 surface sediment assemblages than the 1989 assemblages. The significant 

change in assemblages between 1989 and 1990 further supports the notion that spatial variation in 

surface sediment diatom assemblages does not compromise relatively small-scale changes in 

biostratigraphy. The change is subtle, but is consistent across the whole profundal core data-set.

8.9 Causes of recent reversibility of lake acidification

Although not directly relevant to the aims of this study, a short discussion on the possible causes of 

the recent increase in lake-water pH at Round Loch is pertinent. Three hypotheses can be advanced 

to explain the pH increase; land-use change, climatic change, and a reduction in acid deposition.

A change in land-use in the catchment of Round Loch could potentially influence the surface water 

chemistty. There has been no land-use change in the catchment over the last 40 years or liming, 

however, although the prevalence of burning as a management practice has declined (Patrick et a l, 

1990). Given this decline in burning, the increase in lake-water pH is the antithesis of the land-use 

hypothesis of Rosenqvist (1978, 1981), which predicts that a decline in burning would lead to
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The second possible explanation for the reversal is a recent change in climatic conditions, particularly 

in precipitation levels. High precipitation levels are more likely to result in a greater relative 

contribution to discharge from more acidic waters flowing through or over surface organic horizons 

(Cresser et a l , 1987). In catchments with deep peat deposits the pH of surface waters can fall by c.l 

pH unit during heavy rainfall events as the hydrology changes and water flows through the upper, 

more acidic peats (Cresser et al., 1987). Consequently, a reduction in precipitation levels or in the 

number of heavy storms could result in reduced acidity of surface waters. During the period 1980-88, 

however, the annual rainfall at Loch Dee (2 km from Round Loch) was consistently higher than the 

long-term average (Lees, 1989; see Chapter Three). It therefore seems unlikely that climate change 

is responsible for the reversibility.

The third hypothesis to explain the recent reversal of acidification is that a recent decline in acid 

deposition at the site has led to a decrease in strong acid inputs, and a corresponding decrease in the 

acidity of the loch. Chapter One discussed the evidence of reversibility following reductions in acid 

deposition, and presented evidence of recent declines in acid deposition at Eskdalemuir, 70 km from 

Round Loch. Chapter Three presented evidence of recent decreases in the contamination of the 

sediments of Round Loch by heavy metals and spherical carbonaceous particles. The available 

evidence is therefore consistent with the acid deposition hypothesis.

8.10 Monitoring diatom reversibility: a comparison of methods

This study has presented a detailed analysis of the diatom evidence of reversibility from Round Loch. 

For the regular monitoring of diatom reversibility in systems such as Round Loch, however, such 

an intensive study would not be practical. It is therefore important to highlight the relative 

advantages and disadvantages of the techniques that might be used, reiterating some of the points 

already made in this study.

The sampling of live diatom communities is the most direct method of monitoring for ecological 

response to lake-water pH changes. Epilithic diatom sampling is often adopted as a biological 

component in monitoring programmes (e.g. Patrick et a l , 1991). This community shows rapid 

response to low-magnitude pH changes, as illustrated in Chapter Four. There are several problems 

of variability behind this approach, however. Live diatom communities are highly variable on a
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relatively small spatial scale (see Chapter Four). It is therefore necessary to employ a well designed 

sampling strategy for these communities involving the pooling of multiple samples to obtain reliable 

relative abundance estimates. Epilithic diatom communities are also susceptible to temporal variation. 

Chapter Four indicated the rapid response of the epilithic community of Round Loch to the decrease 

in lake-water pH in January 1990. Spot epilithon samples therefore do not necessarily represent 

average conditions. A further problem with the use of epilithic diatoms is that a single community 

does not represent the whole-lake flora. Considerable effort would have to be expended in sampling 

all communities to allow the accurate monitoring of changes in the whole-lake flora.

Sediment cores contain a continuous biostratigraphic record of changes in a lake’s diatom flora. The 

sediment integrates diatoms from all the major communities within a lake, and therefore has the 

potential to record changes in any of these communities. Sediment cores also do not suffer problems 

of variability to the same extent as live diatom communities. Spatial and temporal variation is 

reduced by the integration of diatoms from across the whole lake basin over a period of time. A 

disadvantage of using sediment cores for the monitoring of reversibility, however, is the relatively 

low accumulation rates in the upland lake systems, such as Round Loch, which have undergone 

acidification. Low accumulation rates lead to low stratigraphic resolution, and can sometimes impair 

the clarity of a low-magnitude stratigraphic signal (see section 8.6). Sediment mixing may further 

reduce the resolution of the stratigraphic record. In the Round Loch of Glenhead the low 

accumulation rates mean that cores are of limited use for monitoring reversibility over timescales of 

less than about five years. Sediment cores taken at intervals of five or more years, however, can be 

used with confidence to reconstruct short-term low-magnitude changes in the diatom flora of lakes 

such as Round Loch. Periodic sediment core studies can therefore provide a valuable contribution 

to the monitoring of the reversibility of lake acidification.

As a technique for monitoring diatom evidence of reversibility, sediment trapping provides an 

excellent compromise between live diatom communities and sediment cores. Sediment traps can be 

deployed over discrete periods of time, and only this limits their potential resolution. Traps integrate 

diatoms from all communities within the lake, and so spatial and temporal variation is reduced. 

Fewer samples are therefore required for accurate relative abundance estimations compared to live 

diatom samples. Sediment traps also accurately record low-magnitude changes in sedimenting diatom 

assemblages (see Chapter Six). Traps sampled once a year therefore probably provide the ideal 

mechanism for monitoring diatom reversibility. Traps sampled at more frequent intervals are open 

to problems of seasonal variation in sedimenting diatom assemblages (see Chapter Six). The time 

limitations of this study, however, have meant that only one set of yearly trap results are available. 

It has therefore not been possible to fully assess the utility of annually sampled traps as a monitor
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of diatom reversibility.

8.11 Future research

Several of the topics addressed within this thesis clearly require further detailed study. This section 

provides a brief outline of potential areas for such research.

Additional data are required on the responses of live diatom communities to low-magnitude pH 

changes. This is particularly the case for the epiphytic and epipelic communities as the 

palaeolimnological data from Round Loch suggest that these communities have responded to the 

recent increase in lake-water pH. Only epilithic diatom communities, however, are regularly 

incorporated into monitoring programmes for acid freshwater systems (e.g. Patrick et a l , 1991).

It is also important to further quantify the effects of sediment mixing on stratigraphic resolution. This 

could possibly be examined by the use of stratigraphic markers, such as exotic diatomaceous earth 

(diatomite) (e.g. Flower, 1991). The mixing of a stratigraphic marker layer deposited onto the 

profundal sediments of an upland lake could be monitored by repeat coring. This would allow the 

development of more complete models of sediment mixing and associated loss of biostratigraphic 

resolution.

The causes of variation in the patterns of sediment accumulation within small lake basins are also 

incompletely understood. Anderson (1990a) has suggested that studies of sediment distribution in a 

range of lake types and studies of direct sedimentation processes are required. This project has 

described the pattern of sediment distribution and accumulation within Round Loch, and the 

complexity of this pattern serves to support Anderson’s recommendations.

The potential of sediment trapping as a method of monitoring whole-lake diatom responses to low- 

magnitude changes in lake-water chemistry has been emphasized within this thesis. This potential 

cannot be evaluated fully, however, in the absence of long-term ( >5 year) records of sediment trap 

diatom assemblages from acidified lakes. Once such records are available year to year variability can 

be analysed, and suitable trend detection techniques can be developed.

As discussed in section 8.8, research is required to develop statistical techniques for testing the 

significance of recent changes in diatom biostratigraphy. These are neccessary to allow a more
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complete evaluation of the confidence that can be placed on recent trends in biostratigraphy.

Having replicated the biostratigraphic signal of recent diatom reversibility within Round Loch, it is 

now important to see if this trend can also be replicated between-lakes. The recent diatom 

biostratigraphies of other lochs in the Galloway area with similar acidification histories and recent 

(post-1980 A.D.) trends in lake-water chemistry to Round Loch therefore need to be studied. 

Between-lake replication of diatom response to the recent increases in lake-water pH observed in 

Galloway will reinforce the proposition that diatom biostratigraphies can be used to reconstruct short

term low-magnitude pH changes. The techniques employed within this study could then be 

confidently applied to acidified lakes in other areas of the United Kingdom to allow the evaluation 

of regional trends in the acidity of surface waters.
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Chapter Nine 

Conclusions

9.1 Direct evidence of diatom response to chemical reversibility

Comparison of archived epilithon samples from 1983 with samples taken in 1989/90 has allowed an 

assessment of the changes in this community over the last 7-8 years. The monthly sequence of 

epilithon samples taken from Round Loch over the course of the study demonstrated the rapid 

response of this community to low-magnitude changes in lake-water pH. The storms during January 

1990 resulted in a fall in the pH of Round Loch by c.0.2 units, and there was an immediate response 

in the epilithic assemblages. Species with relatively high pH optima decreased in abundance (e.g. 

Brachysira brebissonii). The comparison of 1983 and 1989/90 samples indicated significant 

differences between the assemblages from the two periods. Some taxa are more abundant in the 1983 

samples (e.g. Eunotia rhomboidea, Eunotia exigua) and some are more abundant in the 1989/90 

samples (e.g. Navicula cumbriensis, Navicula mediocris). It is difficult to relate these changes to the 

increase in lake-water pH over the last decade, as there is no clear shift to species with higher pH 

optima. This contrasts with the response to lake-water pH changes observed in the monthly sequence 

of epilithon samples. It is therefore difficult to state with certainty that the epilithic flora of Round 

Loch has responded to the increase in lake-water pH over the last decade.

9.2 Variation in surface sediment diatom assemblages

There is significant variation in surface sediment diatom assemblages across the lake basin. Much 

of this is due to the occurrence of non-contemporary sediments on the lake bed. These represent 

truncated stratigraphic profiles where sediment accumulation ceased prior to the acidification of the 

loch. Many of these surface sediment diatom assemblages date to between c.1650-1900 A.D., but 

some date to early in the Holocene history of the loch. The non-contemporary surface sediments are 

dominated by taxa which are absent or quantitatively unimportant in the current diatom flora of the 

loch (e.g Brachysira vitrea, Aulacoseira per glabra). Extensive areas of the loch bed contain these 

non-contemporary sediments, and are therefore clearly unsuitable for studies of the recent 

biostratigraphic record.
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There is also variation in the diatom assemblages of currently accumulating organic sediments. Some 

of this is due to habitat proximity. Eunotia naegelii, for instance, is most abundant close to areas 

where the liverwort Jungermannia obovata is common as it grows as an epiphytic form on this 

macrophyte. Some of the variation is also due to water depth, as this limits the in situ growth of 

epipelic diatoms. Hence Navicula hoefleri and Navicula leptostriata are most abundant in shallow 

waters. The results have also indicated that in profundal areas of the loch some of the variation in 

surface sediment diatom assemblages could be the consequence of varying accumulation rates.

9.3 Sediment trapping

Sediment trap studies have indicated that traps accurately record short-term low-magnitude changes 

in sedimenting diatom assemblages and integrate diatoms from all communities within Round Loch. 

Sediment traps therefore provide an excellent mechanism for the monitoring of diatom response to 

changes in lake-water pH. The trap studies also showed that much of the annual deposition of 

sediments and diatoms into the profundal sediments is associated with extreme storm events.

9.4 Spatial and temporal patterns of sediment accumulation

Sediment accumulation within the loch is highly variable. As described above, areas of contemporary 

accumulation of organic sediment are restricted. Consistent high accumulation rates (>0.6 mm a'1) 

are found only in the deepest water ( >12 m) away from the base of steep slopes. This suggests that 

the process of sediment focusing may be important Even within the deepest water sediment 

accumulation rates can vary significantly, even on a small spatial scale. Within-core accumulation 

rates, however, are broadly uniform over time.

9.5 Biostratigraphic evidence of recent reversibility

The recent biostratigraphy of Round Loch shows a floristic reversal of the acidification trend. The 

biostratigraphic changes associated with the reversal are consistent. There are decreases in the 

abundance of the acidobiontic species Tabellaria quadriseptata, Navicula hoefleri, and Navicula 

madumensis. Corresponding increases in the acidophilous taxa Navicula leptostriata and Peronia 

fibula also occur, although these are less pronounced. The taxa which show response during the
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reversal are typically epiphytic and epipelic forms. The reversal represents the re-establishment of 

diatom communities previously present in the loch, and not the creation of new communities.

The clarity of the reversal is dependent on the time-average of core slices, and the reversal can only 

be detected when this time-average is less than about 6 years. The core slice time-average is 

controlled by sediment accumulation rate and the thickness of core slices. The reversal can be 

replicated in cores sliced at 5 mm intervals provided the accumulation rate exceeds c.0.7 mm a'1. 

Slicing cores at finer intervals increases stratigraphic resolution and allows the reversal to be detected 

when the accumulation rate is less than 0.7 mm a 1, provided the time-average remains below 6 years.

The importance of accumulation rate in determining stratigraphic resolution means that it is vital to 

consider core accumulation rate when interpreting recent trends in biostratigraphy. This is particularly 

important in the light of the variability of the accumulation rates of profundal sediments in Round 

Loch.

The beginning of the reversibility trend dates to approximately 1980 A.D.. This corresponds well to 

the measured increase in lake-water pH, and suggests a rapid response of the diatom flora to this 

chemical change. Evidence from the sediment cores and traps suggests that some stratigraphic 

resolution is lost through processes of sediment mixing, and this seems to be the result of 
bioturbation rather than physical resuspension.

The recent reversal is a real floristic signal and is not the product of variability. The consistency of 

the biostratigraphic changes in the cores and the ability to replicate the reversal provided the time- 

average of core slices is less than about 6 years, shows that the reversal represents real ecological 

response to increasing lake-water pH. The biostratigraphy of the Round Loch of Glenhead can

therefore be used with confidence to accurately reconstruct diatom response to short-term low- 

magnitude changes in lake-water pH.
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Appendix One

Complete list of taxa identified with diatcodes and authorities

AC001A 
AC002A 
AC004A 
AC013A 
AC014A 
AC014B 
AC014C 
AC019A 
AC022A 
AC023A 
AC024A 
AC025A 
AC025B 
AC027A 
AC028A 
AC029A 
AC030A 
AC038A 
AC041A 
AC042A 
AC044A 
AC046A 
AC048A 
AC9975 
AC9999 
AM001B 
AM011A 
AM9999 
AS9999 
AU001A 
AU001B 
AU004A 
AU004B 
AU005A 
AU005D 
AU005E 
AU010A 
AU010B 
AU9999 
BR001A 
BR002A 
BR003A 
BR003B 
BR004A 
BR006A 
BR9997 
BR9999 
CA002A 
CA005A 
CA018A 
CA9999 
CM001A 
CM004A 
CM009A 
CM010A 
CM014A 
CM015A 
CM01 6 A 
CM017A 
CM019A 
CM020A 
CM023A 
CM031A 
CM031C 
CM035A 
CM038A 
CM042A 
CM043A 
CM048A 
CM050A 
CM051A 
CM052A 
CM053A 
CM101A 
CM9985

Achnanthes lanceolata (Breb. ex Kutz.) Grun. in Cleve & Grun. 1880
Achnanthes linearis (W. Sm.) Grun. in Cleve & Grun. 1880
Achnanthes pseudoswazi J.R. Carter 1963
Achnanthes minutissima minutissima Kutz. 1833
Achnanthes austriaca austriaca Hust. 1922
Achnanthes austriaca minor L. Grannoch (RJF) 1986
Achnanthes austriaca helvetica Hust. 1933
Achnanthes nodosa A. Cleve-Euler 1900
Achnanthes marginulata Grun. in Cleve 4 Grun. 1880
Achnanthes conspicua conspicua A. Mayer 1919

(Cleve) Hust. 1933 
(Kutz.) Brun 1880 

alpestris Brun 1880 
Cleve 1881 
Krasske in Hust. 1933 
Hust. 1936 

J.R. Carter 1970

Achnanthes depressa 
Achnanthes flexella 
Achnanthes flexella 
Achnanthes holstii 
Achnanthes saxonica 
Achnanthes sublaevis 
Achnanthes umara 
Achnanthes lapponica
Achnanthes gibberula Grun. in Cleve & Grun. 1880 
Achnanthes detha 
Achnanthes levanderi 
Achnanthes altaica 
Achnanthes scotica
Achnanthes [altaica var. minor] L. Grannoch (RJF) 1988 
Achnanthes sp.
Amphora ovalis 
Amphora libyca 
Amphora sp.
Asterionella sp.
Aulacoseira italica italica (Ehrenb.) Simonsen 1979 
Aulacoseira italica subarctica (0. Mull.) Simonsen 1979 
Aulacoseira lirata lirata (Ehrenb.) R. Ross in Hartley 1986

lacustris (Grun. in Van Heurck) R. Ross in Hartley 1986 
distans (Ehrenb.) Simonsen 1979 
tenella (Nygaard) R. Ross in Hartley 1986 
nivalis

(Hust.) Hust. 1933 
Grun. in Cleve & Grun.
Hust. 1933 

(Poretzky) A. Cleve-Euler 1953 
Jones 4 Flower 

[altaica var. minor] L. Grannoch (RJF)
pediculus

Ehr.
(Kutz.) Van Heurck 1885

Aulacoseira lirata 
Aulacoseira distans 
Aulacoseira distans 
Aulacoseira distans 
Aulacoseira perglabra 
Aulacoseira perglabra 
Aulacoseira sp. 
Brachysira vitrea 
Brachysira follis 
Brachysira serians 
Brachysira serians 
Brachysira styriaca

floriniae
(Grun.) R. Ross in Hartley 1986 
(Ehrenb.) R. Ross in Hartley 1986 
(Breb. ex Kutz.) Round 4 Mann 1981 

modesta Cleve-Euler
(Grun. in Van Heurck) R. Ross in Hartley 1986

Brachysira brebissonii brebissonii R. Ross in Hartley 1986 
Brachysira [sp. 1] Round L. Glenhead (VJJ) 1985 
Brachysira sp.
Caloneis bacillum bacillum (Grun.) Cleve 1894 
Caloneis bacillaris bacillaris (Greg.) Cleve 1894 
Caloneis tenuis Gregory (Krammer) 1985 
Caloneis sp.
Cymbella ventricosa Kutz. 1844
Cymbella microcephala microcephala Grun. in Van Heurck 1880
Cymbella naviculiformis Auersw. ex Heib. 1863
Cymbella perpusilla A. Cleve 1895 
Cymbella aequalis W. Sm. ex Grev. 1855
Cymbella cesatii cesatii (Rabenh.) Grun. in A. Schmidt 1881
Cymbella amphicephala amphicephala Naegeli ex Kutz. 1849
Cymbella hebridica (Grun. ex Cleve) Cleve 1894
Cymbella lacustris (Ag.) Cleve 1894
Cymbella gaeumannii Meister 1934
Cymbella pusilla Grun. ex A. Schmidt 1875
Cymbella minuta minuta Hilse ex Rabenh. 1862
Cymbella minuta silesiaca (Bleisch ex Rabenh.) Reimer in Patr. 4 Reimer 1975
Cymbella angustata (W. Sm.) Cleve 1894
Cymbella delicatula Kutz. 1849
Cymbella tumida tumida (Breb. ex Kutz.) Grun. in Van Heurck 1880
Cymbella naviculacea Grun. ex Cleve 1881 
Cymbella lunata W. Sm. in Grev. 1855

Grun. in Van Heurck 1880 
Krammer 1981
(Hust.) Krammer 4 Lange-Bertalot 1985 

Krasske 
naviculacea

Cymbella subaequalis 
Cymbella elginensis 
Cymbella descripta 
Cymbella latens 
Cymbella scotica
Cymbella [sp. 1 small, capitate]

(Grun. ex Cleve) R. Ross 1947
Round Loch (TA) 1990
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CM9992 
CM9999 
C0001A 
COO01B 
CY001A 
CY002A 
CY006A 
CY006D 
CY9999 
DE001A 
DP9999 
DT004B 
DT9999 
EU002A 
EU002B 
EU002C 
EU002D 
EU002E 
EU003A 
EU003B 
EU004A 
EU007A 
EU008A 
EU009A 
EU011A 
EU013A 
EU013C 
EU014A 
EU015A 
EU016A 
EU017A 
EU018A 
EU019A 
EU020A 
EU020B 
EU021A 
EU022A 
EU022B 
EU025A 
EU026A 
EU027A 
EU028A 
EU028B 
EU029A 
EU030A 
EU031A 
EU032A 
EU034A 
EU036A 
EU040A 
EU043A 
EU045A 
EU047A 
EU048A 
EU049A 
EU049B 
EU050B 
EU051A 
EU051B 
EU052A 
EU053A 
EU056A 
EU057A 
EU058A 
EU059A 
EU9961 
EU9963 
EU9964 
EU9965 
EU9969 
EU9995 
EU9999 
FR001A 
FR001B 
FR001D 
FR002A 
FR002B 
FR002C 
FRO02D 
FR005A 
FR005C 
FR005D 
FR005E 
FR006A 
FR007A 
FR010A 
FR018A

1 ] PIRLA 1985

Eunotia pectinalis 
Eunotia pectinalis 
Eunotia pectinalis 
Eunotia pectinalis 
Eunotia pectinalis 
Eunotia praerupta 
Eunotia praerupta 
Eunotia tenella 
Eunotia bidentula 
Eunotia monodon

,) Rabenh. 1864 
1864

Cymbella [PIRLA sp.
Cymbella sp.
Cocconeis placentula placentula Ehrenb. 1838 
Cocconeis placentula euglypta (Ehrenb.) Grun. 1884 
Cyclotella comta comta (Ehrenb.) Kutz. 1849 
Cyclotella pseudostelligera Hust. 1939 
Cyclotella kuetzingiana kuetzingiana Thwaites 1848 
Cyclotella kuetzingiana minor nov. nom.
Cyclotella sp.
Denticula tenuis tenuis Kutz. 1844 
Diploneis sp.
Diatoma tenue elongatum Lyngb. 1819 
Diatoma sp.

pectinalis (O.F. Mull, 
minor (Kutz.) Rabenh. 
ventralis (Ehrenb.) Hust. 1911 
undulata (Ralfs) Rabenh. 1864 
minor impressa (Ehr.) Hust. 
praerupta Ehrenb. 1843
bidens (Ehrenb.) Grun. in Cleve & Grun. 1880 
(Grun. in Van Heurck) A. Cleve 1895 
W. Sm. 1856 

monodon Ehrenb. 1843 
Eunotia exigua exigua (Breb. ex Kutz.) Rabenh. 1864 
Eunotia rhomboidea Hust. 1950 
Eunotia arcus arcus Ehrenb. 1837 
Eunotia arcus bidens Grun. in Van Heurck 1881 
Eunotia bactriana Ehrenb. 1854 
Eunotia denticulata denticulata 
Eunotia diodon Ehrenb. 1837 
Eunotia flexuosa flexuosa Kutz. 1849 
Eunotia formica Ehrenb. 1843 
Eunotia iatriaensis Foged 1970 
Eunotia meisteri meisteri Hust. 1930 

bidens Hust. 1930 
0. Mull. 1898 

bigibba Kutz. 1849 
pumila Grun. in Van Heurck 1881 
A. Cleve 1895 

Eunotia praerupta-nana Berg 
Eunotia trinacria trinacria Krasske 1929 
Eunotia microcephala Krasske ex Hust. 1932 
Eunotia microcephala tridentata (A. Mayer) Hust.
Eunotia valida Hust. 1930 
Eunotia gracilis (Ehrenb.) Rabenh. 1864 
Eunotia septentrionalis septentrionalis Ostr. 1898 
Eunotia serra serra Ehrenb. 1837 
Eunotia parallela parallela Ehrenb. 1843

Cleve in Cleve & Grun. 1880 
Grun. 1862 

Ostr. 1910
Grun. in Van Heurck 1881 

W. Sm. ex Greg. 1854 
Migula 1907

(Breb. ex Kutz.) Rabenh. 1864

Eunotia meisteri 
Eunotia sudetica 
Eunotia bigibba 
Eunotia bigibba 
Eunotia fallax

Eunotia siberica 
Eunotia paludosa 
Eunotia elegans 
Eunotia nymanniana 
Eunotia incisa 
Eunotia naegelii

Woodhead & Tweed 1954 
1953

Eunotia
Eunotia
Eunotia
Eunotia

KORNER
Round L. Glenhead (RJF) 1988 

Round L. Glenhead (RJF) 1988 
Grannoch (RJF) 1988 
. Grannoch (RJF) 1988 

1987

Eunotia curvata curvata (Kutz.) Lagerst. 1884 
Eunotia curvata subarcuata (Naegeli ex Kutz.)
Eunotia tibia bidens (W. Sm.) A. Cleve-Euler 
Eunotia vanheurckii vanheurckii Patr. 1958 
Eunotia vanheurckii intermedia (Krasske) Cleve 
Eunotia nodosa Ehrenb. 1840 
Eunotia tridentula Ehrenb. 1843 
Eunotia minutissima A. Cleve-Euler 1934 
Eunotia exgracilis A. Berg ex A. Cleve-Euler 1953 
Eunotia schwabei Krasske 
Eunotia zasuminensis (Cab.)

[vanheurckii var. 1]
[sp. 13 (minutissima)]
[sp. 12 (minor)] L.
[sp. 10 (minima)] L 

Eunotia denticulata/lapponica 
Eunotia elegans Ostrup 
Eunotia sp.
Fragilaria pinnata pinnata Ehrenb. 1843
Fragilaria pinnata lancettula (Schum.) Hust. in A. Schmidt 1913 
Fragilaria pinnata trigona (Brun & Herib. in Herib.) Hust. 1931 
Fragilaria construens construens (Ehrenb.) Grun. 1862

binodis (Ehrenb.) Grun. 1862 
venter (Ehrenb.) Grun. in Van Heurck 1881 
exigua (W. Sm.) Schulz 1922 

virescens Ralfs 1843 
elliptica Hust. 1914 
exigua Grun. in Van Heurck 1881 
capitata Ostr. 1910 

Fragilaria brevistriata brevistriata Grun. in Van Heurck 1885 
Fragilaria vaucheriae vaucheriae (Kutz.) J.B. Petersen 1938 
Fragilaria constricta constricta Ehrenb. 1843
Fragilaria elliptica Schum. 1867

Fragilaria construens 
Fragilaria construens 
Fragilaria construens 
Fragilaria virescens 
Fragilaria virescens 
Fragilaria virescens 
Fragilaria virescens
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FR9990
FR9991
FR9999
FU002A
FU002B
FU002F
G0003A
G0003B
G0004A
G0006C
GO013A
GO025B
G0066A
G09999
HN001A
KR001A
MA005A
ME019A
ME9999
NA002A
NA003A
NA003B
NA005A
NA005B
NA006A
NA006B
NA013A
NA014A
NA015A
NA016A
NA024A
NA032A
NA033A
NA036A
NA037A
NA038A
NA039A
NA040A
NA042A
NA043A
NA044A
NA045A
NA046A
NA048A
NA049A
NA051A
NA068A
NA084A
NA086A
NA099A
NA101A
NA111A
NA112A
NA11 2D
NA113A
NA115A
NA129A
NA133A
NA134A
NA135A
NA139A
NA140A
NA156A
NA158A
NA159A
NA161A
NA167A
NA9897
NA9999
NE001A
NE002A
NE003A
NE003B
NE003C
NE004A
NE006A
NE012A
NE9999
NI002A
NI005A
NI009A
NI020A
NI025A
NI027A
NI031A
NI9999
PE002A

Frustulia rhomboides 
Frustulia rhomboides 
Frustulia rhomboides 
Gomphonema angustatum 
Gomphonema angustatum 
Gomphonema gracile 
Gomphonema acuminatum

Fragilaria [cf. oldenburgiana] Verenvatn (FB-SWAP) 1987 
Fragilaria [cf. oldenburgiana PIRLA pi 20, 61-2] PIRLA 1987 
Fragilaria sp.

rhomboides (Ehrenb.) De Toni 1891 
saxonica (Rabenh.) De Toni 1891 
viridula (Breb. ex Kutz.) Cleve 1894 
angustatum (Kutz.) Rabenh. 1864 
productum Grun. in Van Heurck 1880 

Ehrenb. 1838 
coronatum (Ehrenb.) W. Sm. 1853 

Gomphonema parvulum parvulum (Kutz.) Kutz. 1849
Gomphonema vibrio intricatum (Kutz.) R. Ross in Hartley 1986
Gomphonema tergestinum (Grun. in Van Heurck) Fricke in A. Schmidt 1902 
Gomphonema sp.
Hannaea arcus arcus (Ehrenb.) Patr. in Patr. & Reimer 1966 
Krasskella kriegerana (Krasske) R. Ross & Sims 1978
Mastogloia pumila (Grun. in Van Heurck) Cleve 1896
Melosira arentii (Kolbe) Nagumo A Kobayasi 1977
Melosira sp.
Navicula jaernefeltii Hust. 1942
Navicula radiosa radiosa Kutz. 1844
Navicula radiosa tenella (Breb. ex Kutz.) Grun. ex Van Heurck 1885
Navicula seminulum Grun. 1860 
Navicula seminulum intermedia Hust.
Navicula mediocris Krasske 1932 
Navicula mediocris atomus Hust.
Navicula pseudoscutiformis Hust. 1930 
Navicula pupula pupula Kutz. 1844 
Navicula hassiaca Krasske 1925 
Navicula indifferens Hust. 1942 
Navicula oblonga oblonga (Kutz.) Kutz. 1844
Navicula cocconeiformis cocconeiformis Greg, ex Greville 1855
Navicula subtilissima Cleve 1891
Navicula perpusilla (Kutz.) Grun. 1860
Navicula angusta Grun. 1860
Navicula arvensis Hust.
Navicula festiva Krasske 1925
Navicula hoefleri Choln. in Choln. A Schindler 1953
Navicula minima minima Grun. in Van Heurck 1880
Navicula subatomoides Hust. ex Patr. 1945
Navicula krasskei Hust. 1930
Navicula bryophila bryophila J.B. Petersen 1928 
Navicula contenta contenta Grun. in Van Heurck 1885 
Navicula soehrensis soehrensis Krasske 1923 
Navicula jentzschii Grun. 1882 
Navicula cari cari Ehrenb. 1836 
Navicula impexa Hust. 1961 
Navicula atomus (Kutz.) Grun. 1860
Navicula tantula Hust. 1943
Navicula bremensis Hust. 1957
Navicula jaagii Meister 1934
Navicula microcephala Grun. 1868
Navicula minuscula minuscula Grun.
Navicula minuscula muralis (Grun.
Navicula acceptata Hust. 1950 
Navicula difficillima Hust. 1950
Navicula seminuloides Hust. 1937
Navicula schassmannii Hust. 1937
Navicula subminuscula Manguin
Navicula tenuicephala Hust. 1942
Navicula fennica Hust. 1962 
Navicula madumensis E.G. Jorg. 1948
Navicula leptostriata Jorgensen 1948 
Navicula cumbriensis Haworth 1987 
Navicula menda J.R. Carter in J.R. Carter A Watts 
Navicula absoluta Hust. 1950
Navicula hoefleri Sensu Ross et Sims
Navicula cumbriensis fo. minor Haworth 1987 
Navicula sp.
Neidium iridis iridis (Ehrenb.) Cleve 1894 
Neidium productum (W. Sm.) Cleve 1894 
Neidium affine affine (Ehrenb.) Pfitz. 1871 
Neidium affine longiceps (Greg.) Cleve 1896 
Neidium affine amphirhynchus (Ehrenb.) Cleve 1894 
Neidium bisulcatum bisulcatum 
Neidium alpinum Hust. 1943

in Van Heurck 1880 
in Van Heurck)

1981

Neidium glaberrimum 
Neidium sp.
Nitzschia fonticola 
Nitzschia perminuta 
Nitzschia palea palea

(Lagerst.) Cleve 1894 
(Ostr.) R. Ross in Hartley 1986
Grun. in Van Heurck 1881 
(Grun. in Van Heurck) M. Perag. 1903 
(Kutz.) W. Sm. 1856 

Nitzschia angustata angustata (W. Sm.) Grun. in Cleve A Grun. 1880 
Nitzschia recta Hantzsch ex Rabenh. 1861 
Nitzschia microcephala Grun. in Cleve A Grun. 1880 
Nitzschia linearis linearis W. Sm. 1853 
Nitzschia sp.
Peronia fibula (Breb. ex Kutz.) R. Ross 1956
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PI002A Pinnularia acuminata W. Sm. 1853
PI004A Pinnularia interrupta W. Smith
PI005A Pinnularia major major (Kutz.) W. Sm. 1853
PI007A Pinnularia viridis viridis (Nitzsch) Ehrenb. 1843
PI008A Pinnularia divergens divergens W. Sm. 1853
PI011A Pinnularia microstauron microstauron (Ehrenb.) Cleve 1891
PI012A Pinnularia borealis Ehrenb. 1843
PI014A Pinnularia appendiculata (Ag.) Cleve 1896
PI015A Pinnularia abaujensis abaujensis (Pant.) R. Ross in Hartley 1986
PI016A Pinnularia divergentissima divergentissima (Grun.in Van Heurck) Cleve 1896
PI017A Pinnularia carminata Barber & J.R. Carter 1978
PI018A Pinnularia biceps biceps Greg. 1856
PI019A Pinnularia legumen legumen Ehrenb. 1843
PI020A Pinnularia undulata Greg. 1854
PI022A Pinnularia subcapitata subcapitata Greg. 1856
PI022B Pinnularia subcapitata hilseana (Janisch ex Rabenh.) 0. Mull. 1898
PI023A Pinnularia irrorata (Grun. in Van Heurck) Hust. 1939
PI027A Pinnularia alpina W. Sm. 1853
PI028A Pinnularia subsolaris (Grun.) Cleve 1896
PI029A Pinnularia iatriaensis Foged 1970
PI030A Pinnularia acoricola Hust.
PI042A Pinnularia nodosa nodosa (Ehrenb.) W. Sm. 1856 
PI047A Pinnularia intermedia (Lagerst.) Cleve 1896
PI048A Pinnularia brebissonii brebissonii (Kutz.) Rabenh. 1864
PI056A Pinnularia rupestris Hantzsch in Rabenh. 1861
PI9999 Pinnularia sp.
SA001A Stauroneis anceps anceps Ehrenb. 1843
SA001B Stauroneis anceps gracilis Rabenh. 1864
SA004A Stauroneis alpina Hust. 1943
SA005A Stauroneis legumen (Ehrenb.) Kutz. 1844
SA006A Stauroneis phoenicenteron phoenicenteron (Nitzsch) Ehrenb. 1943
SA008A Stauroneis products Grun. in Van Heurck 1880
SE001A Semiorbis heraicyclus (Ehrenb.) Patr. in Patr. & Reimer 1966
SP002A Stenopterobia sigmatella (Greg.) R. Ross in Hartley 1986
SU004A Surirella biseriata biseriata Breb. & Godey 1835
SU004D Surirella biseriata constricta Hust. 1911
SU005A Surirella linearis linearis W. Sm. 1853
SU006A Surirella delicatissima delicatissima Lewis 1864
SU9999 Surirella sp.
SY001A Synedra ulna ulna (Nitzsch) Ehrenb. 1836
SY002A Synedra rumpens rumpens Kutz. 1844
SY003A Synedra acus acus Kutz. 1844
SY008A Synedra pulchella pulchella Ralfs ex Kutz. 1844 
SY9999 Synedra sp.
TA001A Tabellaria flocculosa flocculosa (Roth) Kutz. 1844
TA003A Tabellaria binalis (Ehrenb.) Grun. in Van Heurck 1881
TA004A Tabellaria guadriseptata Knudson 1952
TA9999 Tabellaria sp.
UN9998 Unknown naviculaceae
UN9999 Unknown
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Appendix Two

Two-way ordered sample by species matrix of the surface sediment diatom 

assemblages showing the TWINSPAN groups

Diatom abundances coded: + = <2%, 2=2-5%, 3=5-10%, 4=10-20%, 5= >20%.

Environmental variables coded: Water depth (depth): 1=0-2 m, 2=2-4 m, 3=4-6 m, 4=6-8 jn 

5=8-10 m, 6=10-12 m, 7=12-14 m; Dry weight (Dry Wt): 1=0-10%, 2=10-20%, 3=20-40%, 

4=40-60%, 5=60-80%, 6=80-100%; Loss on ignition (LOI): 1=0-10%, 2=10-20%, 3=20-30%, 

4=30-40%, 5=40-50%; Slope: 1= <4°, 2=4-10°, 3= >10°.

Only the seventy most common taxa are presented and these are labelled with diatcodes (see 

Appendix One).
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1a
E K K E K K K K
4 7 7 4 8 8 4 5
8 5 7 2 1 0 5

BR 006A 3 2 3 2 2 2 2 2
EU 047a 4 4 4 5 4 5 4 4
FU 002B 3 4 4 4 4 3 3 4
NA 1 67A 3 2 3 2 4 3 4 3
PE 002A 2 2 2 2 + 2 2 2
TA 004A 4 4 4 5 5 4 4 4
BR 001A 2 + + + + + +
CM 01 0A + + + + + +
CM 017A + + + + + + 2 2
EU 002B + + + + + + +
EU 01 5A + + + + + + + +
EU 048A 2 3 2 2 2 2 2 2
EU 051A + + + + + +
EU 051B + + + + + + +
FR 005D + + + + + +
FU 002F + + + + + + +
TA 001A + + + + + + + +
AC 004A +
BR 9997
FR 9991
AC 022A + + + + + +
AU 010A + + + + + + +
BR 003A + + + + + + + +
CM 020A + + + + + +
CM 048A + + + + + +
EU 002C + + +
EU 009A + + + + + + +
EU 011A + + + + + + + +
EU 014A + + 2 + + + + +
EU 9961 + + + + + + +
EU 9999 + + + + + + +
FU 002A + + + + + +
NA 006A + + + + + + + +
NA 032A + + + + + +
NA 140A + + + + + 2 2 3
NA 1 56A 3 3 4 2 3 2 3 3
NA 1 58A + 2 + + 2 + 2 +
NI 005A + + + + + +
PI 011A + + + + + + + +
SA 001A + + + + +
SP 002A + + + + + + + +
s u 006A + + + + + + + +
TA 003A + + 2 2 2 2 2 +
CM 014A + + + + +
EU 040A + + + + + +
EU 9965 + + + + + +
NA 9897 + + +
PI 01 8A + + + + + +
SU 005A + + + + + +
AC 014C + +
AC 046A
EU 016A + + +
EU 049A + + + +
GO 004A +
PI 023A + +
AC 013A + + +
AU 01 0B + +
EU 002A + + +
EU 002E +
NE 012A +
PI 015A + +
AU 004A
EU 020A
ME 01 9A
PI 005A + +
AC 002A
EU 004A +
EU 025A + + + + +
EU 057A + + + + +
EU 058A + +
CY 006A +

Depth 2 2 2 2 2 2 1
Dry Wt 1 1 1 1 1 1 1

LOI 4 5 4 5 4 4 4 5
Slope 3 1 1 2 1 1 2 1

Group 1
1b

K K K K K E E E K K K K
4 7 7 7 6 0 4 2 5 7 7 5
4 8 6 4 5 5 4 2 7 0 1 3

2 2 2 2 + 2 2 2 2 2 2 +
4 3 5 3 4 4 5 4 3 4 3 4
4 4 3 4 4 3 3 4 3 3 4 4
3 3 3 4 4 3 4 3 4 3 4 4
+ 2 2 2 + 2 + 2 + 2 + +
4 4 4 4 4 4 3 4 4 4 4 3
+ + + + + + + +
+ + + + + + + + +
+ + + + + + + + 2 2 +
+ + + + + + + + + + + +
+ + + + + + 3 + + + +
+ + 2 2 2 2 + + + 2 + +
+ + + + + + + + + +
+ + + + + + + + + + + +
+ + + + + 2 + + + +
2 + + + + + + + 2 + + 2
+ + + + + + + + + + +
+

+ +
+ + + + + + + + + + +
+ + + + + + + + + +
+ + + + + + + + + + +
+ + + + +
+ + + + + + + + +
+ + +
+ 2 + + + 2 2 2 2+ + + + 2 + 2 + + + + +
+ 2 + 2 + + 2 + 2 + 2 +
+ + + + + + + + +
+ + + + + + + + + + + +
+ + + + + + + 2 + + + +
+ + + + + + + + + + +

+ + + +
2 2 + + 2 2 + 3 2 2 2 3
3 4 3 4 3 4 + 3 3 3 4 3+ 2 + 2 + + + + + + + +
+ + + + + + + +
+ + + + + + + + + +
+ + + + +
+ + + + + + + + + + +
+ + + + + + + + + + + +
2 2 + 2 2 + + + + + + +
+ + + + 2 + + + + +
+ + + + +
+ + + + + + + + + + +
+ + + + + + + + + +
+ + + + + + + +
+ + + + + + + +

+ + + + + +
+ +

+ + + + +
+ + + + + + +

+ + + +
+ + + +

+ + +
+ + +

+ + + +
+

+ + +
+ + + +

+
+ +

+
+ + + +

+ +
+

+ + + + +
+ + + +

+
+ + + + +
2 1 2 2 3 2 1 2 2 2 2 2
1 1 1 1 1 2 1 2 1 1 1 1
4 4 4 5 3 4 1 4 4 4 4 4
2 1 1 2 1 3 1 2 2 1 2 2

2a
K K E E E K K E K K
6 3 3 7 3 2 4 6
2 0 5 0 2 3 4 7 5 1

3 2 3 2 + 2 3 2 2 2
4 3 4 4 4 4 3 3 3 4
4 3 3 4 4 4 4 4 4 4
4 4 3 2 + 3 3 3 2 3
2 + 2 3 3 2 2 + + 2
4 4 3 3 3 3 3 3 3 3
+ + 2 2 2 2 + + + 2
+ + + + + + + +
2 + + + + + + + 2
+ + + + + + + + + +
+ + + + + + + + + +
+ 2 2 4 4 3 2 2 + +
+ + + + + + + + + +
+ + + + + + + +
+ + + 2 + + + + 2 2
+ 2 + + + 2 2 3 2 2
+ + + + + + + + + +

+ +
+ + + 2 + + 2 + + +
+ + + + + + + + 2 +

+ + + + + + +
+ + + + + + + +
+ + 2 + + + + +

+ +
2 2 + + + + + + + +
+ + + + + + + + +
+ + + + 2 + +
+ + + + + + + +
+ + + + + + +
+ + + + + + +
+ + + + + + +
+ + + + + +
2 2 + + + + 4 3 4 3
4 4 2 3 4 3 2 3 2 3
+ + + 2 + 2 + + +
+ + + •f + + +
+ + + + ■f 2 + + +

+ + + + + + +
+ + + + + + +
+ + + + + + + + +
+ 2 + + + + + + +
+ + + + + + + + + +

+ + +
+ + + + +

+ + + + 2 + +
+ + + + + + +
+ + + + + + +

+ + + +
+ + + + +
+ + + + + +

+ + + +
+ + + + +

+ + + + +
+ + + + + +

+ + + + + +
+ + + + + +

+ + + + +
+ + + + +

+ + + + +
+ + + +

+ + +
+ +

+ + + + + +
+ +

+
+ + +

+ +
+

+ + +
2 2 2 3 3 2 3 4 3 2
1 1 3 2 2 1 1 2 3 1
4 4 2 4 4 4 4 4 3
1 2 2 3 3 2 3 2 2 2

Group 2 
2b

K K K K K K K E K E E K E
5 5 4 5 4 4 0 4 2 4 1 5 1
9 0 6 2 7 8 6 6 9 7 7 4 1

2 2 2 2 2 3 2 2 2 3 2 2 +
3 3 3 4 3 4 4 4 3 4 4 4 4
3 4 4 3 4 4 3 4 4 4 4 3 4
3 2 3 3 3 3 3 2 3 3 3 3 3
2 2 + + + 2 2 + + 2 + 2 2
3 3 3 3 3 4 4 3 4 3 3 4 3+ 2 + + + + 2 + + + + + +
+ + + + + + + + + + + + +
+ + 2 + 2 + + + + 2 + +
+ + + + + + + + + 2 + + +
+ + + + + + + + + + + + 2
+ 2 + 2 + + 2 3 + 2 2 2 2
+ + + + + + + + + + + + +
+ + + + 2 + 2 + + + + +
+ 2 + + + 2 + + + + + + +
2 2 2 2 2 2 2 2 2 + + + +
+ 2 + + + + + + + 2 + + 2
+ + + +

+
+ + +

+ + + 2 + + + + + + 2 + +
+ 2 + + + 2 + 2 + + +
+ + + + + + + + + + + +
+ + + + + + + + + + +
+ + + + + + + + + + + +
+ + + +
2 + + + + + + + + + + +
+ + + + + + + + + 2 + + +
+ + + + + 2 + + + +
+ + + + + + + + + +
+ + + + + + + + +
+ + + + + + + 2 + + + +
+ + + + + 2 + + + + 2 2 +
+ + + + + + + + + +
3 2 4 3 4 3 3 2 4 3 3 3 2
3 2 2 4 3 3 3 4 2 2 4 3 3+ + + + + + + 2 + + + 2 +
+ + + + + + +
+ + + + + + + + + + + +
+ + + + + + + + + + +
+ + + + + + + + + + +
+ + + + + + + + + + + + +
+ + + + 2 2 + + 2 + + + +
+ + + + + + + + + + + +

+ + + + + + + +
+ + + + + + + +
2 + 2 + + + 2 + + + 2+ + + + + + + + + + +

+ + + + + + + + + +
+ + + + + + + +

+ + +
+ + + + +
+ + + + + + + +

+ +
+ + + + + + + + +
+ + + + + + + + +
+ + + + + + + + +
+ + + + + + + + +

+ + + + + + + +
+ + + + + +
+ + + + + + +

+ + +
+ + + + + +

+ + + +
+ + + +

+ + + +
+ + + + + +
+ + + +
+ + + + + + +

+ + + + +
+ + + + +
4 4 3 2 4 4 7 2 3 4 3 2 2
2 2 1 1 1 1 1 1 1 1 1 1 1
4 3 5 4 4 4 4 4 4 4 4 4 4
2 3 2 3 2 2 2 3 3 3 3 2 2
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Group 3
3a

K K K K K K K K K K K K K K K K E K K
3 2 2 4 6 0 1 3 4 0 1 1 2 1 3 0 2 0 1
5 8 2 0 7 9 6 6 9 5 4 3 6 0 7 1 3 2 5

Group 4
3b 4a 4b

K K K  K E K  K E K  E E E E E
0 2 2 1 1 2  3 3 3 3 3 1 3 4
7 3 5 1 5  7 8 2 1 4  3 7 9 1

BR 006A 2 2 2 2 2 3 2 3
EU 047A 4 4 4 3 4 4 4 4
FU 002B 4 4 4 4 4 3 4 4
NA 1 67A 2 2 2 3 2 2 2 +
PE 002A 2 2 + + 2 2 2 2
TA 004A 4 4 4 3 3 4 4 4
BR 001A + + + + 2 + 2 +
CM 010A + + + + + + +
CM 017A 2 + + + + + + +
EU 002B + + + + + + + +
EU 01 5A + + + + + 2 + 2
EU 048A 2 2 2 2 2 2 2 2
EU 051A + + + + + + + +
EU 051B 2 2 + 2 + 2 + +
FR 005D + 2 + 2 + + + +
FU 002F + + + 2 + + + 2
TA 001A + + + + + + + 2
AC 004A + +
BR 9997
FR 9991 +
AC 022A + + + 2 2 + 2 +
AU 010A + + + + + + + +
BR 003A + + + + + + +
CM 020A + + + 2 + + + +
CM 048A + + + + + + +
EU 002C + + +
EU 009A + + + + + + + +
EU 011A + + + + 2 + 2 +
EU 014A + + + + + + +
EU 9961 + 2 + + + + + +
EU 9999 + + + + + +
FU 002A + + + + + +
NA 006A + + + + + + + +
NA 032A + + + + + +
NA 140A 3 2 2 4 + 2 2 3
NA 156A 2 2 2 2 3 3 3 2
NA 1 58A + + + + + + + +
NX 005A + + + + +
PI 011A + + + + + + + +
SA 001A + + + + + + + +
SP 002A + + + + + +
SU 006A + + + + + + + +
TA 003A 2 2 2 + + + + 2
CM 014A + + + + + + + +
EU 040A + + + + + +
EU 9965 + + + + +
NA 9897 + + + + + + + +
PI 018A + + + + + +
SU 005A + + + +
AC 014C + + +
AC 046A +
EU 01 6A + + + + + +
EU 049A + + + + + +
GO 004A + +
PI 023A + + + + +
AC 013A + + + + + + +
AU 010B + + + + + +
EU 002A + + + +
EU 002E + + + +
NE 012A + + + + +
PI 01 5A +
AU 004A + + + + + +
EU 020A + + + +
ME 019A + + + + +
PI 005A + + +
AC 002A + +
EU 004A + + + + +
EU 025A + +
EU 057A + + + +
EU 058A + + +
CY 006A + +

Depth 4 5 6 4 7 7 7 6
Dry Wt 1 1 1 2 1 1 1 1

IOI 5 4 5 4 4 4 5 4
Slope 2 2 1 3 1 1 2 1

2 3 3 2 2 3 2 2 2 2 2 3 2
4 4 4 4 4 4 4 4 4 4 4 4 4
4 3 4 3 4 3 4 3 4 3 3 3 3
2 2 2 2 2 2 2 2 2 2 2 3 2
2 2 2 2 2 + 2 2 2 + 2 2 2
4 4 4 4 4 4 4 4 3 4 4 4 4
+ 2 + + 2 + 2 2 + 2 + + 2
+ + + + + + + + 2 + + +
+ + + + + + + + 2 2 + + +
2 + + + + + 2 + + + + + +
+ + 2 + + + 2 + 2 + + + +
2 2 2 2 2 2 2 3 2 2 2 2 2
+ + + + + + + + + + + + +
+ 2 2 2 + 2 + + + 2 2 2 2
+ + + + 2 + + + + + 2 + +
+ + + + + + + + + + + + +
+ + + + + 2 + 2 2 + + + 2

+
+

+ + 2 + + 2 2 + 2 + + 2 2
+ + + + + + + + + + + + +
+ + + + + + + + + + + + +
+ + + + + + + + + +
+ + + + + + + + + + + + +

+ + + +
+ + + + + + + + + + + +
+ + + + + 2 + + 2 2 2 + +
+ + + + + + + + + + + + +
+ + + 2 + + + + + + + + +
+ + + + + + + +
+ + + + + + + + + + + +
+ + + + + + + + + + + + +

+ + + + + + + + + + +
3 2 + 2 2 + 2 2 2 2 2 2 2
3 3 2 3 3 2 3 3 2 3 2 3 2
+ + + + + + + + + + + + +
+ + + + + + + + + + + +
+ + + + + + + + + + + +
+ + + + + + + + +
+ + + + + + + + + +
+ + + + + + + + + + +
2 2 2 + + 2 + 2 + + 2 2 2+ + + + + + + + + + + + +
+ + + + + + + + + + + +
+ + + + + + +
+ + + + + + + + + + + + +
+ + + + + + + + + + +

+ + + + + + +
+ + + + + + + + + + +
+ + + +

+ + + + +
+ + + + + + + + + + + +

+ +
+ + + + + + + + + +
+ + + + + + + + + + +
+ + + + + + +

+ + + + + + +
+ + + + + + + + +
+ + + + + + + +
+ + + + +
+ + + + + +
+ + + + + + +
+ + + + + + + +
+ + + + + + + +

+ + +
+ + +

+ + + + + +
+ + + + +
+ + + + + + +

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

2 3 3 2 2 3 2 + 3 2 2 2
4 4 4 4 4 3 4 4 4 3 4 5
3 3 4 3 3 3 3 3 3 2 4 4
+ 2 2 2 2 3 2 2 3 3 3 3
2 2 2 2 2 + 2 2 + + + +
3 3 3 3 3 2 + 2 3 3 2 3
+ + 3 2 3 2 2 + + + +
+ + + + + + + + + + + +
+ + + + + + + + + + 2 +
+ 2 + + 2 + 2 + + + 2 +
+ + + + + 2 2 2 3 + 2 3
2 2 3 2 2 + + + + + +
+ + + + + + 2 + + + +
2 + + 2 + 3 2 4 3 + +
2 2 2 2 2 + + + + + +
2 + + 2 + + + + + 2 +
2 + + + 2 + + + + + +

+ + +
+ + + +
+ 2 + +

2 2 + + 2 2 3 4 3 5 + 2
+ + + + + + + + +
+ + + + + + + +
+ + + 2 + + 2 2 +
+ + + + + + + + +
+ + +
+ + + + + + +

2 + + + 2 3 3 2 2 2 2
+ + + + + + 2 + +
+ + + 2 + 2 2 + + + + +
+ + + + + + + + + +
+ + + + + + + + +
+ + + + + + + + + +
+ + + + + + 2+ 2 + 2 + + + 2 3 2 2
3 4 3 3 3 4 + + + 2 + +
2 + 2 + + + + +
+ + + + + + +
+ + + + 2 +

+ + + + + +
+ + + + + + + +
+ + + + + + + + +
+ + + + + + + + + + +
+ + + + + + + 3 + 2 2
+ + + + + + + +
+ + + 2 2 2 +
+ + + + + + +

+ + + + + + + + +
+ + + + + + +

+ + + + + + + + +
+ + +

+ + + + +
+ +

+ + + + + + + +
+ + + + +
+ + + + 2 + +
+ + + + +
+ + + + + + +

+ + + + + +
+ + + + 2 + +
+ + + + +
+ +

+ + +
+ + +

+ + + + +
+ + + + + +

+ + + + +
+ + + +

+ + +
+ + + +

+ + + +

6 6 7 5 5 1 1 4 1
1 2 1 5 4 5 5 6 5 5
4 4 4 3 4 1 1 1 1
2 2 2 2 1 1 2 1 3 1
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Group 5 Group 6 Group 7 Group 8
5a 5b 6 7 8

E K E K K E K K K E E K K K K K K K K E E E E E K K K E E K E K E K E E K E
0 6 2 0 2 4 6 7 3 2 4 6 6 5 4 1 2 0 2 2 4 5 5 6 2 3 4 4 2 0 3 0 6 0
8 4 5 8 4 3 8 9 2 9 9 2 6 9 6 2 9 3 6 9 0 8 5 8 3 1 8 3 0 0 4 3 6 6 0 3

BR 006A 2 2 2 2 2 2 2 3 2 2 2 3 2 2 2 2 2 2 2 2 2 + + 2 2 2 2 2 2 2 4 3 3 3 + + 2 +
EU 047A 4 3 4 4 4 3 4 4 4 3 4 3 4 4 3 2 3 3 3 3 3 3 2 3 4 3 3 4 3 3 2 3 2 3 + 3 3 3
FU 002B 3 3 3 3 3 4 4 3 4 4 4 3 4 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4 4 4 3 2 2 3 3 2 2
NA 167A 2 2 2 2 2 2 + + 2 2 + 2 2 + 2 + + + + + + + 2 2 + + 2 + + 2 + + + 2 + + + +
PE 002A 3 2 2 + 2 + 2 3 2 + 2 2 2 3 2 2 2 3 2 3 + 3 2 + 2 + + 2 + + + + 2 + + + + +
TA 004A 3 2 3 3 2 2 3 2 3 3 + 2 3 2 + 2 2 + 2 + 2 + + + 2 + + 2 2 + + + + 2 + 2
BR 001A 2 3 3 3 3 2 3 3 2 3 2 3 4 3 3 4 4 4 4 4 3 3 4 4 2 4 2 + + 2 2 2 3 + 2 +
CM 010A 2 + + + + 2 + + + + 2 + + 2 + 2 + + + 2 2 2 2 + + + 2 + + 2 3 2 + + +
CM 017A + + + + + + + + 2 + + + + + + + + + + + + 2 + + + + + 2 + + + + + + + +
EU 002B 2 + + + + + + 2 + + 2 2 2 2 2 2 2 2 2 2 + 2 2 + + + 2 + + + 2 + 2 + + + + +
EU 015A + + + + + + + + + + + + + + + + + + + 2 + + + + + + + + + + + + +
EU 048A 3 2 2 2 2 + 2 2 + + + + 2 + + + + + + + + + + + + + + + + 2 + + + + + 2
EU 051A + + + + + + + + + + + + + + 2 + + + + + + + + + + + + 2 + + 3 + + + 2 +
EU 051B + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
FR 005D + + 2 2 2 3 2 2 3 4 3 3 2 3 3 3 2 3 2 3 4 3 3 3 3 3 4 4 3 3 4 4 4 3 2 2 2 +
FU 002F + 2 2 + + + + 2 2 + + 2 + 2 + + + + + 2 + 2 + 2 2 2 + + 2 4 2 2 2 2 + 2 2
TA 001A 2 2 2 2 + 2 2 2 + + 2 2 + 2 2 2 2 2 2 2 + 2 + 2 2 + + 2 + + 2 + + + + + +
AC 004A + + + + + + + + + + + + 2 + + + + + + 2 + + +
BR 9997 + + + + + + + + + + + 2 + + + + + +
FR 9991 + + + + + + + + + + +
AC 022A + 2 + 2 2 + 2 + + + + + + + 2 2 2 + 2 + + + + 2 + + + + + + + + +
AU 010A + + + + 2 + + + + + + + + 2 2 + + + + 3 3 2 2 2 2 4 4 4 5 5 5 5
BR 003A + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
CM 020A + + + + + + + + + + + + + + + + + + + + + +
CM 048A 2 + 2 + 2 2 + + + 2 3 2 2 2 2 2 2 + 2 2 2 2 2 2 2 2 + 3 3 2 + 3 + + + + +
EU 002C + + + + + + + + + + + + + 2 + + + +
EU 009A + + + + + + + + + + + + + + + + +
EU 011A + 2 + + + + 2 + + + + + + + + + + + + + + + + + + + + + + + + +
EU 014A + + + + + + + + + + + + + + +
EU 9961 + + + + + + + + + + + + + + + + + + 2 + + + + + + + + + + + +
EU 9999 + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
FU 002A + + + + + + + + + + + + + + + + +
NA 006A + 2 + + + + + + + + + + + + 2 + + + 2 + 2 + 2 + 2 2 + + + + + + + 2
NA 032A + + + + + + + + + + + + + + + + + + 2 + + + + 2 2 3 2 + + 2 + + + +
NA 140A + 2 2 + + + + + + 2 + + + + + + + + + + + + 3 + 2 2 + 2 + 2 + + 2 +
NA 156A 3 3 3 2 2 3 3 3 3 + + + 3 2 + 2 + 2 2 2 2 + 2 2 + + 2 + + 3 + + 2 + +
NA 158A + + + + + + + 2 2 2 + + + + + + + + + + + + + +
NX 005A + + + + + + + + + + + + + + + 2 + + 2 2 + 2 + 3 + + + + + + + + +
PI on a + + + + 2 + + + + + + + 2 + + + + + + + + + + + + + +
SA 001A + + + + + + + + + + + + + + + + + + + + + +
SP 002A + + + + + + + + + + + + + + + + + + + +
SU 006A + + + + + + + + + + + + + + + + + + + + + + +
TA 003A + + + + + + + + + + + + + + + + + + + + + + + + + + + +
CM 014A + 2 + + + + + + + + + + + + + + + + + + +
EU 040A + + + + + + + + + + + + + + + + + + + + + + + +
EU 9965 + + + + + + + + + + + + + + + +
NA 9897 + + + + + + + + + + + + + +
PI 018A + + + + + + + + + + + + + + + + + + +
SU 005A + + + + + + + + + + + + + +
AC 014C + + + + + + + + + + + + + + + + + +
AC 046A + + + + + + + + + + + + + + + + +
EU 01 6A + + + + + + + + + + + + + + + + + + + + + + + 2 + + + +
EU 049A + + + + + + + + + + + + + + + + + + + +
GO 004A + + + + + + + + + + + + + + + + + + + + + + +
PI 023A + + + + + + + + + + + + + + + + + + + + +
AC 013A + + + + 2 + + + + + + 2 + + 2 2 2 + + 3 3 3 2 2 + + + + 2 + + + +
AU 01 OB + + + + + + + + + + + + + + + + 2 + 2 + + + 2 2 3 3 3 4 5
EU 002A + + + + + + + + + + + + + + + + + + + + + + 2 + 3 + + + + +
EU 002E + + + + + + + + + + + 2 + + + 2 + + 2 + + + + + +
NE 01 2A + + + + + + + + + + + + + +
PI 015A + + + + + + + + + + + + + + +
AU 004A + + + + + + + + + + + + + + + + 3 2 2 +
EU 020A + + + + + + + + + + + + + + + +
ME 019A + + + + + + + + + + 3 2 + + + +
PI 005A + + + + + + + + + + + + + + + + + + +
AC 002A + + + + + + + + + + + + + + + + + + + + + + +
EU 004A + + + + + + + + + + + + + + + + + + + + + +
EU 025A + + + + + + + + + + + + + + + + +
EU 057A + + + + + + + + + + + + + + + +
EU 058A + + + + + + + + + + + +
CY 006A + + 2 + + + + + 2 2 + + + + +

Depth 6 4 4 6 6 1 6 2 1 5 2 1 1 1 6 7 3 3 3 3 4 1 5 5 3 3 3 5 4 5Dry Wt 2 2 3 2 3 2 2 1 2 2 2 2 2 2 4 2 2 3 3 3 3 2 3 1 5 5 2 5LOI 4 4 4 4 4 2 4 3 3 3 2 4 3 3 2 3 2 3 5 4 2 3 3 2 2 2 1 2 1 2 2 1 1
Slope 3 1 3 3 2 2 2 2 2 1 1 3 2 1 1 1 2 1 2 3 1 3 2 3 1 1 1 2 3 2 3 3 1 3
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Appendix Three

Troels-Smith Descriptions of Kajak Cores

Core Depths
(cm)

Sediment Type Troels-Smith Descri]

KOI 0-19 black organic mud Ld°4 Lso+ Dh+
19-27 brown organic mud Ld°3 Lsol Ag+ Dh+

K02 0-29 black organic mud Ld°4 Lso+ Dh+

K03 0-9.5 black organic mud Ld°4 Lso+ Dh+

K05 0-34 black organic mud Ld°4 Lso+ Dh+ Ag+

K06 0-12 black organic mud Ld°4 Lsof Ag+

K07 0-20 black organic mud Ld°4 Lso-f- Ag+

K08 0-7 black organic mud Ld°4 Lso+ Ag+
7-8 brown organic mud Ld°3 Lsol Ag+ Dh+

K09 0-17 black organic mud Ld°4 Lso+ Dh+

K10 0-19 black organic mud Ld°4 Lso+ Dh+

K ll 0-13 black organic mud Ld°4 Lso+- Dh+

K12 0-6 black organic mud Ld°4 Lso+ Ag+ Dh+
6-17 brown organic mud Ld°3 Lsol Ag+ Dh+

K13 0-20 black organic mud Ld°4 Lso+ Dh+
20-24 brown organic mud Ld°3 Lsol Ag+

K14 0-24 black organic mud Ld°4 Lso+ Dh+

K15 0-23 black organic mud Ld°4 Lso+ Dh+

K16 0-23 black organic mud Ld°4 Lso+ Ag+ Dh+

K17 0-13 black organic mud Ld°4 Lso+ Dh+ Ag+
13-17 brown organic mud Ld°3 Lsol Ag+ Dh+

K19 0-7.5 black organic mud Ld°4 Lso+ Ag+
7.5-23 brown organic mud Ld°3 Lsol Ag+ Dh+
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Core Depths
(cm)

Sediment Type

K20 0-4.5 organic clay
4.5-7.5 brown organic mud
7.5-17 clay

K21 0-10 black organic mud
10-23 brown organic mud

K22 0-21 black organic mud
21-27 brown organic mud

K23 0-0.5 black organic mud
0.5-2.0 brown organic mud
2.0-10 black organic mud
10-17 brown organic mud

K24 0-2.5 black organic mud
2.5-11 brown organic mud

K25 0-13 black organic mud
13-18 brown organic mud

K26 0-28 black organic mud

K27 0-10 black organic mud
10-11 sandy mud
11-22 black organic mud
22-26 brown organic mud

K28 0-20 black organic mud
20-28 brown organic mud

K29 0-1.5 black organic mud
1.5-3.5 sandy mud
3.5-20 black organic mud
20-25 brown organic mud

K30 0-21 brown oganic mud
21-25 silty organic mud

K31 0-10 sand

K32 0-16 brown mineral mud

K33 0-2.5 brown organic mud
2.5-8.0 clay

K34 0-7.5 black organic mud
7.5-24 brown organic mud

Troels-Smith Description

As3 *Gal Lso+ Ld°+
Ld°3 Gal Lso+ Dg+
As4

Ld°4 Lso+ Dh+ Ag+
Ld°3 Lsol Ag+ Dh+

Ld°4 Lso+ Dh+ Ag+
Ld°3 Lsol Ag+ Dh+

Ld°4 Lso+ Ag+
Ld°3 Lsol Ag+ Dh+
Ld°4 Lso+ Dh+
Ld°3 Lsol Ag+

Ld°4 Lso-f-
Ld°3 Lsol Ag+ Dh+

Ld°4 Lso+ Dh+
Ld°3 Lsol Ag+

Ld°4 Lso+ Ag+

Ld°4 Lso+ Ag+
Ld°3 Gal Lso+ Ag+
Ld°4 Lso+ Dh+
Ld°3 Lsol Ag+

Ld°4 L sch- Ag+ Dh+
Ld°2 Lsol Agl

Ld°4 Lso+ Ag+
Ld°3 Gal Lso+ Dh+
Ld°4 Lso+ Dh+ Ag+
Ld°3 Lsol Ag+ Dh+

Ld°3 Lsol Ag+
Ld°2 Agl Lsol

Ga4 Lso+ Ld°+

Lg°2 Agl Lsol Dh+

Ld°3 Lsol Ag+ As+
As3 Gal Dg+ Ag+

Ld°4 Lso+ Ag+
Ld°3 Lsol Ag+ Dh+
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Core Depths
(cm)

Sediment Type

K35 0-10 black organic mud
10-27 brown organic mud

K36 0-23 black organic mud

K37 0-25 black organic mud

K38 0-8 black organic mud
8-10 brown organic mud
10-20 black organic mud
20-22 clay

K40 0-19 brown organic mud
19-23 silty organic mud

K41 0-2.5 black organic mud
2.5-21 brown organic mud
21-29 silty organic mud

K42 0-4 brown organic mud
4-22 silty organic mud

K43 0-11 brown organic mud

K44 0-1 black organic mud
1-15 brown organic mud

K45 0-12 brown organic mud

K46 0-1.5 black organic mud
1.5-20 brown organic mud

K47 0-10 black organic mud
10-25 brown organic mud

K48 0-12 black organic mud
12-20 brown organic mud

K49 0-39 black organic mud

K50 0-4 black organic mud
4-15 brown organic mud
15-25 silty organic mud
25-29 clay

K51 0-20 brown organic mud

K52 0-27 black organic mud
27-28 brown organic mud

Troels-Smith Description

Ld°4 Ldo+ Dh+
Ld°3 Ldol Ag+

Ld°4 Lso+ Ag+ Dh+

Ld°4 Lso+ Dh+

Ld°4 Lso+ Ag+
Ld°3 Lso+ Ag+ Dh+
Ld°4 Lso+
As3 <Gral Dg+ Ag+

Ld°3 Lsol Ag+ Dh+
Ld°2 Lsol Agl

Ld°4 Lso+ Ag+
Ld°3 Lsol Ag+
Ld°2 Agl 1Lsol As+

Ld°3 Lsol Ag+
Ld°2 Lsol Agl Dh+

Ld°3 Lsol Ag+ Dh+

Ld°4 Lsol Ag+
Ld°3 Lsol Ag+

Ld°3 Lsol Ag+

Ld°4 Lso+ Ag+
Ld°3 Lsol Ag+ Dh+

Ld°4 Lso+ Ag+ Dh+
Ld°3 Lsol Ag+

Ld°4 Lso+ Dh+
Ld°3 Lsol Ag+ Dh+

Ld°4 Lso+ Dh+

Ld°4 Lso+ Ag+
Ld°3 Lsol Ag+ Dh+
Ld°2 Agl Lsol
As4

Ld°3 Lsol Ag+ Dh+

Ld°4 Lso+ Ag+
Ld°3 Lsol Ag+ Dh+



Core Depths
(cm)

Sediment Type Troels-Smith Description

K53 0-25 black organic mud Ld°4 Lso+ Ag+ Gs+

K54 0-2.5 black organic mud Ld°4 Lso+ Dh+ Ag+
2.5-7.5 brown organic mud Ld°3 Lsol Ag+
7.5-20 silty organic mud Ld°2 Agl Lsol

K55 0-1 black organic mud Ld°4 Lso+ Dh+ Ag+
1-18 brown organic mud Ld°3 Lsol Ag+
18-32 silty organic mud Ld°2 Agl Lsol Dh+

K56 0-3 brown organic mud Ld°3 Lsol Ag+ Dh+
3-17 silty organic mud Ld°2 Agl Lsol

K57 0-11 black organic mud Ld°4 Lso+ Ag+ Gs+
11-26 brown organic mud Ld°3 Lsol Ag+ Dh+
26-36 silty organic mud Ld°2 Agl Lsol Gs+

K58 0-16 brown organic mud Ld°3 Lso+ Ag+ Gs+

K59 0-7 black organic mud Ld°4 Lso+ Ag+
7-27 brown organic mud Ld°3 Lsol Ag+ Dh+

K60 0-22 brown organic mud Ld°3 Lsol Ag+

K61 0-4 black organic mud Ld°4 Lso+ Ag+
4-16 brown organic mud Ld°3 Lsol Ag+ Gs+

K62 0-12 brown organic mud Ld°3 Lsol Ag+ Gs+
12-21 silty organic mud Ld°2 Agl Lsol Dh+

K63 0-17 brown organic mud Ld°3 Lso+ Ag+ Dh+

K64 0-6 black organic mud Ld°4 Lso+ Ag+ Gs+ Dh+
6-16 brown organic mud Ld°3 Lsol Ag+ Dh+ Gs+ Ga+

K65 0-14 black organic mud Ld°4 Lso+ Ag+ Ga+

K66 0-11 brown organic mud Ld°3 Lsol Ag+ Gsh*

K67 0-10 black organic mud Ld°4 Lso+ Ag+ Dh+
10-14 brown organic mud Ld°3 Lsol As+ Dh+

K68 0-5 black organic mud Ld°4 Lso+ Ag+ Dh+
5-14 brown organic mud Ld°3 Lsol Ag+ Dh+

K69 0-6 brown organic mud Ld°3 Lsol Ag+
6-21 silty organic mud Ld°2 Agl Lsol



Core Depths
(cm)

Sediment Type Troels-Smith Description

K70 0-3.5
3.5-6
6-19

black organic mud 
brown organic mud 
silty organic mud

Ld°4 Lso+ Ag+ Dh+ 
Ld°3 Lsol Ag+
Ld°2 Agl Lsol Dh+

K71 0-8
8-17

black organic mud 
brown organic mud

Ld°4 Lso+ Ag+ As+ Dh+ 
Ld°3 Lsol Ag+ Dh+

K73 0-14
14-23

black organic mud 
mineral mud

Ld°4 Lsch- Ag+ Dh+ 
Ld°3 Lsol Ag+

K75 0-2
2-6.5
6.5-18

black organic mud 
brown organic mud 
silty organic mud

Ld°4 Lso+ Ag+
Ld°3 Lsol Ag+ Dh+ 
Ld°2 Agl Lsol

K78 0-2.5
2.5-16
16-31

black organic mud 
brown organic mud 
silty organic mud

Ld°4 Lso+ Dh+ Ag+ 
Ld°3 Lsol Ag+ Dh+ 
Ld°2 Agl Lsol

K81 0-2.5
2.5-21
21-32

black organic mud 
brown organic mud 
silty organic mud

Ld°4 Lsch- Ag+ Dh+
Ld°3 Lsol Ag+ Dh+ As+
Ld°2 Agl Lsol Dh+ As+ Ga+

K82 0-23 black organic mud Ld°4 Lso+ Ag+ Dh+

K83 0-25 black organic mud Ld°4 Lsch- Dh+

K84 0-18 black organic mud Ld°4 Lsch- Ag+ Dh+

K85 0-28 black organic mud Ld°4 Lso+ Ag+ Dh+

K86 0-22 black organic mud Ld°4 Lsch- Ag+ Dh+

K87 0-16 black organic mud Ld°4 Lso+ Dh+

K88 0-13 black organic mud Ld°4 Lso+ Dh+

K89 0-18 black organic mud Ld°4 Lso+ Dh+ Ag+

K90 0-25 black organic mud Ld°4 Lsch- Dh+ Ag+

K91 0-25 black organic mud Ld°4 Lsch- Dh+ Ag+

K92 0-21 black organic mud Ld°4 Lsch- Dh+ Ag+

K93 0-21 black organic mud Ld°4 Lsch- Dh+ Ag+

K96 0-12
12-15

black organic mud 
brown organic mud

Ld°4 Lsch- Ag+
Ld°3 Lsol Ag+ Ga+


