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Abstract
The implementation of the European Water Framework Directive (Directive, 2000) prescribes
the use of phytoplankton as a biological quality element for the determination of ecological
status in surface waters. This study aimed to evaluate high performance liquid chromatography
(HPLC) and a combination of polymerase chain reaction and denaturing gradient gel
electrophoresis (PCR-DGGE) for the assessment of the plankton community in Scottish
freshwater lakes. Phytoplankton composition and biomass were determined using microscopy
and HPLC, while bacterioplankton density and diversity were assessed using flow cytometry
(FC), epifluorescence microscopy (EPM), and PCR-DGGE respectively.
HPLC and PCR-DGGE were initially applied to water samples from Loch Rannoch to test the
applicability of the techniques during a spatio-temporal assessment of the plankton communities
in the lake.

The deep oligotrophic lake, which stratified over summer, contained a low

phytoplankton biomass that was reflected by both, microscopy and HPLC. The variations in the
phytoplankton data were related to changes in light, temperature and nutrients.

Spatial

heterogeneity in the bacterioplankton community compositions (BCCs) across and down the
water column was mainly associated with stratification and dissolved organic carbon (DOC).
An assessment of changes in the plankton communities was made fortnightly in mesotrophic
Loch Calder, another heavily modified water body, which supplies drinking water to parts of
Northern Scotland. Major peaks in cyanobacteria and diatoms occurred in summer 2009 and
spring 2010 respectively, with lower phytoplankton biomasses noted over autumn and winter.
Aspects of plankton eco-physiology could be assessed by the quantification of pigment
degradation products and carotenoids, which showed evidence of photo-protection, grazing and
senescence. Bacterioplankton density was positively correlated to phytoplankton biomass and
BCC appeared to shift in accordance with transitions in ecological seasons.
A geospatial study of 20 freshwater lakes across Northern Scotland using both techniques
revealed a diverse range of lake types. The pigment profiles in the lakes corroborated their
respective microscopy data, with lakes with pronounced differences in pH having distinct
phytoplankton compositions. The study also revealed geospatial variations in bacterioplankton
density and diversity. Bacterial densities determined using FC and EPM in both, Loch Calder
and the Highland lakes showed some discrepancies, which could be explained by factors such as
sample processing and the sensitivities of the respective techniques. The presence of at least 60
dominant bacterioplankton taxa in the northern Highland lakes showed that diversity in Scottish
lakes was comparable to that in some northern European lakes.
This work is the first to demonstrate the applicability of HPLC and PCR-DGGE as viable tools
for the assessment of biomass, composition and diversity of phytoplankton and bacterioplankton
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in Scottish freshwater lakes. Furthermore, the study highlights the potential of the pigment data
in assessing the ecological status of the freshwater lakes.
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CHAPTER 1
Introduction and literature review

Introduction
Scotland extends over an area of 78 130 km2 (Soulsby et al., 2002), approximately 2 % of which
is covered by at least 31 000 freshwater lakes (Lyle and Smith, 1994 in Ferrier and Edwards,
2002). As highlighted by Ferrier and Edwards (2002), over 90% of all the standing waters in
UK are located in Scotland, with the greatest majority being oligotrophic in nature and therefore
potentially sensitive to anthropogenic impacts. As the nature of environmental pressures vary,
water quality changes correspondingly over time (e.g. Langan and Soulsby, 2001; Soulsby et
al., 2001). Likewise, research on water quality in Scotland has been fuelled by the prominence
of stress factors, e.g. acidification (e.g. Flower et al., 1990; Allott et al., 1992; Harriman et al.,
2003; Evans et al., 2005; 2006) and eutrophication (e.g. Harper, 1986; Gunn et al., 1994;
Naysmith, 1999). During their surface-water monitoring programmes, environmental agencies
have relied mainly on water chemistry to determine water quality (Fozzard et al., 1999).
Relatively fewer ecological studies on the limnology of Scottish freshwater lakes exist, and
most of those, have been carried out on relatively few lakes (See Bailey-Watts, 1998) such as
Loch Lomond (e.g. Maulood and Boney, 1980) and shallower lakes including Lake of Menteith
(e.g. Maulood and Boney, 1981) and Loch Leven (e.g. Morgan, 1970; Bailey-Watts, 1986).
The implementation of the Water Framework Directive (WFD; Directive, 2000), which is
described further in Section 1.1, prescribes an integrated management of water with particular
emphasis on the ecological status of all water types. The WFD urges water/environmental
agencies across the European Union (EU) to include biological parameters during their
assessment of water quality status.

With regards to lake monitoring, phytoplankton,

phytobenthos, macro-invertebrates and fish are biological factors that need to be assessed prior
to establishing water quality status. The techniques and methods to assess the composition,
abundance and biomass of biological factors are currently being developed and/or modified.

1.1

Aims and objectives

This project hypothesises that HPLC and PCR-DGGE can be successfully applied to
characterise the phytoplankton and bacterioplankton communities of Scottish freshwaters and
contribute to the assessment of their ecological status.
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To test this hypothesis, several aims and objectives were set:
Aim

Test the applicability of HPLC and PCR-DGGE to assess the pelagic
phytoplankton and bacterioplankton communities in samples from Loch
Rannoch. (Chapter 4)

Objectives

Organise a spatio-temporal sampling programme at Loch Rannoch (20082009);
Design the sampling to ensure that the pelagic samples are representative of the
water quality
Determination of all physicochemical and biological parameters;
Develop and optimise a PCR-DGGE methodology that is adapted for the
analysis of water samples from Scottish lakes (See Chapter 3);
Use metadata to understand lake structure and function and relate these changes
to any corresponding changes in HPLC and PCR-DGGE data.

Aim

Assess any temporal changes in phytoplankton and bacterioplankton
communities in Loch Calder using HPLC and PCR-DGGE respectively.
(Chapter 5)

Objectives

Collection of water samples by “bucket sampling” at fortnightly intervals over
one year (2009-2010);
Determination of all physicochemical and biological parameters;
Compare the changes in HPLC data with microscopy data;
Compare

bacterioplankton

densities

determined

using

epifluorescence

microscopy (BEPM) and flow cytometry (BFC);
Relate the changes in HPLC and PCR-DGGE data to temporal changes in
physicochemical variables.
Aim

The assessment of phytoplankton and bacterioplankton communities from a
diverse range of lakes. (Chapter 6)

Objectives

Lake selection across the Northern Highlands and sampling during summer
2009.
Determination of physicochemical parameters and using data available in
literature, in order to characterise each lake;
Assess HPLC pigment data in relation to microscopy;
Compare the bacterioplankton densities (BEPM and BFC) in the different lakes;
Assess

PCR-DGGE

data

to

find

similarities

amongst

the

different

bacterioplankton communities.
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Aim

The integration of data gathered from the systems studied. (Chapter 7)

Objectives

Further review of the WFD and a general discussion of the results generated
throughout this study in relation to the WFD.
To assess the contribution of this work and identify areas that require further
investigation.

1.1.1 Project overview
The implementation of the WFD in 2000 and the consequential importance accorded to the
value of phytoplankton studies provides strong justification for the elaboration of such a project.
While there is no scarcity of phytoplankton studies worldwide, there is a need for more
limnological research in Scottish freshwater lakes. Scotland has a few very well-studied large
lakes such as Loch Lomond, Loch Leven and Loch Ness, where lake structure and function are
relatively detailed, but these represent a small fraction of the 31 000 lakes dotting the country.
This project is a humble contribution to expanding the knowledge on few less well-known
lakes. The novelty of this project lies in the application of HPLC to assess the phytoplankton
community in Scottish lakes. HPLC, described in the literature review, has been mostly used in
the study of marine phytoplankton, but its application in freshwater systems has not been largely
explored. This study is the first to apply both, this technique and methodology to freshwater
samples collected from Scottish lakes. Although it had been anticipated that the HPLC data
would be used to assess phytoplankton composition, this aspect of the project has not been
developed sufficiently for it to be included in this thesis. The assessment of phytoplankton
community composition using HPLC has been attempted and results will be published postthesis.
Most Scottish lakes are characterised as oligotrophic, brown-water lakes, and these
characteristics often imply high bacterial production and diversity.

However, the

bacterioplankton community in Scottish freshwater lakes has not been extensively studied. Few
studies have focussed on bacterioplankton density and secondary production in lacustrine
systems (e.g. Laybourn-Parry et al., 1994; Bass et al., 2010).

This study determined

bacterioplankton density and diversity in the lakes surveyed, and the data generated can be
compared with other European lakes. The study also assessed bacterioplankton diversity by
DNA fingerprinting, using PCR-DGGE of 16S rDNA, and is the first to apply this technique in
Scottish freshwater systems.
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1.2

Water Framework Directive

The WFD (Directive, 2000), adopted in 2000, provided a legislative framework for all member
states within the EU to effectively manage, use, protect, and restore their surface water and
groundwater resources within delimited river basins. The WFD embraces a holistic philosophy
to environmental protection that evolved from previous EU regulations and reflected the
passage from sectoral to integrated environmental policies (Solimini et al., 2009). The WFD
initially aimed to sensitise governments to reach good water status by 2015, while preventing
any further deterioration of surface waters and groundwater through sustainable management of
water resources. If the goal is not achieved within the planned timescale, this deadline is
extendable by another 12 years, i.e. to 2027 (Hering et al., 2010).
Water quality status is classified as “good” when the water body being investigated, satisfies
criteria for both, a good ecological and chemical status. The ecological status of surface waters
is “an expression of the quality of the structure and functioning of aquatic ecosystems
associated with surface waters, classified in accordance with Annex V.” (Article 2(21), p10).
The normative definitions provided in the document are of five ecological classes: high, good,
moderate, poor and bad. In simple terms, these narrative descriptions refer to conditions
present in water bodies of different qualities relative to reference conditions found in unimpacted sites (Nõges et al., 2009: p 197), which were synonymous to sites subjected to the
least anthropogenic impact (Figure 1.1).
The WFD prescribes a list of quality elements (QEs) during classification of the ecological
status of surface waters (Annex V to Directive, 2000).

For instance, assessment of the

ecological status of a lake, the QEs should include:
1. Biological quality elements (BQEs):
Composition, abundance and biomass of:
(i)

phytoplankton;

(ii)

other aquatic flora;

(iii)

invertebrate fauna;

(iv)

fish fauna.

2. Hydro-morphological elements supporting BQEs:
Hydrological regime (e.g. water flow, residence time, etc.)
Morphological conditions (e.g. lake depth, sediment type, lake shore structure, etc.)
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Figure 1.1 Decision-tree illustrating the criteria determining the different ecological status classes.
(Source: UKTAG, 2007b).

3. Chemical and physico-chemical elements supporting BQEs:
General:
(i)

Transparency;

(ii)

Thermal conditions;

(iii)

Oxygenation conditions;

(iv)

Salinity;

(v)

Acidification status;

(vi)

Nutrient conditions.

Specific pollutants, listed in Annex VIII to Directive (2000).
Prior to classification of their ecological status, lakes were first typified according to the
physicochemical characteristics of their catchments. Lake typology was primarily based on
alkalinities, size and depths of the water bodies (See Acreman et al., 2005). To establish the
ecological status of a lake, it is imperative that their reference conditions are known (Figure
1.1). The determination of reference conditions, albeit challenging, has partly been resolved by
the use of paleo-ecological tools (e.g. Bennion, 2004). Other more empirical means have been
used to generate reference conditions, like in the case of chlorophyll a concentration ([Chla]),
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where lake typology and total phosphorus concentration ([TP]) were used to estimate the
reference value of a lake (e.g. UKTAG, 2008).
When observed and expected values for any BQE are known, the ecological quality ratio (EQR)
can be calculated; EQR is the ratio between the observed biological parameter for any lake and
the expected value under reference conditions. This ratio is expressed as a numerical value
between 0 and 1, with high ecological status represented by values close to one and bad
ecological status by values close to zero. It is notable that where the BQE is known to increase
under anthropogenic pressure, the EQR is modified and expressed as the ratio of the reference
value to observed value (van de Bund and Solimini, 2007).
EQR is an innovative approach employed by the WFD to enable comparability between the
different assessment methods used by different member state and is restricted to BQEs. The
remaining quality elements are assessed by conventional methods, i.e. through the development
of ecological quality standards (EQS). Research has been focussed to establish thresholds for
each given EQS that would enable QEs to be categorised into the same five classes of
ecological status and a “pass or fail” status for chemical status (Figure 1.2). The list of priority
substances and other dangerous substances to be considered during the evaluation of chemical
status is available in Annex X to the Directive (2000).
As illustrated in Figure 1.2, the overall ecological status of any particular lake is determined by
the worst result for biological or physicochemical QEs. The final surface water quality status is
also based on the same principle i.e. the worst of the ecological and chemical status. This is
referred to as “one out – all out” principle and this has been criticised by several authors who
argue that this assessment would result in misclassification of water bodies (e.g. Irvine, 2004;
van de Bund and Solimini, 2007 and reference therein; Nõges et al., 2009; Hering et al., 2010).
The principles dictating the classification of natural surface waters also apply to heavily
modified water bodies (HMWBs) and artificial water bodies (AWBs), which are defined as a
natural water body with any physical alteration (e.g. presence of a weir at an outlet) and a body
of surface water that has been created by human activity (e.g. dam/reservoir) respectively.
Instead of ecological status, the term ecological potential is used and like the former, ecological
potential can be categorised into the same five classes (i.e. high, good, moderate, poor and bad
ecological potential; See Figure 1.2).
This study focuses on the abundance, biomass and composition of phytoplankton, a BQE that is
regarded to be a significant indicator for acidification and eutrophication (e.g. Calvalho et al.,
2006b). The significance of phytoplankton in freshwater lake ecosystems is elaborated in the
following section.
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Figure 1.2 Schematic representation of how results for different quality elements are combined to
classify ecological status, chemical status and surface water status. (Source: UKTAG, 2007b)
Key: "H" means high; "G" means good; "GH" means good or better and is normally treated as high for
calculating, as relevant, ecological status and surface water status10; "M" means moderate; "P" means
poor; "B" means bad; and "F" means failing to achieve good surface water chemical status.

1.3

Phytoplankton

Phytoplankton are free-floating autotrophic micro-organisms, which occupy most aquatic
ecosystems e.g. marine, brackish and freshwater water systems.
freshwater

phytoplankton

include

Chlorophyceae

(green

The major classes of
algae),

Cyanobacteria,

Bacillariophyceae (diatoms), Chrysophyceae (golden algae), Cryptophyceae, Dinophyceae
(dinoflagellates), Euglenophyceae, Xanthophyceae (yellow green algae), etc. Their importance
stems from the fact that these microscopic autotrophs form the basis of aquatic food chains
(Figure 1.3), which also makes them good indicators of ecosystem health and functionality.
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Figure.1.3 Size classification of plankton groups. A typical food chain, depicting the roles played
by aquatic microbes, both as decomposers and food source for consumers. (Source: Cornell Univ.,
2005).

Phytoplankton are a source of food for organisms at a higher trophic level, i.e. heterotrophs (e.g.
mixotrophic phytoplankton, zooplankton and fish). They continue to sustain an energy flux
after dying off and sedimenting down the water column through the intermediary of
decomposers (Figure 1.3). By photosynthesis and respiration, these autotrophs regulate
atmospheric carbon dioxide content; they are responsible for the photosynthetic fixation of
about 50 x 1015 g C annually, which represents almost half of the global net primary production
on Earth (Marañón, 2009: p 4249).
The short generation times of phytoplankton, spanning from hours to a few days, enable their
use in monitoring rapid spatio-temporal changes in lake structure and function. The presence or
absence of a particular class or genus of phytoplankton can be indicative of ecosystem health.
For instance, some studies have associated the abundance of certain phytoplankton groups to
nutrient status (Hutchinson, 1967; Rosén, 1981; Huszar et al., 1998) and eutrophication (e.g.
Solimini et al., 2006).

Meanwhile in paleo-climatology, fossilised phytoplankton (mainly

diatoms) are effective indicators of environmental change and are being used by climatologists
and environmentalists, in an attempt to predict the impacts of climate change (Bennion et al.,
2004).
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1.3.1 Determination of pelagic phytoplankton composition and biomass
As listed in the WFD (Directive, 2000), the composition, abundance and biomass of
phytoplankton are featured as important parameters for the assessment of lake ecological status.
Quick and efficient methods for identification and quantification of phytoplankton are therefore
required. To date, numerous techniques based either on the morphological characteristics of
phytoplankton or their pigments have been employed in phytoplankton assessment. These
methods include microscopy, spectrophotometry, fluorometry, chromatography and flow
cytometry.

Direct Method: Microscopy
Over the past half-century, microscopy has been a conventional technique used to investigate
phytoplankton composition and biomass (Havskum et al., 2004).

The use of microscopy

increased with the development of new stains and preservatives. Preserving agents such as
Lugol’s solution and formaldehyde are commonly used and both have their pros and cons (e.g.
Throndsen, 1978; Olrik et al., 1998).

Storage
Formaldehyde, commonly known as formalin, is colourless and allows samples to be kept for
several months (e.g. Throndsen, 1978). While enabling the examination of colour in plankton,
this preservative causes some alterations in their original features and not all features are clearly
visible because of the translucence of the organisms. In addition, besides causing irritation and
damage to the respiratory tract following inhalation of its vapours, formaldehyde is a probable
human carcinogen, and therefore, long hours of sample examination are not recommended.
Lugol’s solution has the advantage of acting as both a stain and a preserving agent, which
enables the storage of samples for years. It enhances rapid settling of plankton and preserves
the organisms, without creating many artefacts although some of the delicate features might be
lost. Water samples are stored in glass bottles, preferably in the dark and the stain is added over
time, as and when the dark yellow colouration of the samples fades (Olrik et al., 1998).
However, some organisms tend to over-stain, making it difficult to observe features such as
scales and patterns on the surface of the plankton. Comparison between both preservatives has
been made during studies of flagellates (e.g. Zinabu and Bott, 2000; Karayanni et al., 2004;
Modigh and Castaldo, 2005), where their efficiencies with respect to storage, cell shrinkage and
loss of morphological features have been assessed.
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Technique
The principle of the Utermöhl (1958) technique involves sedimentation of the water sample
onto a slide, which is subsequently examined under an inverted microscope. Depending on the
volume of the sample, time is given for the maximum number of planktonic organisms to
deposit onto the slide. The abundance of micro-algae can be determined by following the
protocol of phytoplankton quantification by Olrik et al. (1998). Biovolume of each taxon is
calculated by using appropriate geometric formulae (Wetzel and Likens, 1991; Olrik et al.,
1998; Hillebrand et al., 1999) and biomass is derived by assuming a density of 1 g cm-3.
Microscopy provides accurate and reliable results if the protocol of identification and
quantification is followed carefully. However, the level of accuracy desired often requires the
trained eye of a taxonomist. Furthermore, being cumbersome and relatively time-consuming
(Mackey et al., 1996), microscopy can be inappropriate if (i) a large number of samples need to
be processed and (ii) statistically valid counts of the less abundant plankton classes are required.
Picoplanktonic species (0.2-2.0 µm) are often involuntarily excluded during regular counts as
they can be difficult to identify since they lack taxonomically useful external morphological
features (Gieskes and Kraay, 1983; Everitt et al., 1990). The use of the transmission electron
microscope (TEM) and scanning electron microscope (SEM) is generally limited to specialised
taxonomic studies because these expensive tools cannot be used regularly by a limnologist.

Indirect methods
The impracticalities associated with the use of microscopy eventually led to the development of
indirect methods, which exploited the presence of pigments, namely chlorophyll a (Chla), in all
phytoplankton. Chla is widely used as a proxy for phytoplankton biomass and a classification
scheme has even been established in accordance with WFD (Carvalho et al., 2006a).
Chla is known to vary according to algal physiological condition (Latassa, 1995; Jeffrey et al.,
1997; Goericke and Montoya, 1998; Nicklisch and Woike, 1999; Schlüter et al., 2006).
Variability can be due to differences in shapes and sizes of cells, fluctuating nutrient status, light
conditions, presence of senescent cells and ‘inactive’ chlorophyll, the location of algae in the
water column, temperature, time of day sampling is conducted, etc. In spite of the uncertainties
involved with the use of Chla (Carvalho et al., 2006b), this practice is widely accepted by the
international scientific community. A summary of the advantages and limitations of indirect
methods including, spectrophotometry, fluorometry and chromatography are presented in Table
1.1.
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Spectrophotometry

Principle
Spectrophotometry measures the absorption of electromagnetic radiation by substances (e.g. a
pigment extract) in the ultraviolet (UV: 200-400 nm) and visible (400-800 nm) regions of the
spectrum. The instrumentation consists of a dual light source (i.e. Tungsten lamp for the visible
range and a deuterium lamp for ultraviolet range), a grating monochromator, photo-detector,
mirrors and glass or quartz (especially used for measurements under UV region) cells (Skoog et
al., 1998). The incident beam of light from the spectrometer can be (a) reflected by the sample,
(b) absorbed by the sample or (c) certain wavelengths can be partially absorbed by the sample,
while the remainder of the light is transmitted. Transmittance is the ratio of light intensity
transmitted to that of incident light and absorbance is the negative logarithm of transmittance.
The Beer-Lambert’s law states that absorbance increases with the concentration of the
substance. For instance, of two chlorophyll extracts, the darker coloured one is expected to
have a higher absorbance. The Beer’s law also stipulates that absorbance is proportional to the
light path-length. However, this proportionality between absorbance and concentration does not
follow a linear relationship, whereby the necessity for dilutions at high concentrations.
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Volume

Table 1.1 Suitability of various techniques for pigment analysis in phytoplankton ecology. (Source: Jeffrey et al., 1997)

required‡

Disadvantages

Analysis

Advantages

time

Not quantitative; fluorescence signal depends
not only on chlorophyll concentration but also
on species composition, time of the day,
accessory pigments, physiological status,
fluorescence quenching.

Data obtained

Immediate data; sensitive

Interference from chlorophyll derivatives.

Technique

Very sensitive; accurate if no Chlb
present; inexpensive

Interference from chlorophyll derivatives;
needs continual calibration.

(ml)

20

Very sensitive

Interference from chlorophyll derivatives.

(min)

10

50

Accurate if no derivatives present

15

Accurate Chl a*†
15

500

<1

Extracted Fluorometry
Accurate Chl a, b, c*

10

Approximate Chl a only

Spectrofluorometry
Accurate Chl a, b, c*

30000

In vivo Fluorometry

Spectrophotometry

60

2-dimensional TLC gives very good
resolution, inexpensive; excellent for
pigment purification.

Not suitable for routine analysis.

Chl a, b, c, carotenoids,
degradation products

1000**

Medium resolution permits analysis of simple
samples only (e.g. cultures or chlorophylls
only in field samples).

Thin-layer
Chromatography

25

Good for major chlorophylls; simpler
and faster than gradient HPLC; suitable
for shipboard use.

Isocratic HPLC

1000**

Accurate Chl a, b, c, some
carotenoids, degradation
products

40

Expensive to set up; time-consuming for
sample preparation, analysis, and data workup.

Gradient HPLC

Excellent resolution and quantitation;
very sensitive for chlorophylls and
derivatives with fluorescence detection;
suitable for shipboard use.

Accurate Chl a, b, c,
carotenoids, degradation
products

*Not accurate if degradation products present; **If using fluorescence detection of chlorophylls, only 200 ml can be used;†Not accurate if Chl b present; ‡Approximate
volume of oligotrophic seawater (0.1µg L-1Chl a) required for analysis.
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Technique
Chlorophylls exhibit two peaks in absorbance: one in the blue spectrum (up to 460 nm) and
another in the red spectrum (630 – 670nm). However, because of the spectral interference of
carotenoids, which also strongly absorb blue light, spectrophotometry of chlorophyll is limited
to the red absorption band (Fig 1.4). In 1997, a group of researchers assessed techniques
measuring phytoplankton pigment concentration in the marine environment and compiled their
results in a monograph (Jeffrey et al., 1997). This evaluation led to several recommendations
on the sampling techniques, the types of filters and solvents extraction of the pigments, storage
of filters and equations used in spectrophotometry and fluorometry (Fig 1.5).
A Chlorophyll a

C Phaeophytin a

B Chlorophyllide a

D Phaeophorbide a

Fig 1.4 Standard spectrum of phorbins: chlorophyll a (A), chlorophyllide a (B), pheophytin a (C)
and pheophorbide a (D) in 100 % acetone.
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Collection of water sample
Storage in low light conditions

Filtration on GF/F
Immediate analysis

Yes
HPLC

No
FLOROMETRY/ SPECTROPHOMETRY

Add internal standard

Grind in acetone

Sonication
Centrifugation
Immediate injection

Yes

No

Inject

Fluorometry/Spectrophotometry
Storage at: (1) -20 °C (days); (2) -90 °C (weeks); (3) -196 °C (year)

Fig 1.5 Outline of protocol for the analysis of phytoplankton pigments (Modified from Jeffrey et
al., 1997)

The use of glass fibre filters (e.g. GF/F with ‘pore size’ 0.7 µm) or ‘depth’ filters is
recommended with respect their advantages:
(1)

large filtration capacity

(2)

rapid filtration rates

(3)

inertness to organic solvents

(4)

ability to be ashed to elemental analysis

(5)

potential aid to cell disruption during cell extraction

(6)

lower cost than membrane filters.

Following filtration, the filters can be frozen at different temperatures depending on storage
time; lower temperature (e.g. storage in liquid nitrogen, at -196°C) is recommended for longer
storage time.

Amongst the solvents that have been used (e.g. diethyl ether, dimethyl

formamide, methanol, acetone), acetone is preferred as it enhances absorbance bands and gives
sharp maxima (Jeffrey, 1997).
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Application
Spectrophotometric analysis of pigment extracts is relatively simple and is very commonly used
for the determination of Chls a, b and c concentrations. One of the major drawbacks however
remains the interference of degradation products, such as pheophytin (Phaet), pheophorbide
(Phaeb) and chlorophyllide (Chlde), which are formed as a result of senescence, grazing,
sedimentation and re-suspension of phytoplankton. For instance, high [Chlde] might lead to an
overestimation of [Chla] although interference of pheopigments can be ruled out by the
acidification method proposed by Vernon (1960).
The SCOR-UNESCO workgroup recommends the trichromatic equations of Strickland and
Parsons (1963) for determination of Chla only, whereas those of Jeffrey and Humphrey (1975)
are recommended for Chls a, b, c.

The monochromatic equation of Lorenzen (1967) is

recommended for the determination of [Chla] in coastal and estuarine ecosystems. For all
equations, extraction of chlorophyll was carried out in 90% acetone.

Fluorometry
Principle
While spectrophotometry measures the amount of light absorbed by an extract, fluorometry
exploits the emission of photons by the extract when exposed to a beam of UV light (Skoog et
al., 1998). In fact, fluorescence is the molecular absorption of light energy at a particular
wavelength and its nearly instantaneous re-emission at a different, often longer wavelength (Fig
1.6).

Fig 1.6 Energy levels and transition of electrons (Source: Skoog et al., 1998)
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A fluorescent compound therefore has two spectra: an excitation spectrum (with wavelength and
amount of light absorbed) and an emission spectrum (wavelength and amount of light emitted).
The spectra of each compound are very specific, such that no two compounds will have the
same fluorescence signature or fingerprint. This characteristic makes fluorometry a highly
specific analytical technique (Skoog et al., 1998).
A fluorometer generates a wavelength of light required to excite the analyte of interest (i.e. a
chlorophyll extract). It selectively transmits the wavelength of light emitted by the sample and
measures its intensity. The latter is proportional to the concentration of chlorophyll (up to a
maximum concentration).

Technique and Application
While the methods for fluorometry are similar to those of spectrophotometry (Fig. 1.5),
fluorometry is reported to be the more sensitive (Jeffrey et al., 1997).

As with

spectrophotometry, Chl-extracts need to be corrected for pheopigments and since Chldes cannot
be distinguished from Chls, [Chla] may therefore be overestimated. In addition, the fluorometer
is equipped with a standard lamp; the presence of chlorophyll b (Chlb) may result in a
significant overestimation of pheopigments, whereby the need for validation of data after
pheopigment-corrections and control of Chlb using the trichromatic spectrophotometric
equations (Jeffrey, 1997).
Unlike spectrophotometry however, the fluorometer needs be calibrated with a solution of pure
Chla, previously extracted in 90% acetone. It is very important to ensure that (i) measurements
of either calibrations or samples are carried out at the same temperature, (ii) all extracts are
measured as a fixed time after being introduced into the fluorometer. The final concentrations
of Chla and pheopigments are derived from equations proposed by Holm-Hansen et al., (1965).

Chromatography
Advancement in plant pigment research revealed the existence of other pigments and potential
biomarkers. According to Jeffrey et al. (1997), the search for greater precision demanded that
separation techniques be sought on the micro-scale level for the wide range of algal pigments
likely to be encountered.
Separation of a mixture into major pigments and their breakdown products was made possible
by chromatography, a method originally invented in 1906 by the Russian botanist Mikhail
Tswett who attempted to separate various plant pigments (Skoog et al., 1998; Meloan, 1999). A
useful chromatographic technique according to Jeffrey (1981) and SCOR-UNESCO workgroup
should have certain properties listed below:
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(1)

Rapid and simple to execute

(2)

Resolve all major components quantitatively

(3)

Absorbents should be innocuous and cause no chemical change to pigments;

(4)

Resolve small quantities (<1 µg) pigment available from ‘normal’ seawater.

Principle
Chromatography is a technique by which, components of a mixture are separated based upon
the rates at which they are carried or moved through a stationary phase [e.g. plate in thin layer
chromatography (TLC) or column in e.g. HPLC] by a gaseous or liquid mobile phase. Based on
this definition of chromatography, this technique can be categorised into 2 types namely gas
chromatography and liquid chromatography. Separation of the mixtures is based principally on
the solubility of the mixture with respect to the stationary phase. With improvement of the
columns (e.g. availability of smaller diameter particles) and the flow rate (e.g. the application of
high pressure with the use of pumps), high performance liquid chromatography was developed.
Differences in adsorption (adsorption chromatography), partition (partition chromatography),
ionic strength (ion exchange chromatography), size (size exclusion chromatography) of the
chemical components in the liquid mixture enabled their elution.

High Performance Liquid Chromatography (HPLC)
HPLC revolutionized research on pigment analysis.

Based on the basic principle of

chromatography, this technique is more complex and expensive.

HPLC has enabled the

identification of over 50 pigments that could be used as signatures for different marine
phytoplankton taxa (Table 1.2). As reported by Zapata et al. (2000), it has been a challenging
task to separate chlorophylls and carotenoids, as they only differ in the presence or position of a
double bond (e.g. monovinyl and divinyl chlorophyll pairs, β,β-carotene and β, ε-carotene and
their isomeric xanthophyll derivatives).
The assessment of Jeffrey et al. (1997) also pointed out that the results were not the outcome of
a single method; methods required improvement and fine-tuning to obtain expected results.
Sometimes, the elution times were changed and at other times, the gradient profiles and the
columns were modified. The use of different columns (e.g. C-18, C-8, etc) enhanced separation
of a specific pigment or improved baseline resolution (van Heukelem et al., 1992; Garrido and
Zapata, 1993, Vidussi, et al., 1996, Zapata et al., 2000). For instance, the use of C-8 column
during a reverse-phase HPLC by Barlow et al. (1997) allowed the separation of divinyl
chlorophylls from their monovinyl analogues and improved methods, such as that of Zapata et
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al. (2000) which separated the most polar and non-polar Chls, and most taxon-specific
carotenoids found in marine phytoplankton.
Table 1.2 Summary of signature pigments useful as markers of algal groups and processes in the
sea. (Modified from Jeffrey et al. 1997)
Pigments

Occurrence

A. Chlorophylls
Chl a

All photosynthetic microalgae (except prochlorophytes)

Divinyl chl a

Prochlorophytes

Chl b

Green algae;chlorophytes, prasinophytes, euglenophytes

Divinyl chl b

Prochlorophytes

Chl c family

Chromophyte algae

Chl c1

Diatoms, some prymnesiophytes, some freshwater chrysophytes,
raphidophytes

Chl c2

Most diatoms, dinoflagellates, prymnesiophytes, raphidophytes,
cryptophytes

Chl c3

Some prymnesiophytes, one chrysophyte, several diatoms and
dinoflagellates

Chl cCS-170

One prasinophyte

Phytylated chl c-likec

Some prymnesiophytes

Mg3,8 DVP

Some prasinophytes

Bacteriochlorophylls

Anoxic sediments

B. Carotenoids
Alloxanthin

Cryptophytes

19’-Butanoyloxyfucoxanthin

Some prymnesiophytes, one chrysophyte, several dinoflagellates

β, ε-carotene

Cryptophytes, prochlorophytes, rhodophytes, green algae

β,β-carotene

All algae except cryptophytes and rhodophytes

Crocoxanthin

Cryptophytes (minor pigment)

Diadinoxanthin

Diatoms,

dinoflagellates,

prymnesiophytes,

chrysophytes,

raphidophytes, euglenophytes
Dinoxanthin

Dinoflagellates

Echinenone

Cyanophytes

Fucoxanthin

Diatoms, prymnesiophytes, chrysophytes, raphidiophytes,

several

dinoflagellates
19’-Hexanoyloxyfucoxanthin

Prymnesiophytes, several dinoflagellates

Lutein

Green algae: chlorophytes, prasinophytes

Micromonal

Some prasinophytes

Monadoxanthin

Cryptophytes (minor pigment)

9’-cis Neoxanthin

Green algae: Chlorophytes, prasinophytes, euglenophytes
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Pigments

Occurrence

Peridinin

Dinoflagellates

Peridininol, P-457, P-468

Dinoflagellates (minor pigment)

Prasinoxanthin

Some prasinophytes

Pyrrhoxanthin

Some prasinophytes

Siphonaxanthin

Several prasinophytes; one euglenophyte

Vaucheriaxanthin ester

Eustigmatophytes

Violaxanthin

Green algae: chlorophytes, prasinophytes, eustigmatophytes

Zeaxanthin

Cyanophytes,

prochlorophytes,

rhodophytes,

chlorophytes,

eustigmatophytes (minor pigment)
C. Biliproteins
Allophycocyanins

Cyanophytes, rhodophytes

Phycocyanin

Cyanophytes, cryptophytes, rhodophytes (minor pigment)

Phycoerythrin

Cyanophytes, cryptophytes, rhodophytes

D. Chlorophyll degradation
products
Pheophytin a

Zooplankton faecal pellets, sediments

Pheophytin b

Protozoan faecal pellets

Pheophytin c

Protozoan faecal pellets

Pheophorbide a

Protozoan faecal pellets

Pheophorbide b

Protozoan faecal pellets

Chlorophyllide a

Senescent diatoms; extraction artefact

Blue-green Chl a derivatives

Senescent microalgae

(lactones, 10-hydroxy
chlorophylls)
Pyrochlorophyll a

Sediments

Pyropheophytin a

Sediments

Pyropheophorbide a

Copepod grazing; faecal pellets

Mesopheophorbide a

Sediments

The vast majority of HPLC applications have been carried out on marine phytoplankton (e.g.
Andersen et al., 1996; Schlüter et al., 2000; Gibb et al., 2001; Havskum et al., 2004; Llewellyn
et al., 2005) and fewer on freshwater microalgae (e.g. Wilhelm, et al.,1991; Descy et al., 2000;
Fietz and Nicklisch, 2004; Descy et al., 2005; Schlüter et al., 2006). With advantages of being
fast and precise with respect to other methods like microscopy, HPLC is an attractive tool for
the study and monitoring in freshwater systems (Table 1.1). All phytoplankton groups can be
detected in a single step because all algal cells are retained by filtration prior to HPLC analysis
(Schlüter et al., 2006).

Moreover, analyses of phytoplankton pigments by HPLC are
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reproducible in comparison to microscopic analyses, during which, counting errors and
incorrect measurements of cell dimensions might occur (Havskum et al., 2004).
The Chla-biomass of individual phytoplankton groups can be derived from [Chla], using
multiple regression analysis using MATLAB, and more recently, the CHEMTAX matrix
factorisation program (Mackey et al., 1996). CHEMTAX calculates the contribution from
different phytoplankton groups to total Chla, based on ratios between accessory pigments and
[Chla], which are loaded in the program together with pigment concentrations. CHEMTAX has
been largely used in marine studies, with fewer applications in freshwater systems; pigment
ratios have been developed from marine models. Besides recommending the acquisition of
additional data in pigment composition of freshwater planktonic data, Descy et al. (2000) also
highlighted the need to take account of variations in pigment ratios.

Flow cytometry (FC)

Principle and technique
FC is another milestone in phytoplankton research, especially picophytoplankton (Calieri,
2007), which are often overlooked by microscopy. The flow cytometer uses a laser beam to
screen through a unilateral-flow of single cells (Figure 1.7). Detectors, placed at different
angles to the cell flow, include the forward scatter (FSC), the side scatter (SSC) and several
fluorescent detectors and they provide information on cell volume, cell shape and pigmentation
respectively.

Application
FC has applications in the quantification of sub-populations of micro-algae from algal cultures
and natural phytoplankton populations. For instance, FC enabled the distinction between two
similarly sized autotrophic picoplankton, Synechococcus spp. and Prochlorococcus spp., by the
presence of phycoerythrin which fluoresces orange under excitation by blue or green light in the
former species (Ishizaka et al., 1994).
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Figure 1.7 Schematic diagram illustrates the principle of and operational processes associated with
flow cytometry. (Source: Dubelaar and Jonker, 2000).

FC is an efficient technique that can measure several parameters (e.g. phytoplankton size,
biovolume and counts) within a short time (one thousand cells per second). Its quick and
objective analysis of a relatively large number of samples makes it a good tool for the
assessment of phytoplankton in marine and freshwater systems. Together with epifluorescence
microscopy (EPM), FC has triggered major progress in the study of those systems dominated by
autotrophic picoplankton e.g. oligotrophic seas like the Sargasso Sea, where 80% of microalgae
are reported to be pico-sized (Goericke, 1998) and oligotrophic lakes such as Lake Kivu in
Eastern Africa (Sarmento et al., 2008).
FC can detect optical signals arising from natural algae and those generated from fluorescent
stains that report the presence of otherwise undetected cellular constituents (Yentsch et al.,
1983; Collier, 2000). The disadvantage with FC however lies in its limited capacity to analyse
larger phytoplankton or colonies of microalgae, which are commonly encountered in freshwater
lakes. According to the review by Collier (2000), commercial flow cytometers are particularly
useful for examination of abundant phytoplankton that measure between 1 to 50 µm in their
largest dimension. Moreover, because of the lower abundance of large phytoplankton with
respect to smaller microalgae, the latter produce more signals. Since cytometers operate in a
‘threshold’ mode, they tend to detect stronger signals from the more abundant smaller micro-
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algae. Although FC allows the collection of significant data on the particles in water samples,
these are often not sufficient for identification of phytoplankton because microalgae similar in
size and pigmentation are difficult to identify based on a few optical characteristics.
FC has not been used extensively in the analysis of freshwater phytoplankton. Although marine
and freshwater algae share a lot of similarities, freshwater phytoplankton exhibit unique
features. Collier (2000) refers to the study of Richardson (1999) in Lake George (New York,
USA) to point out that phycoerythrin-rich cyanobacteria analysed by FC and EPM in the lake
was very similar to marine Synechococcus spp.. Picoplankton-size cyanobacteria also occur in
colonies of various sizes and shapes and may be responsible for a long ‘tail’ of bright signals in
the output diagrams. The analysis of colonial species which generally abound in nutrient-rich
freshwaters remains to this date, a challenge for FC.

1.3.2 Phytoplankton community composition
The phytoplankton community composition (PCC) is influenced by a range of physicochemical,
chemical and biological elements (Sections 1.1 and 1.2), therefore the role of phytoplankton as
indicators of ecosystem health and function. In an attempt to gather information on the PCC
that can be expected in Scottish lakes, the scarcity of recent data on freshwater phytoplankton in
Scotland was compensated by the inclusion of surveys of some temperate European lakes
(Table 1.3). While PCCs in the majority of freshwater lakes were studied by microscopy, a
selective number of studies used HPLC and FC (Table 1.3).
Chrysophytes were dominant under oligotrophic conditions. A shift towards more nutrient-rich
lakes led to the dominance of diatoms and cryptophytes, whereas eutrophic and/or hypereutrophic lakes were dominated by cyanobacteria.

Further studies by Rosén (1981) and

Reynolds et al. (2002) also highlighted the relationships between different algal assemblages
and environmental variables.
As lake conditions change over time, these changes are also reflected in the PCC. Referring to a
typical example of a northern temperate/arctic dimictic lake, where distinction between each
season is clear, Wetzel (2001) reviews seasonal succession, which he classified into eight
periods (Table 1.4). However, due to variations in the catchment characteristics for different
lakes, seasonality in any lake cannot be fully predicted unless it was subject to a long-term
ecological study.
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Location

Lake Type

Dominant

Notes

Authors

Table 1.3 Dominant phytoplankton classes and species of encountered in some temperate lakes selected down a geographic gradation. Abbreviations include, Z:
Lake ID

Brutemark et al.

Small, shallow (Zmax: 12 m)

Dominant species: Oochromonas sp.

(2005)

Oligosaline

Phytoplankton biomass ( - 1500 µg ww L-1)

Phytoplankton assessed by microscopy;

Greenland
Dimictic

Lake fishless, presence of large daphnids;

(66°99’N,
High DOC (average: 41 mg L-1)

Chrysophyceae

50°97’W)

elongatum,

Other

Diatoma

Rhodomonas spp., Oocystis spp., Rhizoochrysidaceae family,

included

Conductivity (251 µS cm-1)

and Ceratium spp..
Phytoplankton assessed by microscopy;

elongatum,

Bitrichia spp., Dinobryon spp., Elakatotrix spp., Cyclotella spp.

phytoplankton

pH: 7.87

Chrysophyceae;

Lake fishless, presence of large daphnids;

22 m)

Dominant species: Oochromonas spp.

Small, relatively deep
Oligosaline

(Zmax:

(66°99’N,

Phytoplankton biomass ( - 4000 µg ww L-1)

Diatoma

Meromictic (Cond: 2636 µS cm-1)

included

High DOC (average: 90 mg L-1)

phytoplankton

Picophytoplankton (~4%)

Siberia

Max. temp (July/Aug): 15 °C;

Deep lake (Zmax: 1637 m);

winter); Cyanophyceae

Bacillariophyceae

limnetica.

Dominant species: Aulacoseira baicalensis and Synechocystis

(Ref: Richardson et al., 2000)

Limiting factors: Temperature and light;

2004

and Nicklisch

al. (2000); Fietz

Richardson et

and Scenedesmus spp.

Rhodomonas spp., Oocystis spp., filamentous cyanobacteria,

Other

pH: 9.06

51°05’W)

Greenland

(in

Phytoplankton Groups

mean depth, Zmax: Maximum depth, and DOC: dissolved organic carbon.

SS2

Lake Braya So (SS4)

L.Baikal (Siberia)

51-56°N

(In summer)

Endemic species: A. bailcalensis, Cyclotella baicalensis,

Oligotrophic,
Clear water lake (Secchi disc depth:
30 m)

Cyclotella minuta.

23

(Siberia)

Lake ID
L.Baikal
(Contd.)

Eystara Mjáavatn

Saksunarvatn

Leynavatn

Location

Faroe Islands

Faroe Islands

Faroe Islands

Lake Type

Shallow (Z: 3m);
Small (0.03 km2);
Oligotrophic;
Clear water lake (Secchi: 4.5 m)

Dominant
Phytoplankton Groups

Notes
(Ref: Fietz and Nicklisch, 2004)

Phytoplankton assessed by microscopy and HPLC;

Dominant phytoplankton: Cyclotella spp, Fragilaria spp,
spp,

Monoraphidium

spp.,

Dinobryon

spp.,

Aulacoseira baicalensis (North Basin dominant in spring only),
Chlorella

Gymnodinium spp.;

Occasional species: Peridinium spp, Chrysochromulina spp.,

Authors

Pålsson et al.

Planktothrix cf. suspensa (at 10m depth)

Phytoplankton assessed by microscopy and flow cytometry;

(2005)

Dominant Cryptophytes and Chrysophytes: Cryptomonas

Phytoplankton assessed by microscopy and flow cytometry;

Cryptophyceae

Dominant Cryptophytes: Cryptomonas erosa and C. marssonii.

Chrysophyceae

Cryptophyceae

Shallow (Z: 6.5 m);

erosa, C. marssonii, Dinobryon borgei, Dinobryon crenulatum,

Low DOC (4.0 mg L-1)
Small (0.08 km2);

Chlorophyceae

Chrysophyceae

Chlorophyceae

erosa, Cryptomonas marssonii, Dinobryon borgei, Dinobryon

Dominant Cryptophytes and Chrysophytes: Cryptomonas

Phytoplankton assessed by microscopy and flow cytometry;

(2005)

Pålsson et al.

Oochromonas spp..

Oligotrophic;
Clear water lake (Secchi: 10 m)
Deep (Z: 13.7 m);

Cryptophyceae

Low DOC (2.1 mg L-1)
Small (0.18 km2)

crenulatum, Oochromonas spp..

Oligotrophic;
Clear water lake (Secchi: 10.3 m)
Low DOC (1.6 mg L-1)
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Lake ID
Sörvágsvatn

Toftavatn

Pyhäjärvi

Köyliönjärvi

Kirkkojärvi

Location
Faroe Islands

Dominant

Deep (Z: 27.5 m);

Cryptophyceae

Bacillariophyceae

Chrysophyceae

crenulatum, Oochromonas spp..

erosa, Cryptomonas marssonii, Dinobryon borgei, Dinobryon

Dominant Cryptophytes and Chrysophytes: Cryptomonas

Phytoplankton assessed by microscopy and flow cytometry;

Notes

Small (3.56 km2)

Dinophyceae

Phytoplankton assessed by microscopy and flow cytometry;

Lake Type

Oligotrophic;

Dominant Cryptophytes and Chrysophytes: Cryptomonas

Phytoplankton Groups

Clear water lake (Secchi: 12.4 m)

Chrysophyceae

erosa, Cryptomonas marssonii, Dinobryon borgei, Dinobryon

Low DOC (2.4 mg L-1)
Shallow (Z: 5.8 m);

Cryptophyceae

Dominant phytoplankton species:

Phytoplankton assessment by inverted microscopy;

(2006)

Vuorio et al.

Authors

Bacillariophyceae;

Faroe Islands
Small (0.52 km2)

Bacillariophyceae

Large (155 km2),

Cyanophyceae

crenulatum, Oochromonas spp., amongst others.

Oligotrophic;
Clear water lake (Secchi: 6.8 m)
Finland

Deep (Z: 5.4 m; Zmax: 26 m),

Low DOC (3.4 mg L-1)
(61°00’N,

Mesotrophic

Phytoplankton assessment by inverted microscopy;

(2006)

Vorio et al.

Synedra acus, Microcystis wesenbergii, Anabaena spp.,

Aulacoseira italica, Fragilaria spp., Tabellaria flocculosa, ,

22°17’E)

Dominant phytoplankton species:

Gleotrichia echinulata.
Cyanophyceae;

Polymictic;
Large (12.5 km2),

Bacillariophyceae

pH 7.5
Finland

Shallow (Z: 3.1 m; Zmax: 13 m);

aeruginosa, Woronichinia naegeliana, Aphanizomenon flos-

Microcystis viridis, Microcystis wesenbergii, Microcystis

(61°08’N,

Eutrophic

aquae, Aulacoseira italica, Aulacoseira italica var, tenuissima.

Phytoplankton assessment by inverted microscopy;

September)

(Cyanobacterial blooms prevailed from late June to early

Polymictic

Small (0.42 km2),

pH 8.6

Bacillariophyceae

22°21’E)

Finland
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Lake ID
Kirkkojärvi (Contd)

Kuralanjärvi

Lake Östräsket

Lake Erken

Lake Eckarfjärden

Dominant

Notes

Microcystis botrys, Anabaena spp. (Occasional)

Lake Type
Shallow (Z: 2.0 m; Zmax: 3.5 m);

Cyanobacterial blooms frequent from June to August.

Location

Eutrophic

Small (0.13 km2),

Chrysophyceae;

Cyanophyceae;

Microcystis aeruginosa, Woronichinia naegeliana, Anabaena

Dominant phytoplankton species:

Phytoplankton assessment by inverted microscopy;

Dominant phytoplankton species:

(60°22’N,
Polymictic;

Phytoplankton Groups
22°56’E)

Finland
Shallow (Z: 2.0 m; Zmax: 3.3 m);

pH 8.4
(60°23’N,

Dinophyceae

Cryptophyceae;

No mention about dominant phytoplankton species.

Phytoplankton was assessed by the use of microscopy;

(2002)

Drakare et al.

Authors

Chrysophyceae;

spp., Mallomonas caudata, Synura spp., Ceratium hirudinella.

Eutrophic
Polymictic;

22°53’E)

Small (7 Km2),

Bacillariophyceae;

pH 8.9
Sweden

Deep (Z: 23m; Zmax; 64 m); pH 6.5

Chlorophyceae;

Lake Erken

(2002)

Drakare et al.

(64°10’N,

Humic lake (DOC: -15.6 mg L-1)

Dominant phytoplankton include:

(2002); Dumur

Brunberg et al.

website

Phytoplankton assessed by microscopy;

spp.,

Dominant phytoplankton include: Chrysochromulina spp.,

Fragilaria

Mesotrophic

Stephanodiscus

Chrysophyceae

spp.,

18°55’E)

Bacillariophyceae;

Gleotrichia spp.,

Dinophyceae
m)

Chrysophyceae;

Dimictic

Cryptophyceae;

Cyanophyceae

Large, deep (Z: 9 m;
Eutrophic

Small (0.23 km2), Shallow (Z: 1.5

Tabellaria
Dimictic

m);

(2003)

spp.,

(59°51’N,

Sweden

Zmax:20.7

18°36’E)
Sweden

Oochromonas spp., Katablepharis spp., Cryptomonas spp,

Cyanophyceae
(60°22’N,

Rhodomonas

spp.,

Cryptophyceae

Botryococcus spp., Cyclotella spp., Biccocoeca spp., etc.

Microcystis

Dinophyceae

spp.,

Oligotrophic

Bacillariophyceae

Ceratium

Polymictic

spp.

18°12’E)

pH: 8.1
TOC: 23 mg C L-1
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Lake ID

in

Jutland,

Ørn, Bryrup, Langsø,
Søgård
Gundsømagle,
Arresø, Damhussøen,
Vesterborg

on

Bagsværd in Zealand
and
Lolland
Water,

Lake

Location
Denmark

English
District, UK

Esthwaite
(54°21’N,

Windermere

Lake

Dominant
Bacillariophyceae

Lake Type

Cyanophyceae

Phytoplankton Groups
Shallow lakes in the process of

Chrysophyceae

oligotrophication

Notes

Authors

Jeppesen et al.

Cyanophyceae;

Phytoplankton present: Cryptomonas spp, Rhodomonas minuta

Phytoplankton assessed by microscopy;

(Ref Talling, 2003)

(2003);

(2002); Talling

Elliot et al.

(2005)

Cryptophyceae;

No mention of any dominant phytoplankton species.

Small, Deep (

Bacillariophyceae;

Cryptophyceae

Zmax: 15.5 m); Eutrophic

Stephen et al.

(2006)

Phytoplankton assessment by microscopy;

(2004)

bourrelly,

mougeotii,

Madgwick et al.

Trichonema

Planktothix

var. nannoplanktica, Chrysochromulina parva, Dinobryon
americana,
flos-aquae,

Uroglena

Chlorophyceae

divergens,

Aphanizomenon
Cyanophyceae;

Dominant phytoplankton species include:

Asterionella spp, Ceratium spp, Anabaena spp.
Small, Shallow;

Cryptomonas erosa, Rhodomonas minuta var. nannoplanktica,

West

Chlorophyceae;

North

3°O’W)

and Blelham Tarn

Little Mere

Hypertrophic

Meres,

Scenedesmus spp.

Midland

Chrysophyceae;

Chlamydomonas

Ankistrodesmus

Bacillariophyceae

of

spp,

UK

Dominance

Following enrichment (1998):

(53°20’N,
2°24’W)

minuta

var.

nannoplanktica,

Aulacoseira

convolutes, Scenedesmus quadricauda, Cryptomonas erosa,
Rhodomonas

granulata, Stephanodiscus hantzcii, Nitzschia spp.
Following enrichment (1999):
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Lake ID
Little Mere (Contd)

Oberer

Lake Müggelsee

Lake
Arosasee

Location

Lake Type

Dominant
Phytoplankton Groups
Dominant

spp,

phytoplankton
Gomphosphaeriai

Notes
were:
Microcystis

spp,

redekii,

Micractinium

Oscillatoria

pusillum, Chlamydomonas spp, Scenedesmus quadricauda,

Cryptomonas erosa, Rhodomonas minuta var.nannoplanktica.

Authors

Reynolds et al.

(Ref: Reynolds et al., 2002)

(2002); Köhler

Bacillariophyceae,

et al. (2005);

Shallow (Z: 4.9 m; Zmax: 8 m), Lake

spp,

Bacillariophyceae,

Phytoplankton composition:

Phytoplankton assessed by microscopy;

(2003)

and Spaak

Winder, Bürgi

Germany

Stephanodiscus

Dominant

Fragilaria

species:

Cyanophyceae,

Wilhelm and

spp,

phytoplankton

Area: 7.3 km2; Watershed area:

Aulacoseira

Small (Area: 7.1 ha),

Cyanophyceae,

Adrian (2008)

spp,

Aphanizomenon spp, Chrysochromulina spp, Cryptomonas spp,

Planktothrix

Chrysophyceae,

Rhodomonas spp, Ceratium spp.

spp,

7000 km2;

Cryptophyceae,

weeks

(Ref: Köhler et al., 2005)

Phytoplankton assessed by microscopy, Spring diatom bloom

6-8

Water

Dinophyceae

(Limiting nutrient: Phosphorus)

retention:

(Overall) and 25-28 weeks (during
Wind-exposed;

Phytoplankton biovolume (mm3 L-1): During hypertrophic

summer);
Eutrophic;

period - 17.4 (Spring), 15.9 (Summer); During eutrophic period

Polymictic

– 4.2 (Spring), 7.3 (Summer)

Dominant cyanobacteria: Limnothrix redekei, Planktothrix
Switzerland

Relatively deep (Z: 7.3 m; Zmax: 13

agardhii, Aphanizomenon flos-aquae, Microcystis spp.
(46°13’N,

Achnanthes spp, Synedra spp, Volovocales, Schroederia spp,

spp,

Cryptomonas spp, Rhodomonas spp, Gymnodinium

spp,

Cryptophyceae,

Microcystis

Dinophyceae

spp,

m);

Cyclotella

Oligotrophic (TP: ~8µg L-1)

spp,

Pseudoanabaena spp, Euglena gracilis (occasional)

Dinobryon

09°41’E)

Dimictic

(In summer, dominance of cyanobacteria and cryptophytes was
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Lake ID
Lake Oberer
Arosasee (Contd.)
Upper Lake Zurich

Lower Lake Zurich

Lake Walen

Lake Geneva

Location

Switzerland

Switzerland

Switzerland

Germany

Dominant

Notes

Bacillariophyceae;

Phytoplankton composition:

Phytoplankton assessed by inverted microscopy;

(2004; 2005)

Anneville et al.

Authors

Cryptophyceae;

Asterionella spp., Fragilaria spp., Cyclotella/Stephanodiscus

Lake Type

noted, while in winter cryptophytes and dinoflagellates were
Deep (Z: 23 m; Zmax:48 m)

spp., Aulacoseira spp., Tabellaria spp., Cryptomonas spp.,

Phytoplankton Groups

Meso-oligotrophic.

Chrysophyceae;

dominant).

Monomictic

Rhodomonas spp., Dinobryon spp., Pandorina spp., Ceratium

Cyanophyceae;

Phytoplankton composition:

Phytoplankton assessed by inverted microscopy;

Phytoplankton assessed by inverted microscopy;

spp.,

Anneville et al.

Dinophyceae

spp..

Bacillariophyceae;

(Complete Phytoplankton list available)
Deep (Z: 51 m; Zmax:136 m)

spp,

Eutrophic

Rhodomonas

Planktothrix spp., Aphanizomenon spp, Fragilaria spp.,
spp,

Tabellaria

Cryptomonas

Cryptophyceae;

Aulacoseira spp., Cyclotella/Stephanodiscus spp., Ceratium

spp.,

Monomictic

Dinophyceae

Bacillariophyceae;

Dominant phytoplankton include:

Rhodomonas

spp.,

spp., Pandorina spp, Peridinium spp., Asterionella spp.,
Dinobryon spp..
Deep (Z: 103 m; Zmax:145 m)

Cryptophyceae;

(Complete Phytoplankton list available)
Meso-oligotrophic

spp.,

Aulacoseira

Fragilaria

spp.,
Cyclotella/Stephanodiscus

Tabellaria

Dinophyceae;

Phytoplankton assessment was by inverted microscopy;

Phytoplankton list available)

Cryptomonas spp, Ceratium spp, Asterionella spp (Complete

spp.,
Chrysophyceae

Bacillariophyceae;

Monomictic

Large (Area: 582 km2),
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Lake ID
Lake Geneva (Contd)

Lake Balaton

Lake Tre Laghi

Location

Lake Type

Dominant

Notes
Phytoplankton list:

Phytoplankton Groups
Stephanodiscus

minutulus,

Cryptophyceae;

Chlamydomonas conica var. subconica, Dinobryon sociale,

Stephanodiscus

Deep (Z: 152 m; Zmax: 309 m);

Chlorophyceae;

neostraea,

(46°27’N,
Mesotrophic

Cosmarium

6°32’E)

cingulum,

Diatoma tenuis, Rhodomonas minuta, Chlorella vulgaris,
Staurastrum

Cyanophyceae;

willei,

Chrysophyceae;

Peridinium

binderanus,

Authors

Phytoplankton assessed by microscopy and online delayed

al. (2005)

Istvánovics et

(2002)

fluorescence excitation spectroscopy;

var.
Cyanophyceae

Dominant phytoplankton include:

granulata

Large (596 km2),

Chlorophyceae

Cylindrospermopsis raciborskii, Scenedesmus quadricauda,

Aulacoseira

Shallow (Z: 3.2 m)

Bacillariophyceae

Selenastrum spp., Euglena gracilis, Cyclotella menenghiniana,
Small (1.7 km2);

Dinophyceae

Chrysophyceae

In the littoral:

Assessment of phytoplankton by microscopy;

Navicula atomus, Nitzschia palea, Cryptomonas ovata.
Clear (Secchi: 8.5 m),

spp, Pseudokephyrion spp, Chrysolykos

spp,

Tolotti (2001)

Cryptophyceae

anguitissima. (List available)

Stephanodiscus

limnetica, Planktothrix rubescens, Mallomonas acaroides,

lendneri, Cryptomonas spp, Mougeotia gracillima, Oscillatoria

depressum var. planctonicum, Ceratium hirudinella, Phacotus

Dinophyceae

Monomictic

Hungary

Italy

Chromulina

spp, Chrysococcus spp, Dinobryon spp,

Chlorophyceae

Gymnodinium uberrimum, Peridinium cinctum, Gymnodinium

Mallomonas

Shallow (Zmax: 16.1 m);
Oligotrophic;
pH 6.4

spp, Peridinium spp, Navicula spp, Eunotia spp, Pinnularia

spp, Achnanthes spp, Cymbella sensu lato, Cosmarium

asphaerosporum var. strigosum, (Complete list of species
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Lake ID

Lake Serodoli

Loch Lomond

Location

Italy

Scotland

Lake Type

Dominant

Notes

Assessment of phytoplankton by microscopy;

available).
Chrysophyceae;

In the littoral:

Phytoplankton Groups
Small (5.5 km2),

Chromulina

spp, Pseudokephyrion spp, Chrysolykos

spp,

spp, Chrysococcus spp, Dinobryon spp,

Dinophyceae;

33.2 m);

Mallomonas

Cryptophyceae

(Zmax:

Gymnodinium uberrimum, Peridinium cinctum, Gymnodinium

Chlorophyceae

Clear (Secchi: 12.5 m),
Relatively deep
Oligotrophic

spp, Peridinium spp, Navicula spp, Eunotia spp, Pinnularia

Assessment of phytoplankton by microscopy;

pH 6.0

spp, Achnanthes spp, Cymbella sensu lato, Eutetramorus fottii,
Bacillariophyceae;

Oocystis parva. (Complete list of species available).
Large (71.1 km2),

Diatoms: Aulacoseira islandica, Aulacoseira subarctica,

Tabellaria

Asterionella

fenestrata,

Chlorophyceae;

(Desmids
Dictyosphaerium

Chlorophyceae

spp, Fragilaria crotonensis;

pulchellum,

dominant):

Scenedesmus

Monoraphidium

flocculosa var. asterionelloidis, Urosolenia eriensis, Cyclotella

Tabellaria

Clear (3-6 m),

Cyanophyceae

formosa,

Deep (Mean depth: 37 m),
Mesotrophic,
Residence time: 1.5 – 2 years.

contortum,

Staurastrum

cingulum,

Staurastrum

pingue,

communis, Elakatothrix gelatinosa, Oocystis spp, Quadrigula
pfitzeri,

Closterium kuetzingii, Cosmarium spp, Spondylosium planum,

Xanthidium antilopaeum var. depauperatum, Staurodesmus

Coelosphaerium naegalianum, Oscillatoria

incus, Staurodesmus triangularis;
Cyanophyceae:

Aphanocapsa/Aphanothece,

Pseudoanabaena

limnetica, Oscillatoria agardhii, Merismopedia spp, Anabaena
circinalis,

Authors

SEPA (2006)
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Loch

Lomond

Lake ID

(Contd)

Lake of Menteith

Loch Ard

Location

Dominant

Notes

Maulood and

Authors

Boney (1981a)

Lake Type

catenula;.

Assessment of phytoplankton by microscopy;

Phytoplankton Groups

Others: Ceratium hirudinella, Gymnodinium spp, Peridinium

spp, Cryptomonas spp, Rhodomonas spp, Dinobryon divergens,
Cyanobacteria;

Mallomonas acaroids.
Area: 2.64 km2

Cosmarium

spp.,

Cosmocladium

Scotland

Area of catchment: 41.4 km2

Area: 2.43 km2

Dinophyceae;

Bacillariophyceae;

Chlorophyceae;

Cyanobacteria;

Coelosphaerium kutzinginanum, Oscillatoria agardii.

endophytica, Aphanothece spp., Aphanocapsa delicatissima,

Cyanobacteria: Anabaena circinalis, Aphanothece nidulans var

Assessment of phytoplankton by microscopy;

Boney (1981b)

Maulood and

Scotland

Cyanobacteria: Anabaena circinalis, A. flos aquae, A.

endophytica,

spiroides,

var.

Bacillariophyceae;

Aphanizomenon spp., Coeloshpaerium spp.)

nidulans

Area of catchment: 16.45 km2

Dinophyceae;

Bacillariophyceae: Asterionella formosa, Cyclotella comta,

Aphanothece

Deep lake (Z: 6 m; Zmax: 25 m)

Chlorophyceae

Fragilaria crotonenesis, Melosira italica var. subartica,

Navicula spp., Tabellaria fenestrata var. asterionelloides.
Dinophyceae: Ceratium hirudinella.
kutzingii,

Chlorophyceae: Botryococcus braunii, Chlorella vulgaris,
Closterium

saxonicum, Dictyosphaerium pulchellum, Euastrum spp.,

Eudorina spp., Pediastrum boryanum, Spondylosium planum,

(56°11’N,

Warm monomictic lake

Staurastrum spp., Xanthidium antilopaeum var. depauperatum.

4°27’W)

elegans,

Closterium

Eudorina

pulchellum,
saxonicum,

Dictyosphaerium
Cosmocladium

Chlorophyceae:
kutzingii,

Chrysophyceae.

Spondylosium planum, Sphaerozoma granulatum, Pediastrum
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Lake ID
Loch Ard (Contd)

Loch Achray

Dominant

Notes
braunii,

Hyalotheca

mucosa,

fenestrata

var,

Cyanobacteria: Anabaena circinalis.

Assessment of phytoplankton by microscopy;

Boney (1982)

Maulood and

Authors

Cyanobacteria;

divergens,

Chlorophyceae;

Lake Type

Botryococcus

Tabellaria

var.

Area: 0.83 km2

Location

boryanum,

spp.,

cylindricum

Deep lake (Z: 11 m; Zmax: 30 m)

Phytoplankton Groups

Staurastrum spp., Xanthidium antilopaeum var. depauperatum,
Xanthidium subjastiferum var murrayi.

Bacillariophyceae: Asterionella formosa, Cyclotella comta,
Navicula

Fragilaria capucina, F. crotonenssis, Melosira italica var.
subartica,

asterionelloides, T. flocculosa.
Dinobryon

Dinophyceae: Ceratium hirudinella, Peridinium willea.
Chrysophyceae:
Scotland

Kephyrion sp., Mallomonas elongator, M. acaroides.
(56°14’N,

Xanthidium

spp.,

Chlorophyceae: Ankistrodesmus falcatus, Arthrodesmus sp.,

spp.,

Cosmarium

Bacillariophyceae;

sp.,
Staurastrum

Euastrum

Warm monomictic lake

planum,

kuetzingii,

4°23’W

Closterium

Spondylosium

Chrysophyceae.

subjastiferum var. murrayi.

Bacillariophyceae: Asterionella formosa, Cyclotella comta,

Cyclotella glomerata, Fragilaria capucina, F. crotonensis,

Melosira italica var. subartica, Tabellaria fenestrata var.
asterionelloides, T. floculosa.

Chrysophyceae: Dinobryon cylindricum var.divergens,

Kephyrion spp., Mallomonas acaroides, Pseudokephyrion sp.
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Table 1.4 Summary of the eight periods in phytoplankton succession and seasonality in a typical

dimictic lake (Source, Wetzel, 2001).
Period

Prevailing Environmental

Dominant Phytoplankton

conditions
Mid-Winter

Low temperature

Dominated by small flagellates:

High water column stability

Chrysophyceae (Dinobryon,

Low light regime

Mallomonas, Chrysococcus);

Moderate nutrient condition

Cryptophyceae (Rhodomonas,

Low grazing activity

Cryptomonas);
Dinophyceae (Gymnodinium)
Chlorophyceae (Chlamydomonas);
Bacillariophyceae (Synedra,
Tabellaria, Fragilaria)
Euglenophyceae (Trachelomonas)

Late Winter

Low temperature

Increase in Dinophyceae and small

High water column stability

centric diatoms (Bacillariophyceae)

Low nutrient availability
Low but increasing light
Spring circulation

Temperature low but increasing

Bacillariophyceae (reaching annual

Water column mixing

phytoplankton biomass maxima)

Variable light condition
High nutrient availability
Low grazing activity
Initial summer stratification

Temperature increasing rapidly

Marked decline in

Water stability returns

Bacillariophyceae.

Light availability increasing

Increase in small flagellates

Decrease in nutrients

(Chrysophyceae and

Increase in grazing activity

Cryptophyceae)

Early summer – “Clearwater

High temperature

Marked decrease in phytoplankton.

Phase”

High water column stability

Development of grazing-resistant

High light availability

and inedible algae (Dinophyceae)

Markedly reduced nutrients
Significant increase in grazing
Late summer

High temperature

Increase in Chrysophyceae,

High water column stability

Cryptophyceae and colonial green

(Slow erosion and deepening of

algae.

metalimnion)

Depending on the ratio of limiting

High but decreasing light

nutrients, diatoms and

Low nutrient availability

cyanobacteria (especially nitrogenfixing) can dominate.
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Period

Prevailing Environmental

Dominant Phytoplankton

conditions
Autumn circulation

Decreasing temperature

Dominance of Bacillariophyceae

Water column mixing
Decreasing light
Low grazing activity
High nutrient availability
Late autumn

Low temperature

Decrease in phytoplankton biomass.

Water column stabilising
Low light availability
Low nutrient condition
Low grazing activity

1.4

Bacterioplankton

Like phytoplankton, bacterioplankton are key to the ecological structure and function of lakes.
Bacterial organisms play a significant role in the cycling of matter and transfer to higher trophic
levels (Azam et al., 1983; Arndt, 1991; Sanders and Wickman, 1993; Sherr and Sherr, 1994;
Dietrich and Arndt, 2000). The term ‘microbial loop’ (Figure 1.8) was first coined by Azam et
al. (1983) and its importance in carbon cycling and nutrient re-mineralization is today widely
accepted (Laybourn-Parry and Walton, 1998). The microbial loop has been largely associated
with oligotrophic systems; the competition for dissolved mineral nutrients favours the smallest
microorganisms and primary production is then mainly based on minerals regenerated in the
water column (Fenchel, 2008).
Research in freshwater planktonic bacteria has increased since the past four decades (e.g. Šimek
and Straškrabová, 1992; Laybourn-Parry et al., 1994; 1996; Eiler and Bertilsson, 2007), with
the development of techniques and tools to assess their numbers and biomass. Determination of
abundance, biomass and the subsequent identification of planktonic bacteria (e.g. even
functional groups) is relevant to our understanding of their roles within the microbial food web
and in the cycling of organic matter (e.g. DOC) and nutrients (Cottrell and Kirchman, 2000;
Pinhassi et al., 2004; Eiler and Bertilsson, 2007; Felip et al., 2007).
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Phagotrophic*
Mixotrophic*
Phototrophic*eukaryotes*

Figure 1.8 The microbial loop as described by Azam et al. (1983) (solid arrows) and with later
additions (stippled arrows). DOC refers to dissolved organic matter. (Source: Fenchel, 2008).

1.4.1 Determination of bacterioplankton abundance and composition
Microscopy
Epifluorescence microscopy (EPM)
A survey of the work published over the past decades revealed a preference for the use of
fluorescent methods often distinguished by their relatively high sensitivity for the detection and
enumeration of bacteria.

Direct epifluorescence filter techniques (DEFT) that consist of

staining micro-organisms with fluorescent dyes such as 3, 6-bis (dimethylamino) acridine or
acridine orange (AO) have achieved general acceptance. Improvement of the technique led to
the use of more specific nucleic acid fluorochromes including 4’, 6’-diamidino-2-phenylindole
(DAPI) and fluorescamine (Porter and Feig, 1980; Posch et al., 2001).
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Acridine Orange (AO) and DAPI
AO binds to nucleic acids under controlled conditions to form green and red complexes with
DNA and RNA respectively (Ris and Plaut, 1962; Porter and Feig, 1980) and they fluoresce at
wavelengths of 436 nm and 490 nm. Although simple and relatively cheap, direct count using
AO method has limitations. Non-living particles e.g. clay, colloids and detritus also absorb AO
forming a reddish-orange background. The dye is hence inappropriate for application in water
samples rich in particulate organic matter (POM) as it would be difficult to distinguish bacteria
from other particles.
DAPI on the other hand is highly specific for DNA under a wide range of conditions and has
often been used as a cytochemical probe for nuclear, mitochondrial and chloroplast DNA
(Williamson and Fennell, 1975; James and Jope, 1978). DAPI-DNA complex fluoresces bright
blue while any DAPI bound to non-living material or unbound DAPI forms a weak yellow
complex when excited at wavelengths of 365 nm. In contrast with AO, bright blue DAPIstained bacteria is clearly distinct against a black background, typical of eutrophic or seston-rich
water samples. Posch et al. (2001) also stated that the distinction of autofluorescent from nonphotosynthetic cells was possible with the use of DAPI.

Application of AO and DAPI
Several studies have compared the use and efficiency of both fluorochromes in bacterioplankton
studies. While Porter and Feig (1980) reported no significant differences between AO- and
DAPI-counts of total, coccoid, filamentous, attached or unattached natural bacteria collected
during an unproductive and relatively seston-free period, Suzuki et al. (1993) noted a
significantly lower bacterial count with the use of DAPI. Posch et al. (2001) who also found
that DAPI detected only 90% of the total bacterial count realised by AO, hypothesised that since
DAPI binds to DNA, bacteria with higher DNA-synthesis rates are better visualised with the
dye. Counting the number of less fluorescent DAPI-stained bacteria thus reduces its difference
with AO–stained cells. Actively growing bacteria (e.g. during exponential phase) may contain
more than one genome copy, increasing their staining intensity with DAPI (Loferer-Kröβbacher
et al., 1999). In their study, Sieracki and Viles (1992) showed that DAPI stained a high number
of ‘small dim particles’, which have been argued to be nucleoid-containing bacteria, ‘ghosts’ or
non-nucleoid containing bacteria (Zweifel and Hagström, 1995), bacteria with high or low DNA
content (Gasol et al., 1999) and sub-micrometer detritus (Koike et al. 1990; Sieracki and Viles,
1992) and large aquatic viruses or virus–like particles (Sommaruga et al., 1995). The lone use
of epifluorescence microscopy for the determination of bacterioplankton composition or
biomass makes it impossible to distinguish between viruses and small coccoid bacteria. A
major drawback of DAPI lies in the large backscatter in the ratio of DNA to cell mass and in the
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decreasing relative DNA content of larger bacteria, which may result in a general
underestimation of true cell dimensions of the fraction of larger bacterioplankton (Posch et al.,
2001).
The literature contains several conversion factors for transforming direct counts to cellular
carbon per unit volume. For example, Bratbak and Dundas (1984) for instance, proposed 0.2 pg
C µm-3 for bacteria and 0.22 pg C µm-3 for nanoflagellates. Posch et al. (2001) recommend the
use of allometric rather than linear factors to obtain realistic carbon estimates and show that
conversion factors are specific to the dye used. This implies that a conversion factor derived
from cell volumes of AO stained cells cannot be used to calculate biomass of DAPI-stained
bacteria and vice-versa. In parallel, Posch et al. (2001) propose the formula of Simon and
Azam (1989) (recalculated by Norland, 1993) for AO and the equation of Loferer-Kröβbacher
et al. (1998) for DAPI-stained bacteria.

However, it is questionable whether one global

conversion factor can cover the wide biological variability of planktonic bacteria (Thiel-Nielsen
and Søndergaard, 1998).
The problem of cell size can be overcome by the use of electron microscopy; it provides a high
resolution, enabling accurate measurement of bacterial cell size.

Electron microscopy is

however an expensive technique. Confocal laser microscopy (CLM) is another tool that allows
the determination of bacterial biomass e.g. in Solé et al. (2001), who used for the detection and
quantification of cyanobacteria in microbial mats. CLM enables the localisation of individual
cells or filaments with micrometer precision without any need to manipulate or stain samples.
This method can also be used to monitor microbial mats in situ. Furthermore, it avoids the use
of long exhaustive protocols and allows for accurate and non-destructive optical sectioning
where out-of-focus is virtually eliminated.

With the exception of cyanobacteria or

photosynthetic bacteria which autofluoresce, all other bacteria require the use of stains.
Nevertheless, CLM is expensive, inappropriate for routine studies and is more suitable for
specialised studies. Determination of total phytoplankton biomass cannot be carried out using
this technique. Despite improvements through the application of automated image analysis
systems, microscopy counts are still time-consuming and require considerable effort to obtain
accurate measurements of bacterial cell volumes (Felip et al., 2007).

Fluorescent In Situ Hybridisation (FISH)
Several reviews (e.g. Amann et al., 1995; 2001) on the identification of microorganisms by
FISH have underlined its importance in microbial ecology. The evolution of techniques from
microscopy to Polymerase Chain Reaction (PCR) and FISH are clearly stated. The combination
of FISH with EPM is a well-established technique and further research is being focused on the
elaboration and development of better and more effective probes.
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Principle
FISH involves hybridisation of fluorescence-labelled oligonucleotide probes to intracellular
ribosomal RNA (rRNA).

A typical FISH protocol includes four steps: fixation and

permeabilisation of the sample; hybridisation; washing steps to remove unbound probes and
detection (Amann et al., 2001). Cells showing specific hybridisation with the probe can be
identified and enumerated by EPM.
The use of rRNA genes as biological markers has had a significant impact on the study of
bacterial taxonomy. Relatively stable and found in all living organisms in high copy numbers,
rRNA can include both variable and highly conserved sequence domains, of which, 16S rDNA
sequences are the most targeted. Today, fluorescently labelled, rDNA-targeted oligonucleotide
probes have become a common tool for the direct, cultivation-independent identification of
individual bacterial cells (Amann et al., 2001). In fact, cloned libraries of 16S rRNA genes,
collected from naturally occurring bacteria using PCR with general bacterial or universal 16S
rRNA gene primers constitute one of the most widely used approaches in the study bacterial
diversity.

Application
Although FISH with rRNA targeted oligonucleotide probes has been used successfully in
microbial ecological studies, limitations regarding its sensitivity exist. In an attempt to improve
FISH detection, different lengths of nucleotide probes have been compared. An assessment of
polynucleotide and oligonucleotide probes revealed that the latter were more selective and
enabled more discrimination amongst a wider range of bacterioplankton than the former probes
(Lee et al., 1993; Ouverney and Fuhrman, 2000).

The use of the standard FISH with

fluorescein isothiocyanate (FITC)-labelled probes gives strong signals when the bacterial cells
are metabolically active and thus contain a large number of rRNA. The use of 2-hydroxy-3naphthoic acid 2’-phenylanilide phosphate (HNPP) with Fast Red TR is reported to enhance
fluorescence signal eightfold compared to FITC-FISH (Yamaguchi et al., 1996). Glökner et al.
(1996) also proposed the use of Cy3-labelled oligonucleotide probe as an effective approach to
improve sensitivity. Further improvement of FISH involved boosting cellular ribosome content
before fixation by the pre-incubation of samples in a cocktail of substrate and antibiotics, which
theoretically should induce cell activation and rRNA synthesis without any cell division.
As further applied research attempted to address methodological inadequacies e.g. limited
sensitivity and low fluorescence in FC and FISH respectively, more efficient methods have been
proposed.

Emerging techniques include the in situ hybridisation of microbial cells with

horseradish peroxidase (HRP)-labelled oligonucleotide probes and catalysed fluorescent
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reporter deposition (CARD-FISH). Schönhuber et al. (1997) reported that the fluorescence of
hybridised cells after CARD-FISH was up to 20-fold higher than after FISH with mono-labelled
fluorescent probes, which should allow the visualisation of pelagic bacterioplankton with small
cell size and low rRNA content. Although CARD-FISH could overcome the limited sensitivity
of flow cytometers, this novel technique cannot be used in FC. Microscopic preparations of
CARD-FISH-stained bacterioplankton are cells on membrane filters that are embedded in
agarose and FC requires that cells be in suspension. Different protocols have attempted to
combine CARD-FISH with FC by repeated centrifugation to maintain cell concentrations during
washing and minimise cell loss. However, the wide range of cell sizes makes it difficult to
quantitatively recover bacterioplankton cells by centrifugation.

Tangential flow filtration,

proposed by Giovannoni et al. (1990) could be used for cell concentration, but this approach is
time-consuming, requires large volumes of sample and selects against particular cell size
fractions. The final alternative remains the re-suspension of bacterial cells from the membrane
filters (Pernthaler et al., 2002) by the use of protocols available for the physical and chemical
removal of bacteria from surfaces (e.g. Lindahl and Bakken, 1995; Gough and Stahl, 2003).
Nevertheless, the latter method is not expected to be quantitative as transfer of cells from
membrane filters to glass slides in the study of Cottrell and Kirchman (2003) suffered from
about 50% cell loss. Hence, it is likely that a flow cytometric protocol for the enumeration of
hybridised cells re-suspended from membrane filters would be inferior to direct microscopic
counts of filtered cells (Sekar et al., 2004).
Peptide nucleic acids (PNA), which are uncharged DNA analogues, are considered to be the
next generation of potential probes that could substitute actual oligonucleotides. They bind to
nucleic acids more strongly than oligonucleotide probes because of the absence of any
electrostatic repulsion between PNA and the negatively charged sugar-phosphate backbone of
the target molecule (Egholm et al., 1993). Moreover, by being hydrophobic, PNAs are also
more efficient than oligonucleotides in penetrating cell walls (Beebee and Rowe, 2005).
However, the application of PNA to FISH is currently being slowed down due to its high cost
and specificity problems.
FISH allows the appropriate quantification of distinct bacterial groups, independently of the
biases associated with PCR amplification. However, this technique is limited by the number of
probes that, in practice, can be used, and can only account for previously known lineages
(Alonso-Sáez et al., 2007).
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Fingerprinting Methods
Clone libraries are relatively expensive and time-consuming (Hughes et al., 2001). In addition,
most studies are based on single sampling points which seriously limit our understanding of
spatiotemporal variations in bacterial diversity. In the last decade, fingerprinting techniques e.g.
denaturing gradient gel electrophoresis (DGGE), terminal restriction fragment length
polymorphism (T-RFLP) and single strand conformation polymorphism (SSCP) have become
important and frequent tools in microbial ecology (Smalla et al., 2007) and helped to overcome
some of the problems associated with the use of clone libraries. These techniques enable
comparison of the phylogenetic composition of a large number of samples along spatial and
temporal gradients.

A.

Denaturing Gradient Gel Electrophoresis (DGGE)

DGGE of PCR-amplified 16S rDNA fragments has emerged as a powerful and convenient tool
for determining temporal or spatial differences in bacterial populations and for monitoring
changes in the diversity of bacterial communities (Ferris et al., 1996). DGGE enables the
separation of PCR-amplified 16S rDNA fragments of similar size from a bacterial community
into discrete bands on a polyacrylamide gel containing a linearly increasing gradient of DNA
denaturant, e.g. a mixture of urea and formamide. This separation is based on the decreased
electrophoretic mobility of partially denatured DNA molecule in the gel. Individual doublestranded DNA molecules denature according to their sequences and partial denaturation causes
their migration to halt at a unique position, thereby forming discrete bands in the gel (Iwamoto
and Nasu, 2001). PCR products of the same size but from different microbes would migrate to
different positions on the gel (Beebee and Rowe, 2005). Consequently, the diversity of a
bacterial community can be visualised in terms of their banding patterns in DGGE. By the
attachment of a GC-rich sequence commonly known as a GC clamp to the DNA fragment, all
the sequence variants can be detected. The GC clamp, which imparts melting stability and
prevents complete separation of the DNA strands during electrophoresis, can in some cases
however, give rise to multiple bands from the same gene as a result of PCR artifacts caused by
hairpin formation clamp (Beebee and Rowe, 2005).

Individual bands can be excised, re-

amplified and sequenced and hybridised with oligonucleotide probes to determine the
composition of the bacterial community by Southern blotting.

B.

Terminal Restriction Fragment Length Polymorphism (T-RFLP)

T-RFLP is another method for analysing microbial community diversity in various
environments.

The principle of the method consists of amplifying 16S rRNA-encoding
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bacterial gene using a fluorescence-labelled primer followed by the digestion of the PCR
products using restriction enzymes. Fluorescence-labelled terminal restriction fragments are
then measured using a DNA sequencer (e.g. Morris et al., 2002; Martínez-Alonso et al., 2008).

C.

Fingerprinting techniques and ARISA

In T-RFLP, 16S rRNA is amplified by PCR with a 5’ fluorescent primer, and amplicons are
digested into fragments using restriction enzymes. DGGE, which relies on melting points
variations in variable portions of target molecules, allows the assessment of bacterial diversity
by subsequent sequencing, although not to the same level of detail as permitted by clone
libraries.
Hewson and Fuhrman (2004) investigated bacterioplankton community diversity by employing
Automated rRNA Intergenic Spacer Analysis (ARISA). ARISA amplifies the region between
16S and 23S rRNA (highly variable in length: 150 – 1200 bp) using a fluorescent primer.
Compared to DGGE and T-RFLP, ARISA has many advantages (Hewson and Fuhrman, 2004).
T-RFLP provides less phylogenetic resolution as it relies upon only a few sequence
heterogeneities in a generally conserved molecule. DGGE on the other hand, offers high
resolution but less sensitivity than either ARISA or TRFLP for minor taxa. The laser detection
system in ARISA and T-RFLP can detect bands and peaks containing less than 0.1% of the total
loaded DNA, while images or scans of DGGE gels often require over 0.5%. Hewson and
Furhman (2004) further reported that DGGE relies on gel band positions that cannot be easily
converted into standard data points, making it difficult for any standardisation and comparison
between laboratories. DGGE band sequences are also typically shorter (500-600 bp) than
ARISA and T-RFLP sequencing gels and hence allows for fewer possible operational
taxonomic units (OTU; Hewson and Furhman, 2004). Although more advantageous in terms of
speed and cost, these methods are not as sensitive to taxonomic differences as clone library
approaches. Limitation with ARISA occurs with some bacterioplankton species (e.g. fastgrowing species with multiple rRNA operons), having more than one internally transcribed
spacer (ITS) length. ITS being less conserved than 16S rRNA sequence results in heterogeneity
in operon copy numbers within cells (Klappenbach, Dunbar and Schmidt 2000). However,
within slow-growing bacterial communities with low numbers of rRNA operon copies,
heterogeneity is less likely to affect fingerprinting analysis. Fischer and Triplett (1999) state
that fingerprinting is reproducible and is appropriate for displaying clear differences between
bacterial communities. Moreover, data generated from fingerprinting can also indicate rank of
abundance and coverage of each microbial community (Hughes et al., 2001). Hewson and
Fuhrman (2004) argue that fingerprinting is the most cost-effective alternative for comparing
multiple bacterial communities.
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Flow cytometry
Flow cytometry was introduced in the early 1990s as an alternative to direct EPM for estimating
bacterial abundance in mixed natural assemblages. Principle, features and application of FC in
the determination of phytoplankton composition and biomass have already been treated in
Section 1.2.1. FC is recognised to be an effective tool in the assessment of composition and
abundance of the bacterial community. One of the strengths of FC resides in its rapid multiparametric data acquisition and analysis of large numbers of samples. Dubelaar and van der
Reijden (1995) also added that this quick assessment enables more frequent sampling and
replication which subsequently allow subtle statistical interpretation of a larger data set to be
carried out. Several flow cytometers on the market include commercial benchtop models which
carry out general bacterial counts, and research cytometers, which are more specialised and can
be programmed to undertake several other tasks including cell sorting (Collier, 2000).
Distinction between different bacterioplankton is not possible with endogenous characters
alone. Today, the use of exogenous fluorescent dyes and molecular probes are commonly used
in the bacterioplankton studies. However discrimination can be improved among similar algae
with the use of fluorescent dyes such as DAPI, SYTO 13 (del Giorgio et al., 1996), SYBR I,
(Hennes and Suttle, 1995; Noble and Fuhrman, 1998), propidium iodide (PI), fluorescein
isothiocyanate (FITC), etc or fluorescent antibodies and molecular biological probes of rRNA
(Amann et al., 1995; Collier and Campbell, 1999). The latter is often used with EPM (Vrieling
and Anderson, 1996) but is not yet commonly used with FC, although some studies that have
employed FITC-conjugated antibodies to target toxic dinoflagellates have recommended its
application.
Flow cytometers can be expensive and should imperatively be calibrated for results to be
reliable and viable (R. Leakey, pers. comm.).

Collier (2000) states that “flow cytometric

measurements of scatter and fluorescence are inherently quantitative, but are dependent on
instrument configuration and operation (e.g. the alignment of the optical system and linearity
and stability of electronic components)”. Collier (2000) also points out some limitations of FC
related to the small size and, reduced DNA, RNA and protein content in bacteria.
Fluorochromes permeate less in bacteria relative to mammalian cells; bacteria have efficient
efflux pumps. The microbial morphology can cause artefacts where fluorescence and light
scatter signals depend on orientation of the cell relative to the direction of the excitation light.
Collier (2000) added that FC has limited applications in aquatic systems with high particulate
matter and solid phase content.
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1.4.2 Bacterioplankton community composition (BCC)
Bacterioplankton play a significant role in the biogeochemical cycle; they are major contributors
to processes that control the water quality and the fate of pollutants (Eiler and Bertilsson, 2007).
Yet, relatively little is known on bacterioplankton dynamics in freshwater systems.

The

identification of freshwater bacterial taxa is a budding branch of microbial ecology, with the
pace of research steadily increasing. Freshwater bacteria can be classified into three major
phyla namely Proteobacteria, Actinobacter, and Bacteriodetes based on clone libraries, (e.g.
Glöckner et al., 2000; Zwart et al., 2002; Eiler and Bertilsson, 2004; 2007), only scanty
literature is available on their seasonality.
Eiler and Bertilsson (2007) reported that: (1) quantitative studies based on FISH, have revealed
that members of the Bacteriodetes and Proteobacteria exhibit high temporal and spatial
variation (Glöckner et al., 1999; Kirchman, 2002); (2) the ability of Bacteriodetes and
Proteobacteria to rapidly exploit bioavailable organic matter and colonise aggregates could be
responsible for their dynamic distribution patterns (Weiss et al., 1996; Riemann and Winding,
2001); (3) two PCR-based studies showed that freshwater phytoplankton blooms foster bacterial
communities where members of the class Flavobacteria are well represented (Kolmonen et al.,
2004).
Laybourn-Parry and Walton (1998) have studied the seasonal variation of bacterioplankton in
Loch Ness (Scotland) and have also reported the lack of studies on microbial periodicity,
especially in oligotrophic lakes. At lower temperate latitudes, it is reported that microbial
plankton are driven by allochthonous carbon inputs and the carbon fixed within the system
played a minor role in plankton dynamics (Laybourn-Parry et al., 1994). The high humic
content in inflowing waters decreases light availability in the water column and inhibits primary
production (Jones et al., 1996; Carpenter et al., 1998), while at the same time providing an
externally-derived carbon source for bacterial exploitation. In spite of a large recalcitrant
portion of DOC, there is sufficient material to support bacterial production (Jones, 1992;
Tranvik, 1992; Laybourn-Parry and Walton, 1998).

In systems driven by autochthonous

carbon, clear seasonal patterns in the abundance and production of the bacterial community and
protozooplankton are apparent and these can be related to seasonal patterns of productivity of
the phytoplankton. The study of Laybourn-Parry and Walton (1998) indicated that maximum
bacterial production was reached in summer, a period when allochthonous carbon was
supplemented by a high autochthonous carbon (max. primary production: 48 µg C L-1).
Furthermore, bacterial production was lowest or not detectable during late autumn and winter,
most probably because of low temperature. Low temperatures are expected to limit bacterial
production in temperate lakes especially those which are resource-limited (Felip et al. 1996).
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Along with DOC, bacterioplankton community composition (BCC) are influenced by a range of
other factors including nutrient status, as reported in the Portuguese surface waters by de
Figueiredo et al. (2007):
In oligotrophic systems:
•

Verrucomicrobia group is dominant (de Figueiredo et al., 2007). This group is associated
with low pH (Urbach et al., 2001; Zwart et al., 2002; Phung et al., 2004) and long
theoretical hydrological retention time (THRT; Lindström et al., 2005)

•

Presence of Actinobacteria: member of Actinomycetes group also noted (de Figueiredo et
al., 2007)

Mesotrophic systems:
•

Dominance of Betaproteobacteria, which is associated with relatively low pH (LopezArchilla et al., 2004) and short THRT (Lindström et al., 2005) and high nitrogen levels
(Brümmer et al., 2000; Lee et al., 2002).

•

Bacteriodetes - Cytophagales bacteria are characteristic of a mesotrophic reservoir (Šimek
et al., 2001).

•

Bacteriodetes – Flavobacterium are able to catabolise riverine DOM (Kisand et al., 2002)

Eutrophic and hypertrophic systems:
•

Alphaproteobacteria, Betaproteobacteria, Bacteriodetes and Actinobacteria dominate
shallow eutrophic and hypertrophic lakes (Eiler and Bertilsson, 2004; van der Gucht et al.,
2005; Allgaier and Grossart, 2006).

•

Sphingomonas sp. (Group: Alphaproteobacteria) dominated in Fragilde reservoir (de
Figueiredo et al., 2007). Its presence may be associated with a long THRT (Lindström et
al., 2005), high pH and high nutrients and TSP (Zwart et al., 2002).

•

Betaproteobacteria are known to be nitrifying bacteria (Altmann et al., 2003) and therefore
their presence in lakes rich in [NH4+] and low in [NO3-] is justified.

•

The Bacteriodetes group in Lake Fermentelos is known to appear in eutrophic lakes with
high conductivities (van der Gucht et al., 2005). The Bacteriodetes was a Flavobacterium
sp. again related to high nitrate levels but also related to SRP availability. Flavobacterium
has been noted in many European reservoirs, including Portuguese waters (Masin et al.,
2003; de Figueiredo et al., 2007).
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CHAPTER 2
Materials and Method
Introduction
The analytical techniques involved in the investigation of Scottish freshwater lochs and their
plankton communities are presented in this chapter.

Details of sample processing and

determination of physical, chemical and biological parameters are outlined. However, field
operations and sampling sites have been described in separate chapters throughout this thesis
(chapters 4, 5 and 6) as sampling strategies varied according to the lakes surveyed.

2.1

Physical Parameters

2.1.1 Conductivity, temperature and dissolved oxygen
In situ measurements of conductivity, temperature and dissolved oxygen at Loch Rannoch in
2008-09, were performed using a CTD (Conductivity-Temperature-Depth/Density) profiler
(SD204, SAI A/S, Bergen).

The instrument was lowered down the water column at an

approximate rate of 1-2 ms-1 and once the probe was recovered, data was retrieved using
Minisoft SD200W (SD204 TD301/2/3/4, SAI A/S, Bergen). Dissolved oxygen in the water
column was measured as concentration (mg L-1) and percentage saturation (%).
Sampling at Loch Calder in 2010 involved the deployment of a different CTD multi-parameter
profiler (MIDAS CTD+, Valeport, USA) and the data was retrieved ex situ using the Valeport
Datalog 400 software. The instrument was equipped with six sensors namely, a conductivity
probe, temperature probe, oxygen probe (Oxyguard, USA), turbidity meter (Seapoint, USA),
pressure sensor, CYCLOPS-7 submersible fluorometer (Turner designs, USA) and an
underwater radiation sensor (LI-193 spherical quantum sensor, LI-COR, USA). The profiler
was lowered at a constant rate of 1-2 ms-1 till the bottom of the instrument made contact with
the sediment.
For both Loch Rannoch and Loch Calder, string data from a downward profile only were used.
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2.1.2 pH
pH of water samples was determined using a pre-calibrated bench-top Jenway 3345 Ion meter
(Jenway, UK). Using solutions of pH 4, 7 (Fisher Scientific, UK) and 10 (Hanna Instruments,
UK), a three-point calibration was conducted every time the pH meter was used. Unfiltered
lake samples (25 mL) were transferred to small beakers into which the pH probe was inserted.
Data were recorded when values displayed were stable. The probe was rinsed with MilliQ
water between measurements and was stored in pH 7 buffer after use.

2.1.3 Light climate
The underwater light climate was investigated by measuring (i) Secchi depth (Zs) and (ii) the
diffuse attenuation coefficient (Kd) of Photosynthetically Active Radiation (PAR).
Zs is a qualitative measure of water clarity (Sandén and Håkansson, 1996) and provides an
indication of its apparent optical property (AOP). It exploits the principle that light energy
penetrating the water surface, is transmitted downwards and diminishes in an approximately
exponential manner with depth. A 20 cm-diameter Secchi disc, painted with black and white
quarters, was gradually lowered into the water column. The depth (in metres) at which the disc
was no longer visible from the surface was recorded as an indication of water clarity (Sandén
and Håkansson, 1997; Kratzer et al., 2003).
Preisendorfer (1986) first stated that Secchi readings were dependent on the amount of
attenuating material in the water. Light attenuation is attributable to several factors (Kirk, 1991;
Wetzel, 2001; Håkanson and Boulion, 2001) including water molecules, concentrations of
particulate matter (e.g. suspended sediment, detritus, phytoplankton, etc.) and dissolved organic
compounds such as coloured (yellow) substances (cDOM), humic substances, fulvics, DOC,
etc. The use of Zs in the determination of inherent optical properties (IOP) of water has been
debated by several authors (e.g. Gordon and Wouters, 1978; Kirk, 1984; Preisendorfer, 1986).
Constants or derivations used in this study have been referenced from studies that have
established relationships between Zs and IOPs (e.g. Koenings and Edmundson, 1991; LaPierre
and Edmundson, 2000; Kratzer et al., 2003; Armengol et al., 2003; Descy et al., 2005;
Bracchini et al., 2009).
Measurement of Kd PAR (400 – 700 nm) on the other hand, is a quantitative method. Kd
(PAR) (m-1) is a measure of the gross change in all optically active components (Equation 2.1).
Kd (PAR) = Kd (W) + Kd (P) + Kd (C)

(Equation 2.1)

where Kd (PAR) is the sum of the attenuation coefficients of water (W), suspended particulate matter (P)
and dissolved coloured substances (C).
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PAR, measured using the Underwater Quantum sensor (LICOR, Valeport, UK) was a
component of the Valeport CTD profiler (MIDAS CTD+, USA) and was used exclusively
during investigation of the light climate in Loch Calder. The Valeport CTD was lowered at a
constant rate of 1 - 2 ms-1 down the water column and only the downward data string was
recorded.

2.1.3.1 Estimation of euphotic depth (Zeu)
The euphotic zone receives more than 1% of surface light irradiance. Zeu is critical to photoautotrophs as it represents the depth at which the rate of photosynthesis compensates that of
respiration.
Poole and Atkins (1929) first reported that Kd (PAR) was inversely proportional to Zs (Equation
2.2)
Kd (PAR) = f * (Zs)-1

(Equation 2.2)

where f is 1.7 for marine environments (Poole and Atkins, 1929, Kratzer et al., 2003), and 1.4 for turbid
coastal waters (Holmes, 1970).

While Descy et al. (2005) used a constant (f) of 1.57 and a more recent study of Spanish
reservoirs showed that f varied from 1.49 to 1.98, with an average of 1.78 (Armengol et al.,
2003). For the purpose of this study, an f value of 1.78 will be used in any calculation of Kd
(PAR) from SD data:
Kd (PAR) = 1.78 * (Zs)-1 (Equation 2.3)
Based on the assumption that Kd at any depth was approximately constant, euphotic depth can
be derived from Kirk (1994) in Kratzer et al. (2003):
Zeu = 4.6 * Kd (PAR)-1 (Equation 2.4)
Combining equations 2.3 and 2.4:
Zeu = 2.6 * Zs

(Equation 2.5)

Equation 2.5 was applied in chapter 4 to generate estimates for euphotic depths in Loch
Rannoch.
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2.1.4 Total suspended solids
All samples were carefully mixed to obtain homogeneity. As shown schematically in figure 2.1,
one litre of lake water was filtered through a pre-weighed 47 mm GF/F filter (Whatman, UK).
The filter was then dried in an oven, pre-heated at 105 °C (APHA, 1998). After the first two
hours, the dry mass was measured using an Explorer Pro electronic balance (Ohaus, USA).
Oven-dried filters were then weighed every consecutive hour till constant mass was obtained.
Total suspended solid (TSS) in water samples was calculated as the difference in dry mass
before and after the filtration of fixed volume of a given sample (Equation 2.3).
In the event that TSP could not be determined immediately after filtration, the filters were
stored at -80 °C.
TSP (mg L-1) = Mt - Mo (Equation 2.3)
where, Mo: original mass of filter membrane and Mt: Mass of filter membrane after filtration.

49

Figure 2.1 Hierarchal organisation of sample processing procedures prior to analysis. (HPLC: High performance liquid chromatography; SRP: Soluble reactive

phosphorus; NO3-: Nitrate; NO2-: Nitrite; NH4+: Ammonium; SRSi: Soluble reactive silica; TDN: Total dissolved nitrogen; TDP: Total dissolved phosphorus; DOC:

Dissolved organic carbon; N: Nitrogen; P: Phosphorus; PCR-DGGE: Polymerase chain reaction-Denaturing gradient gel electrophoresis; Epif. Micros: Epifluorescence
microscopy; Flow Cyt.: Flow cytometry; Phyto. Micros.: Phytoplankton microscopy).
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2.2

Nutrient analysis

Analysis of inorganic and dissolved nutrient fractions was carried out on GF/F-filtered water
samples (Figure 2.1). 500 mL and 125 mL acid-washed, opaque polypropylene bottles were
used to store filtered and unfiltered lake samples, the latter used for total nitrogen (TN) and total
phosphorus (TP) analyses (Figure 2.1). Samples analysed within 48 hours of collection were
stored at 4 °C or frozen at -20 °C for any longer storage. To minimise the risk of contamination,
all lab-ware was soaked in 4 % HCl acid (Fisher, UK) for at least 24 hours and rinsed thrice
with MilliQ water (Millipore/Sartorius, UK).
Unless specified otherwise, the salts used in the preparation of reagents were obtained from
Sigma-Aldrich (UK). Most of methods used for the determination of nutrients were based on
the principle of colorimetry (Table 2.1); their mechanisms of reaction result in the development
of a detectable colour. The colour intensity or absorbance was measured by spectrophotometer
and the concentrations of nutrients were calculated using Beer’s Law.
Table 2.1 List of methods used for the determination of nutrients in lake water samples and their
limits of detection (LOD).
Analytical method

LOD (2 S.F)

Reference

NO3 + NO2 - Cadmium reduction method

0.71 µM

APHA, 1998

NO2- - Nitrite analysis

0.071 µM

Broberg, 2002

NH4 - Indophenol method

0.14 µM

Broberg, 2002

TDN - Total UV dig. Nitrogen

*2.1 µM

Skalar Methods (Catnr. 475-426)

TN - Persulphate oxidation

0.071 µM

SRP -Ascorbic acid method

0.032 µM

Broberg, 2002

TDP - Total UV dig. Phosphorus

*0.65 µM

Skalar Methods (Catnr. 503-505w/r)

TP - Persulphate digestion

0.032 µM

Broberg, 2002

SRSi - Heteropoly blue method

0.020 µM

DOC - DOC analyis

*83 µM

-

-

+

Skalar Methods (Catnr.311-185w/r)

*Limit of quantification (LOQ)

Beer’s law that states that the absorbance of light (A) is proportional to the concentration of the
analyte, c, and the path or cell length, l (Equation 2.4).
A = log (I0/It) = ε * c * l (Equation 2.4)
where, I0: light intensity before passing through the samples; It: light intensity after it passes through the
sample; ε: the molar absorptivity, also known as the molar extinction coefficient; c: concentration in
moles L-1 and l: cell length in centimetres. (Skoog et al., 1998)
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2.2.1 Nitrogen fractions
2.2.1.1 Nitrate-nitrogen

Principle
The cadmium (Cd) reduction method, as described in APHA (1998), was used to determine the
nitrate (NO3-) content in GF/F-filtered water samples (Figure 2.1).
-

The principle of this

-

colorimetric method involves reduction of NO3 to nitrite (NO2 ) during the passage of buffered
samples through a column packed with Cd granules (Equation 2.5). The NO2- concentration
determined by the Griess reaction (section 2.2.1.3) provides a measure of ambient NO2- and
NO3- levels in the sample.
NO3- + Cd + H2O

NO2- + Cd2+ + 2OH-

(Equation 2.5)

Protocol and quantification
Before use, Cd granules (100 mesh-sized) were pre-treated with HCl and copper sulphate. The
granules were washed with 6N HCl (Fisher, UK) and rinsed thrice with MilliQ water. The
granules were then soaked in 2 % (W/V) copper sulphate (BDH, UK) followed by final rinse
with MilliQ water. A burette was filled up with the pre-treated Cd, to a height of about 18 cm.
Activation of the column was achieved by running a solution composed of 25 mL of 71 µM
NO3- and 75 mL of buffer (0.14 M NH4Cl: 3 mM EDTA; pH 8.5) through it.
Buffered samples (25 mL sample and 75 mL buffer were passed through the column. Addition
of 2 mL Griess reagent (1% (W/V) Sulphanilamide, 0.1% (W/V) N-1 Naphthyl ethylenediamine
dihydrochloride and 5% (V/V) concentrated phosphoric acid) to 50 mL of the reduced sample
triggered the development of a colour, the intensity of which increases with NO2- concentration
(Section 2.2.1.4). 15 minutes after addition of the colour reagent, absorbance of the samples at
543 nm was measured using a spectrophotometer (CamSpec UV-Vis M350).
Quantification of the protocol was valid in the range of 0.71 to 71 µM NO3-(APHA, 1998).
Along with each batch of samples, a set of five standard solutions, prepared from stock NO3and buffer, was run and the range in concentration depended on the sampling location. For
instance, calibration solutions for Loch Rannoch and Loch Calder ranged from 0 – 17 µM,
whereas those from the northern lakes survey extended to a maximum concentration of 71 µM.
The limit of detection (LOD) using Cd reduction method is 0.71 µM NO3- (See Table 2.1)
according to APHA (1998).
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2.2.1.2 Ammonium-nitrogen

Principle
Ammonium (NH4+) was determined using the indophenol blue method (Chaney and Marbach,
1962). NH4+ in the sample reacts with hypochlorite in a slightly alkaline solution to form
monochloramine, which in turn forms indophenol blue in the presence of phenol and a surplus
of hypochlorite. The rate and yield of the reaction is increased by the use of the catalyst,
sodium nitroprusside.

Protocol and quantification
To 10 mL of GF/F-filtered lake water sample, 1 mL alkaline hypochlorite solution (2.5% (W/V)
NaOH in 5% (V/V) sodium hypochlorite) and 1 mL phenol (5% (W/V) phenol and 0.025%
(W/V) sodium nitroferricyanide (III) dihydrate in MilliQ water) were added. After an hour, the
absorbance of the reacted sample was determined spectrophotometrically (CamSpec UV-Vis
M350) at a wavelength of 635 nm.
Calibration was performed using five standards with concentrations in the range 0 - 2.86 µM.
The limit of detection of this method, reported to be 0.14 µM NH4+, according to Broberg
(2002), is given in Table 2.1.

2.2.1.3 Nitrite-nitrogen

Principle
The protocol described in Broberg (2002) was used to measure nitrite (NO2-) concentration in
lake water samples. A diazonium ion is formed following the reaction between sulphanilamide
with nitrite ions in an acid solution.

The product is then coupled with N-1-

naphythylethylenediamine dihydrochloride to form an azo-dye (red), which forms an
absorbance peak at 543 nm. The process by which the azo-dye is formed is termed the Griess
diazotisation reaction.

Protocol and quantification
Following the addition of 1 mL of 1% (W/V) sulphanilamide in 10% (V/V) HCl (1.19 mg L-1),
followed by 1 mL of 0.1% (W/V) N-1-naphythylethylenediamine dihydrochloride to 10 mL
sample, the latter is allowed to stand for at least 10 minutes before the colour intensity is
measured spectrophotometrically at 543 nm (CamSpec UV-Vis M350). The limit of detection
is reported as 0.14 µM (Table 2.1).
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Like in the case of NH4+, five standards were used to perform calibration in the range 0 – 2.86
µM and the detection limit is given in Table 2.1.

2.2.1.4 Total dissolved nitrogen (TDN)
TDN analysis was carried out at the Freshwater Laboratory of the Fisheries Research Services
(FRS), Pitlochry, using a continuous flow analyser (Skalar San plus, UK). The method requires
a GF/F filtered sample to be mixed with a potassium peroxidisulphate – sodium hydroxide
solution and heated to 90 °C. The solution is then mixed with a borax buffer and brought into
an UV digester. After dialysis, the nitrate level is determined by the Griess reaction following a
reduction of the nitrate to nitrite by a cadmium copper reductor. The colour is measured at 540
nm. The methodology detailed in the San plus manual (Catnr. 475-426) reports a limit of
detection of 2.1 µM (Table 2.1).

2.2.1.5 Total nitrogen (TN)

Principle
The principle of this method is similar to that of TDP (Section 2.2.1.4), whereby the total
nitrogen content in the sample is broken down to NO3-, which is then measured photometrically.

Protocol and quantification
The total nitrogen content was determined by a multi-wavelength method. Water samples (10
mL) underwent digestion using 1.5 mL oxidation solution (6% (W/V) sodium persulphate in 1.5
M NaOH) at 120 °C for 30 minutes (APHA, 1998; Broberg, 2002). During this process,
organic matter is broken down into its inorganic nitrogen fractions. After acidification with 0.2
mL concentrated HCl, the samples are screened for NO3- at two wavelengths of the UV
spectrum: 220 nm and 275 nm using a CamSpec UV-Vis M350 spectrophotometer.
Calibration was performed using five standards with concentrations ranging from 0 to 143 µM
NO3-. The absorbance at 220 nm is expected to be higher than that 275 nm. The difference in
the absorbance is calculated and plotted against the concentration to determine the concentration
of total nitrogen in the sample. The limit of detection is given in Table 2.1.
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2.2.2 Phosphorus fractions
2.2.2.1 Soluble reactive phosphorus (SRP)

Principle
Determination of bio-available phosphorus was carried out following the ascorbic acid method
(Murphy and Riley, 1962). Ammonium molybdate in the reagent mixture reacts with the
inorganic phosphorus fraction in the sample and forms a yellow complex of phosphorus
molybdate in an acidic solution.

Antimonyl potassium tartrate catalyses the reduction of

phosphorus molybdate with ascorbic acid to form a blue complex, which forms an absorbance
peak at 882 nm.

Protocol and quantification
GF/F-filtered samples (10 mL) were required for this analysis. A reagent mixture consisting of
2.5 M sulphuric acid, 4% (W/V) ammonium molybdate and 1 mg Sb L-1 antimonyl potassium
tartrate was prepared in the ratio 10:3:1. The reagent mixture was mixed with 0.1 M ascorbic
acid in a ratio of 7:3 to form a combined reagent. Following the addition of 2 mL of combined
reagent to each water sample, the latter was left to stand for 30 minutes for the development of
the blue complex. The absorbance of the reacted sample was then measured at a wavelength of
882 nm using a spectrophotometer (CamSpec UV-Vis M350).
Five standard solutions with concentrations in the range 0 – 650 nM PO43- were prepared to
perform calibration. The limit of detection for this protocol was 32 nM (Table 2.1)

2.2.2.2 Total dissolved phosphorus (TDP)
TDP analysis was conducted at the Fisheries Research Services laboratory in Pitlochry using the
Skalar continuous flow analyser (San plus, UK).
Similar in principle to the determination of TDN (Section 2.2.1.4), the methodology outlined in
the Skalar manual for TDP analysis requires GF/F filtered samples to be mixed with potassium
peroxidosulphate.

Organic phosphates contained therein are digested by means of UV

radiation. The addition of sulphuric acid to the sample stream, followed by heating (105 °C)
cause digestion of complex inorganic phosphates to orthophosphates. While sodium hydroxide
is added to neutralise the solution, ammonium heptamolybdate catalysed by potassium
antimonyl (III) oxide tartrate reacts in an acidic medium with diluted solutions of phosphate
form a phospho-molybdic acid complex. The latter is finally reduced in an intensively blue
coloured complex by the addition of L(+) ascorbic acid and this complex is measured at 880
nm.
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2.2.2.3 Total phosphorus (TP)

Principle
Developed by Menzel and Corwin (1965), this protocol used for the determination of TP is
adapted from the same principle as the ascorbic acid method, described in section 2.2.2.1. This
method first involves an oxidative digestion conducted at high temperature and pressure in order
to convert all fractions of phosphorus to orthophosphates (PO43-). This is followed by the
application of the ascorbic acid method to determine the total PO43- or SRP concentration in the
sample.

Protocol and quantification
To 10 mL of unfiltered lake water sample, 2 mL of 5% (W/V) potassium persulphate in MilliQ
water was added and autoclaved for an hour at 120 °C. Potassium persulphate is an oxidizing
agent which, under the high temperature breaks down all forms of phosphorus into their
inorganic fraction. The samples are then analysed for their orthophosphate content using the
ascorbic acid method outlined in section 2.2.2.1.
Quantification using this protocol is also similar to that reported in section 2.2.2.1. It involved
the use of six standards however, including two blanks. The limit of detection was 32 nM
(Table 2.1).

2.2.3 Soluble reactive silica (SRSi)

Principle
Concentration of biogenic silica or soluble reactive silica (SRSi) was determined using the
heteropoly blue method (APHA, 1998). This method is adapted from that originally developed
by Mullin and Riley (1955) to measure the silicate content in seawater. The reagents were
stored in and reactions were carried out in plastic ware.
Ammonium molybdate reacts with SRSi and SRP to form a yellow solution of molybdosilicic
and molybdophosphoric acids respectively. These acids are then reduced by the addition of a
reducing agent comprising metol-suphite, sulphuric acid and oxalic acid. The latter eliminates
molybdophosphoric acid, while the other reagents reduce molybdosilicic acid to form a
heteropoly blue solution, the intensity of which is measured spectrophotometrically at 810 nm.
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Protocol and quantification
To acid-washed plastic cups, 10 mL of ammonim molybdate (0.8% (W/V) in 8.3% (V/V) HCl)
was dispensed and allowed to stand for 10 minutes. GF/F-filtered lake water samples (25 mL)
were then added to their respective containers.
A reducing agent comprising (i) 2 % (W/V) 4-(methylamino) phenol sulphate - 1.2 % (W/V)
sodium sulphite, (ii) 50 % (V/V) sulphuric acid, (iii) 10 % (W/V) oxalic dihydrate and (iv)
MilliQ water was prepared in the ratio 83:60:50:57. After 15 mL of reducing agent was added
to each sample, the batch was left to stand for an hour for the development of the heteropoly
blue complex. The intensity of the coloured solutions was measured spectrophotometrically
(CamSpec UV-Vis M350) at a wavelength of 810 nm.
Calibration was performed using six standards, the concentrations of which varied according to
the lakes surveyed. In the case of Loch Rannoch, the range was 0 – 5 µM Si, while for Loch
Calder and the northern Scottish lochs, the concentrations of the standards ranged from 0 – 25
µM Si. The limit of detection calculated was 0.02 µM Si (Table 2.1).

2.2.4 Dissolved organic carbon (DOC)
Analysis of DOC content in water samples was conducted at the freshwater laboratory of
Freshwater Research Services (FRS) in Pitlochry using a Skalar SanPlus continuous flow
analyser (UK).
Following acidification of the sample, inorganic carbon is removed with nitrogen gas and an
aliquot is re-sampled for analysis. Once buffered peroxodisulphate is added, the sample is
irradiated in an UV destructor. The sample stream is led through a gas / liquid separator and the
air flow is re-sampled into a weakly buffered phenolphthalein indicator solution.

Colour

intensity of this solution decreases proportionately to the change in pH caused by the absorbed
carbon dioxide gas and is measured at 550 nm.
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2.3

Biological analyses

The main techniques employed in the study of phytoplankton and bacterioplankton communities
and presented in this section are high performance liquid chromatography (HPLC) and
polymerase chain reaction – denaturing gradient gel electrophoresis (PCR-DGGE).

These

methods, reviewed in chapter one, have been particularly useful during investigation of
plankton community composition. The additional techniques of epifluorescence microscopy
(EPM), inverted light microscopy and flow cytometry (FC) were used to gather abundance data
for the major functional groups from each community.

2.3.1 High performance liquid chromatography (HPLC)
2.3.1.1 Sample processing
For the purpose of pigment analysis by HPLC, 1 L of lake water was filtered through 47 mm,
GF/F filter (Whatman, UK) using a vacuum pump (Figure 2.1). The filter was stored at -80 °C
until further processing.

Low temperatures (-80 ºC – -196 ºC) preserved the filters by

preventing or slowing down any degradation of pigments (SCOR, 1997). HPLC analysis which
consisted of two processes namely, pigment extraction and pigment analysis, was carried out in
batches.

2.3.1.2 Pigment extraction
Centrifuge tubes (15 mL) were the main glassware used during pigment extraction. Each tube
was cleaned thoroughly; acid-washed tubes were washed again with 100 % acetone (Rathburn,
UK) before being rinsed thrice with MilliQ water and dried for use. After complete thawing at
rtp, each filter was carefully inserted into a clean centrifuge tube (e.g. tube A). 5 mL of 100%
acetone (Rathburn, UK) was added to the tube and sonicated in an ultrasonic bath (Grant, UK)
at rtp for 15 minutes. The extract was filtered by passing it through a column containing a
chemical grade cotton plug, before being transferred to another clean centrifuge tube (e.g. tube
B). The latter was then blown dry in an evaporator (TurboVap® LV, Zymark Corp, USA) using
nitrogen gas, at rtp or 20 °C.
The GF/F filter in tube A was re-extracted with 5 mL 100 % acetone (Rathburn, UK) by
repeating the same procedure and the extracts were combined (Tube B). Tube B was left in the
evaporator and constantly replenished with 100% acetone (Rathburn, UK), till it was dry. When
complete dryness was reached, 0.5 mL 100 % acetone was added to the tube together with 2
drops of freshly prepared diazomethane to methylate the pigments. Methylation of the extract
should stabilise carboxyl groups in pigments such as chlorophyllides, amongst others.
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The pigment extract was again blown dry in the evaporator and stored at -80 °C until HPLC
analysis.

2.3.1.3 Pigment analysis
HPLC analysis was adapted from the method described in Gibb et al. (2001). Depending on the
nature of the samples (e.g. lake trophy), volumes ranging from 250 µL to 500 µL 100% acetone
(Rathburn, UK) were added to the dried extract and 100 µL of the solubilised pigment was
dispensed into micro-inserts contained in 2 mL amber vials. HPLC was performed using
Dionex Ultimate 3000 series, comprising a Dionex RF-2000 Fluorescence detector and a Waters
2996 Photodiode Array (PDA) detector, and running the Dionex Chromoleon software (Version
6.8). Separation was performed using a 3 µm-Hypersil® MOS-2 C-8 column (100 x 4.6 mm),
thermostated in a column oven at 30 °C while the autosampler was cooled at 10 °C.
The mobile phase comprised 100% methanol (Rathburn, UK) and 0.1 M ammonium acetate
(BDH, UK), using the gradient shown in Table 2.2.
Flow rate was maintained at 0.85 mL per minute and run-time was 35 minutes. Calibration was
achieved by using commercial external standards (DHI, Denmark). Pigment standards included
alloxanthin, fucoxanthin, diadinoxanthin, peridinin, chlorophylls a and b, zeaxanthin, lutein, β,
β - carotene, and degradation products such as chlorophyllide a, phaeophytin a and
phaeophorbide a. Pigments were identified by retention time and identify was confirmed using
an online PDA, by comparing the absorption spectra of pigments in the samples with that of
pigment standards.
Table 2.2 Mobile phase gradient used in pigment separation.
Time [min]

0.1 M ammonium acetate (%)

100 % methanol (%)

0

30

70

2

15

85

12

9

91

25

3

97

27

0

100

29.

0

100

29.1

30

70

35

30

70
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2.3.1.4 Precision, limits of detection and quantification

Precision
Precision of an analytical procedure characterises the variation of the results relative to the mean
value (Épshtein, 2004) and is assessed in terms of the standard deviation of the relative standard
deviation (% RSD) determined in a series of measurements. It is calculated using equation 2.6
(Skoog et al., 2000).

% RSD =

!""!
!

!

(Equation 2.6)

where ! is the standard deviation and ! is the mean value of a dataset.

Measurement of precision was carried out using stock solutions of commercial pigment
standards (DHI, Denmark; Table 2.3) and each individual standard was injected in triplicates on
two separate occasions. Although stringent rules on statement of various degrees of precision
and accuracy apply in pharmaceutical studies, the same are considered impractical in this study.
Determination of precision, also known as injection repeatability generally requires that the
same sample prepared by the same analyst is run using the same instrument during a short
period of time (Épshtein, 2004). To ensure that the same sample was used, the choice of fresh
pigment standards was favoured. Since pigments are known to degrade rapidly when exposed
to light and relatively high temperatures (Jeffrey et al., 1997), the manipulation of the standards
is itself expected to engender qualitative changes in the stock solutions, probably affecting
various pigment types differently. Technically, although the same sample is being injected, the
changes in the quality of pigments over time are inevitable. Hence, a range rather than a single
number is presented as a descriptor of precision (Table 2.3).
The determination of precision was limited by several factors including the cost and limited
volume of the standards. Besides their use in determining repeatability, pigment standards were
also required for calibration purposes each time a batch of environmental samples was run. The
injection of the stock concentration of each commercial standard (Table 2.3) presented several
advantages, an important one being the certainty about peak identification for each pigment, and
hence, reliable quantitative data of its peak area. The standards were injected in triplicates to
generate a sound estimate and injection was executed from three different HPLC vials. The
latter step was mainly to ensure judicious use of the limited quantity of the standard by limiting
any evaporation, after the septum is punctured after the first two injections. Based on the above
facts, injection repeatability or precision figures presented in Table 2.3 might be slightly overestimated.
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Table 2.3 Limit of detection (LOD) and quantification (LOQ), and percentage relative standard
deviation (%RSD) values of 12 pigment standards (DHI, Denmark), analysed by reverse phase
HPLC.
Concentration
Pigment

LOD

LOQ

Precision

of pigment

Instrument

Method

Instrument

Method

range

*mg L-1

µgL-1

ngL-1

µgL-1

ngL-1

% RSD

Chlorophyll a

1.963

29

7

86

22

1.0 – 2.7

Chlorophyll b

1.391

52

13

160

39

6.4 – 7.4

Fucoxanthin

1.408

24

6

72

18

0.3 – 2.8

Alloxanthin

1.033

17

4

51

13

3.0 – 4.1

Zeaxanthin

1.011

22

6

68

17

1.6 – 2.2

Lutein

0.867

18

5

55

14

4.3 – 6.9

Diadinoxanthin

0.936

16

4

50

12

3.9 – 5.5

Peridinin

1.343

25

6

75

19

5.5 – 6.5

β, β-Carotene

0.825

40

10

120

30

1.5 – 1.6

Chlorophyllide a

0.725

25

6

77

19

1.0 – 3.0

Phaeophorbide a

2.534

49

12

14

37

1.7 – 18

Phaeophytin a

3.356

91

23

270

69

3.1 – 6.1

*Pigment concentrations provided by DHI (Denmark) are given to a precision of 3 decimal places.

Determination of LOD and LOQ
Each of the 12 pigment standards were diluted to a final volume of 100 µL using 100 % acetone
(Rathburn, UK) to produce a triplicate series of at least five working standard concentrations.
Pigment stock solutions were used as the highest pigment concentrations for each individual
pigment (Table 2.3). The remaining pigment solutions were serial dilutions, with a 50 %
gradation: e.g. a dilution series for a stock pigment concentration of 2 mg L-1 would include 2
mg L-1, 1 mg L-1, 0.5 mg L-1, etc. Calibration plots were prepared and linearity was evaluated
by linear least-squares regression analysis. The limits of detection (LOD) and quantification
(LOQ) were then calculated using the formulae (e.g. Épshtein, 2004; Corrêa et al., 2007) given
below:

Sc = Sr *

LOD =

!! !! !
!
!!! !!!

(!.!∗!! )
!

(Equation 2.7)

(Equation 2.8)

61

LOQ =

(!"∗!! )
!

(Equation 2.9)

where Sc is the standard deviation of the intercept, Sr is the standard deviation about the regression, Xi is
the concentration of standard, ! is the mean concentration of standard, N is the number of samples and m
is the slope of the linear regression.

To relate pigment standards used during instrument calibration with the actual pigment extracts
from environmental samples, LOD and LOQ data were presented under the sub-headings
“Instrument” and “Method” (Table 2.3). The former refers to the concentration of pigment
measured by the instrument whilst the latter term relates to the true concentration of the
pigment. With reference to the pigment extraction procedure (section 2.3.1.2), the pigment
extract injected into and measured by the system is a concentrate of pigment resulting from the
filtration of 1 L of lake water (Figure 2.2). Depending on the lake surveyed, dried pigment
extracts have been dissolved in volumes ranging from 250 µL to 500 µL 100% acetone
(Rathburn, UK).

LOD (Instrument) indicates the lowest concentration of pigment in the

extract detectable by the system. LOD (Method) reveals the equivalence of LOD (Instrument)
data in terms of the concentration of the same pigment in the environmental sample; it is the
minimum detectable pigment level in one litre of lake water sample and is calculated based on
the highest concentration factor of 4000 (i.e. 250 µL 100% acetone-extract; Figure 2.2).

Figure 2.2 Diagrammatic representation relating the filtration of 1000 mL of lake water sample to
the final pigment extract (e.g. 250 µL). During the process, the pigment in the lake sample is
concentrated 4000 times. LOD “instrument” is the lowest measurable pigment concentration in the
250 µL extract whereas LOD “method” is the equivalent lowest detectable concentration of the
same pigment in the lake water.
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2.3.2 Polymerase

Chain

Reaction

(PCR)

–

Denaturing

Gel

Gradient

Electrophoresis (DGGE)
2.3.2.1 Sample processing
Lake water volumes ranging from 100 to 250 mL were filtered through 47 mm, 0.2 µm-poresize polycarbonate membrane filters (Millipore, UK) placed over 47 mm, GF/C glass-fibre
membranes (Whatman, UK). The filtration volume depended on the aesthetic water quality: the
more turbid and/or coloured the sample, the lower the filtration volume.

This prevented

clogging of the filters and eventually, limited the interference of humic substances following the
subsequent DNA amplification process (Wintzingerode et al., 1997).

After filtration, the

polycarbonate filters were carefully folded using sterile tweezers and stored in 2 mL sterile
Eppendorf tubes (Fisher Scientific, UK), which were labelled and frozen at -80 °C until further
processing.

2.3.2.2 16S rDNA amplification by Direct PCR
DNA was amplified using the filter PCR or direct PCR technique, as described in Kirchman et
al. (2001). Direct PCR is a rapid technique, in which, the DNA extraction step is avoided; the
V3 region of the bacterial 16S rRNA gene, retained on the polycarbonate membrane is directly
amplified.
Each polycarbonate membrane filter was cut into small squares measuring approximately 1 to 2
mm2 using a sterile scalpel on a sterile glass-plate and then inserted into a PCR reaction tube.
The PCR mixture (Table 2.4) was slightly modified from that used by Kirchman et al. (2001).
The final reaction volume was halved to 50 µL, and the pair of eubacterial primers used was
GC338f (5’-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG GAC
TCC TAC GGG AGG CAG CAG-3’) and 518r (5’-ATT ACC GCG GCT GCT GG-3’). After
dispensing 50 µL of the reaction mixture (Table 2.4) to each PCR reaction tube, it was ensured
that the filter squares were completely immersed in the mixture. Amplification was performed
by PCR using an iCycler (Bio-Rad, UK). Thermal cycling conditions included a single initial
cycle at 95 °C for 1 minute followed by 30 cycles, each comprising 1 minute at 95 °C
(Denaturation), 1 minute at 56 °C (Annealing) and 1 minute at 72 °C (Elongation), and a final
elongation cycle of 30 minutes at 72 °C, before a final hold at 18 °C, as described in Winter et
al., (2001). Successful amplification was verified by agarose gel electrophoresis. 5 µL of the
50 µL reaction mixture was dyed and loaded on a 1% agarose gel, containing ethidium bromide
(EtBr; final concentration, 0.75 µg mL-1) for visualisation of bands.

Electrophoresis was

performed at 85 V for 25 minutes in 1X TAE buffer (BioRad, UK) using a Sub-Cell®GT
Agarose Gel Electrophoresis System (Bio-Rad, UK), as described in appendices A.2 and A.3.
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The EtBr-stained gel was viewed under UV and the presence of bands was assessed using
Molecular Imager® Gel Doc™ XR (Bio-Rad, UK).
Table 2.4 PCR conditions adapted from Kirchman et al. (2001) and used for the amplification of
16S rRNA gene in lake samples.
Reagent

Stock conc.

PCR reaction buffer

10 X

MgCl2
dNTPs

Volume

added

Final conc.

Supplier

5

1X

Fermentas, UK

25 mM

5

2.5 mM

Fermentas, UK

10 mM

1.25

250 µM

(µL)

-1

Lyophilised BSA

20 mg mL

0.75

300 ng µL

PRBA 338f GC

100 µM

2

0.4 µM

PRUN 518r

100 µM

2

0.4 µM

Taq polymerase

5 U µL

-1

0.25

Fermentas, UK
-1

0.025 U µL

Sigma, UK
MWG-Eurofins, Germany
MWG-Eurofins, Germany

-1

Fermentas, UK

*PCR water

33.75

VWR, UK

Filter (1 – 2 mm2)

1

Millipore, UK

Total reaction volume

50
®

*PCR water referred to sterile Titripac water (Merck, Germany), autoclaved at 120°C for 15 minutes.

2.3.2.3 DGGE analysis of 16S rRNA gene amplicons
The profiling of 16S rDNA amplicons was conducted using 8% polyacrylamide (BioRad, UK)
gels containing a linear gradient of 20 to 80% denaturant (Appendix A.4), comprising urea
(BioRad, UK) and formamide (BioRad, UK; NBS, UK). In a final volume of 15 mL, 1 %
denaturant equalled to 0.06 mL formamide and 0.063 g urea (combined with 0.3 mL 50X TAE
(Biorad, UK) 3 mL Acrylamide Bis (BioRad, UK) and DDW). The 16 cm x 16 cm denaturing
gel (1mm in thickness) was cast in between two glass-plates using a peristaltic pump, gradient
mixer, rubber tubing and a needle as described in appendix A.5.
After the samples were dyed (Appendix A.4.3) and loaded onto the gel, DGGE was performed
on a DCode™ Universal Mutation Detection System (Bio-Rad, UK). The volume of amplified
DNA to be loaded onto the polyacrylamide gels was decided according to the intensity of the
bands on 1% agarose (Fisher Scientific, UK) gels during PCR product checks. Four lanes,
evenly distributed across each acrylamide gel, were dedicated to external standards and run
alongside the batch of samples for inter-gel standardisation. For example, in a batch of nine
environmental samples, the external standards would be loaded in the first, fifth, ninth and
thirteenth lanes across the gel. The standards were prepared from bands excised from previous
gels.

Details on the preparation of the standards are provided in appendix section A.5.

Throughout the chemical gradient, PCR products were separated according to their melting
temperatures by electrophoresis in 1X TAE buffer (BioRad, UK), starting with a pre-run of 18
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minutes at 20 V, followed by a 3 hour run at a constant voltage of 200 V. The gels were poststained with 154X SYBR Green I (Sigma Aldrich, UK) for 30 mins and rinsed thrice with 0.5X
TAE buffer. Image acquisition and the analysis of the banding patterns in polyacrylamide gels
was carried out using Molecular Imager® Gel Doc™ XR (BioRad, UK) and all the images were
saved in JPEG format. Any over-saturated pictures by over-exposure were discarded.

2.3.2.4 Data Analysis

Data Processing
GelCompar® II software (Trial Version 6.1) was used to process and analyse saved pictures of
all DGGE-gels. A database was created and fingerprint data were then processed following the
instructions laid out in the manual, resulting in one entry per sample. Images of all gels were
processed in their original JPEG format, with no background subtraction and the same settings
were applied to all pictures. Normalisation of lanes or the re-alignment of bands, was achieved
by assigning four reference lanes per gel, with each reference lane consisting of a standard
pattern comprising ten bands. Each reference lane referred to the external standards used for the
inter-gel standardisation during DGGE.

Cluster analysis and Multi-dimensional scaling (MDS)
Full profile intensity information without identification of bands was used for comparison.
Cluster analysis and multi-dimensional scaling (MDS) were conducted using GelCompar® II
software, to compare different profiles.
Similarity-based cluster analysis enabled the visualisation of hierarchal relatedness between
entries or samples in a selected profile by grouping them in a dendrogram or tree. The method
used in creating these dendrograms was in two steps. Firstly, a Pearson correlation was used to
calculate a similarity matrix, based on which, cluster analysis was conducted using an
unweighted pair group method using arithmetic averages (UPGMA).
Unlike dendrograms inferring methods, dimensional techniques such as MDS do not produce a
hierarchal structure, but instead, present a three-dimensional plot in which entries are spread
according to their relatedness (GelCompar II® manual, 2010). The method is also based on
similarity matrices created from similarity coefficient data using Pearson correlation. Although
the interpretation of the obtained comparison is left to the user, MDS is reported to be a
“valuable alternative to the dendrogram methods, which often tend to oversimplify the data
available in a similarity matrix, and tend to produce overestimated hierarchies” (GelCompar II®
manual, 2010).
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Band matching
GelCompar® II was also used to sort allocated band positions and assign classes to create a
band-matching table. Bands on all the gels were auto-searched, with no further amendments
made to the final image, i.e. bands were neither added nor deleted from the original image. An
active zone of 20 to 98% was delineated and densitometric profiles were set to a minimum
profiling of 0.5%, with a gray zone and minimum area of 1% each, and a shoulder sensitivity of
0%. The profiles were subjected to both, an optimisation and tolerance of 1%, to ensure an
acceptable band resolution threshold. This standardised approach aimed at providing objective
data fit for comparison.
The table generated indicated the presence and absence of bands or band classes. Bandmatching data were not used in cluster analysis; all cluster analysis conducted relied on full
profile data rather than single band data.

2.3.3 Epifluorescence microscopy (EPM)
2.3.3.1 Sample preparation
Subsamples of unfiltered lake water were fixed in 1% (V/V) gluteraldehyde (Sigma, UK) and
processed within 24 hours of sample collection (Figure 2.1). For each sample (25 mL), a set of
four clean slides and cover slips was prepared, including a blank and each of the remaining
slides dedicated for counts of (i) bacteria, (ii) picocyanobacteria and (iii) nanoplankton
respectively.
Each sample was filtered through 0.2 or 0.8 µm-pore-sized, 25 mm, Nucleopore polycarbonate
filter (Whatman, UK) (Table 2.5), placed over 25 mm, cellulose nitrate membrane (Whatman,
UK) and the pressure generated by the vacuum pump was carefully monitored to ensure a slow
and steady flow of the sample though the filters. When approximately 1 mL of sample was left
in the funnel, the pump was switched off. 25 µL of 4’, 6’-diamidino-2-phenylindole (DAPI;
Sigma, UK) was added, mixed with the sample and allowed to stand for 3 minutes before the
pump was switched on again. The funnel was rinsed at least twice with sterile MilliQ water.
Since picocyanobacteria exhibit auto-fluorescence, DAPI was not added to the samples during
its slide preparation (Table 2.5).
Following the filtration and DAPI staining, the filter membranes were fixed onto their
respective slides. One or two droplets of Immersol™ oil (Zeiss, UK) were added on top of the
membrane before being covered by a clean cover slip. The slides were then stored at -20 °C,
until examination under a Zeiss Axioskop 2 plus epifluorescence microscope (Zeiss, UK).
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Table 2.5 Slide preparation conditions for each plankton group.
Slide

Sample volume

Polycarbonate membrane

Pore size (µm)

a

Blank

5 mL

Black

0.2

a

Bacteria

5 mL

Black

0.2

Picocyanobacteria

5 mL

White

0.2

Nanoplankton

10 mL

White

0.8

b

c

a

DAPI final concentration: 5 µg mL-1; b No DAPI added; c DAPI final concentration: 2.5 µg mL-1.

2.3.4 Flow cytometry (FC)
2.3.4.1 Sample preparation
Subsamples of unfiltered lake water were collected in 4.5 mL cryo-tubes (Nunc™, UK) and
immediately fixed with 25 % gluteraldehyde (Sigma, UK; final concentration 0.5 % [V/V])
before being snap-frozen in liquid nitrogen (-196 °C) and later transferred to -80 °C for longer
storage. In the case of Loch Calder, the gluteraldehyde-fixed subsamples were stored over
crushed ice during the 15 minutes drive from the lake and immediately frozen at -80 °C, once at
the laboratory. With the exception of the first three samples collected over summer from Loch
Calder, all other samples were collected in duplicates.

Plankton counts using FC were

conducted at the Scottish Association for Marine Science (SAMS) in Dunstaffnage, Oban,
where a FACSort flow cytometer (Becton Dickinson, UK), equipped with an Argon-ion laser
(488 nm emission), was used. Frozen lake water samples were allowed to thaw in the dark, at
room temperature and were mixed well before being subsampled for the enumeration of
heterotrophic bacteria (HB) and photosynthetic picoplankton (PPP). All duplicate samples were
run and each duplicate was run twice.

2.3.4.2 FC analysis

Instrument settings
CaliBRITE™ beads (Becton Dickinson, UK) were used for adjustment of instrument settings,
set fluorescence compensation, and check instrument sensitivity.

Four types of beads or

microspheres were used here: unlabelled beads, fluorescein isothiocyanate (FITC)-labelled
beads, phycoerythrin (PE)-labelled beads and peridinin chlorophyll protein (Per-CP)-labelled
beads. Two clean test-tubes were filled with an equal amount of FACSFlow™ sheath fluid
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(Becton and Dickinson, UK), hereafter referred to as FACSFlow. To one tube, a drop of
unlabelled microspheres was added, while the second was spiked with one drop of unlabelled
and a drop of each of the fluorescent beads, to simulate both unstained and stained cells. Each
tube was run separately on the FC to ensure that its detectors or photomultiplier tubes (PMTs)
detected the light signals emitted by the different bead types. FITC-, PE- and Per-CP-labelled
beads emit yellow-orange, red-orange and red light signals respectively and these are detected
by specific PMTs namely FL1, FL2 and FL3 respectively.

Bead calibration
The reliability of cell counts by FC is based on the injection of a known bead concentration
(internal standard) at a constant flow of sheath fluid over a fixed time period. Therefore, bead
calibration was carried out on a daily basis.
A bead solution was prepared by adding 2 µL fluorescent 0.5-µm diameter microspheres
(Fluoresbite carboxylate microspheres, Polysciences Inc., UK) in 20 mL FACSFlow. The bead
solution was filtered through a 0.8 µm pore-sized polycarbonate filter membrane (Whatman,
UK) to eliminate any bead agglomerates or debris, before being further diluted with FACSFlow,
to a final volume of 400 mL. To monitor the flow rate and eventually calculate the absolute
bead concentration, the stock solution of fluorescent microspheres (0.5 µL/100 mL FACSFlow
solution) was syringe-pumped through the system at different flow rates and over fixed time
periods. The flow rates used here were 0.54 mL hr-1, 1.09 mL hr-1, 1.64 mL hr-1, 2.19 mL hr-1,
2.74 mL hr-1 and 3.28 mL hr-1 and the bead-sample was run for 30 sec, 60 sec and 90 sec
respectively for each flow rate. The data recorded was processed using calibration programme
FACSComp (Becton and Dickinson, UK) to obtain an estimate of the absolute bead count in the
stock solution.

Analysis
Heterotrophic bacteria (HB)
Counts of bacterioplankton were carried out on SYBR® Green I-stained samples, SYBR® Green
I (Sigma, UK) being a 10000X nucleic acid gel stain. 100 µL aliquots of SYBR® Green I and
300 mM potassium citrate (BDH, UK) were prepared. 500 µL of lake water was stained with 1
µL of SYBR® Green I-potassium citrate mixture to a final concentration of 0.2X SYBR® Green
I. The stained samples were left to stand in the dark for at least 20 minutes before the addition
of 25 µL of bead stock solution. The samples were finally analysed at a low flow rate (ca 10 µL
per minute) for one minute.

Bacterioplankton (HB) populations and in some cases,

subpopulations with high (HNA) and low (LNA) nucleic acid content, were revealed in plots of
side-scatter (SSC) versus FL1-H (green fluorescence).
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Photosynthetic picoplankton (PPP)
In contrast to HB, PPP counts were estimated from unstained samples. To 500 µL of lake
water, 10 µL of bead stock solution was added and the sample was run at a high flow rate (ca
100 µL min-1) for one minute. PPP were detected by their signatures in a plot of side scatter
(SSC) versus FL2-H (yellow fluorescence) and cytograms of FL1-H (green fluorescence) versus
FL3-H (red fluorescence). FC data were initially screened using Cell Quest software (Becton
and Dickinson, UK) and further data analysis was performed with WinMDI© (Version 2.9) free
software.

2.3.5 Inverted microscopy
Of the unfiltered lake water sampled, 250 mL-subsamples were stored in clear glass bottles and
immediately fixed with acidified Lugol’s solution (final concentration 1% [V/V]) for later
examination of phytoplankton under an inverted microscope (Olympus, UK). The bottles were
stored in the dark and acidified Lugol’s solution was added whenever the samples showed
fading in coloration.
The Utermöhl sedimentation technique (Utermöhl, 1958) as described in Olrik et al. (1998) was
used for the enumeration of phytoplankton and microzooplankton.

10 mL and 25 mL-

sedimentation chambers were used and the samples were allowed to sediment for at least eight
hours and 24 hours respectively in a dark moisture chamber.
Estimations of phytoplankton bio-volumes were made using appropriate geometric formulae
(Olrik et al., 1998; Hillebrand et al., 1999; Sun and Liu, 2003) and conversion to carbon
biomass was calculated, assuming a phytoplankton density of 1g cm-3 (Olrik et al., 1998 and
references therein).
Enumeration of microzooplankton or any bigger zooplankton was reported as abundance or
density, i.e. number of individuals per litre.
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2.4

Climatic data

Weather data were retrieved from the MIDAS dataset accessed through the British Atmospheric
Data Centre (BADC, 2010). Details of the weather station/s chosen for any specific lake or
group of lakes are presented in Table 2.6.
Table 2.6 Details of the names and location of weather stations used to retrieve climatic data on the
lakes surveyed during this study.
Lake

Weather station

SRC Id

Grid Reference

Data

Loch Rannoch

Gaur Power Station

15156

NN 463568

Rainfall

Loch Calder

L Calder Sedimentation Plant

14364

ND 091596

Rainfall

Long Loch

Greenland

14368

ND 247668

Rainfall

Many lochs

Greenland

14368

ND 247668

Rainfall

Loch Naver

Altnaharra No 2

44

NC 569358

Loch Meadie

Allnabad

14319

NC 453429

Loch Loyal

Dalvina Lodge

14338

NC 696439

Loch Hope

Hope No 2

14322

NC 473601

Loch Croispol

Hope No 2

14322

NC 473601

Loch Borralie

Hope No 2

14322

NC 473601

Loch Caladail

Hope No 2

14322

NC 473601

Loch Innis Na Buidhe

Rhiconich

30524

NC 254521

Rainfall

Loch Na Larach

Rhiconich

30524

NC 254521

Rainfall

Loch Aisir Mor

Rhiconich

30524

NC 254521

Rainfall

Loch More

Achfary

38

NC 292395

Loch Stack

Achfary

38

NC 292395

Loch Na Fiacail

Laxford Cottage

17222

NC 237469

Rainfall

Loch Na Claise Fearna

Laxford Cottage

17222

NC 237469

Rainfall

Loch A' Bhagh Ghainmhich

Laxford Cottage

17222

NC 237469

Rainfall

Loch A'Bhadaidh Daraich

Kerrachar

25335

NC 179348

Loch An Daimh Mor

Kerrachar

25335

NC 179348

Loch A'Mhinidh

Kerrachar

25335

NC 179348

2.5

Data Analysis

Descriptive statistics and regression analysis were conducted using MS Excel (2007). SPSS
(IBM, V19) was used to test the normality of the data, correlate (Pearson’s correlation and
Spearman rho) and compare samples (Wilcoxon signed rank test and Student’s paired t-test).
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Chapter 3
Microbial Ecology:
Method selection and optimisation

Introduction
The development of DNA fingerprinting techniques such as PCR-DGGE has boosted detailed
investigative research in microbial ecology.

One of the most popular methods in aquatic

microbiology has been the use of 16S rRNA gene combined with PCR-DGGE. For the past two
decades, this technique has been commonly used in freshwater microbial ecology studies,
especially of that in lakes (e.g. Lindström, 1998; 2000; 2002; Figueiredo et al., 2007; Yu et al.,
2008)
A protocol for the extraction, purification and amplification of bacterial DNA was developed
prior to the start of the study but its execution revealed to be more challenging than anticipated.
This chapter describes all methods tested in an attempt to select one that could be successfully
applied in this study.

3.1

Methods

In this chapter, three methods have been tested, which include two DNA extraction protocols
and one direct PCR method (or filter PCR method, fPCR). The DNA extraction protocols
comprised the bead-beating technique (BB-CP) and the enzymatic lysis method combined with
SDS (SDS). The former technique uses a combination of beads and mechanical force for cell
disruption, whereas the latter employs chemical (i.e. SDS) and biological (Proteinase K) agents.
A standard operating procedure (SOP) for each method is presented in the following sections
and details of all reagents used are given in the Appendix A.1.

3.1.1 The Bead-beating technique (BB-CP)

Procedure
1.

Place Eppendorf tubes containing the filter membranes (samples) on crushed ice.
71

2.

Label a set of sterile screw cap tubes tubes according to the number of samples to be
processed for analysis.

3.

Prepare glass beads mixture by weighing:
(i)

0.37 g of 0.11 mm diameter bead (Braun Biotech International, GmbH,
Germany);

(ii)

0.25 g of 1 mm diameter beads (Braun Biotech International, GmbH, Germany);

(iii)

1 glass bead of 3 mm diameter each (Merck, Germany).

Note that all the beads were pre-treated in an oven at 400-500°C for at least 6h
(overnight) before use.
4.

Transfer samples to the labelled screw cap tubes tubes.

5.

Add 400 µL chloroform : isoamyl alcohol (24:1) , 400 µL CTAB and 400 µL phenol [pH
8] to each tube.

6.

Ensure that the lids of the screw cap tubes are tightly closed before inserting them in the
Fast Prep™ FP120 (Thermo Electron Corp., UK) programmed at a speed 6 for 30
seconds.

7.

Place the samples on ice immediately after step 6.

8.

After cooling, centrifuge the tubes at 1300 rpm at rtp (18 °C) for 5 minutes (Thermo
Scientific, Sorvall Legend Micro21R, UK).

9.

Label a set of 1.5 mL Eppendorf tubes.

10.

Transfer the supernatant to the respective tubes (~400 – 500 µL).

11.

Add 500 µL chloroform : isoamyl alcohol (24:1) to the supernatant and shake thoroughly
using a vortex (Clifton CM-1, UK).

12.

Centrifuge the samples at 1300 rpm for 5 minutes at rtp.

13.

Label another set of 1.5 mL Eppendorf tubes.

14.

Transfer the supernatant to the clean tubes, making sure no organic phase is transferred in
the process. In case of doubt or contamination with the chloroform, the sample should be
centrifuged at rtp for 2 minutes at 1300 rpm (and transferred again)

15.

Note the approximate volume of supernatant transferred and add 100 % isopropanol in a
volume equivalent to 0.6 times that of the supernatant transferred.

16.

Leave to stand for approximately 15 minutes at 4 °C.

17.

Centrifuge for 15 minutes at 1300 rpm (rtp).

18.

Remove the tubes and decant the isopropanol by pouring it out gently.
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19.

Add 1 mL of 70 % ethanol (stored in freezer) to each sample.

20.

Centrifuge at 1300 rpm for 5 minutes at rtp.

21.

Aspirate the ethanol using the vacuum pump (Millipore, USA) and capillary tube made
out of a Pasteur pipette. This step requires great caution and care to ensure that DNA
pellet is not aspirated in the process.

22.

Leave the tubes open, to air-dry completely (about 2 hours) underneath a desk-lamp (60
W) .

23.

To the dry DNA pellet, 50 µL TE is added to solubilise the DNA

24.

Store the sample overnight in the fridge to completely re-hydrate.

3.1.2 SDS method

Procedure
1.

Place the labelled Eppendorf tube containing the sample on crushed ice.

2.

Add 564 µL of TE, 30 µL 10% SDS and 3 µL Lysozyme (Table 3.1).

3.

Incubate the Eppendorf tube at 37°C for 30 minutes.

4.

Add 3 µL of Proteinase K (Table 3.1).

5.

Incubate at 55°C for 30 minutes.

6.

Add 100 µL of 5M NaCl followed by 80 µL of CTAB.

7.

Shake well and centrifuge at 1300 rpm for 1 – 2minutes.

8.

Incubate at 65°C for 10 minutes.

9.

Add 700 µL of chloroform : isoamyl alcohol (24:1). Shake well.

10.

Centrifuge for 5 minutes at 1300 rpm at rtp.

11.

Label another set of 1.5 mL Eppendorf tubes.

12.

Transfer the top aqueous phase to a sterile and labelled Eppendorf tube.

13.

Add 350 µL of chloroform : isoamyl alcohol (24:1) followed by 350 µL of phenol [pH 8]
and shake well.

14.

Centrifuge for 5 minutes at 1300 rpm and at rtp.

15.

Transfer the aqueous phase to another clearly labelled Eppendorf tube.

16.

Add isopropanol in a volume approximately 0.6 times that of aqueous phase transferred.
73

17.

Leave to stand for approximately an hour at 4°C.

18.

Centrifuge for 15 minutes at 1300 rpm at rtp.

19.

Repeat the BB-CP procedure as from point 18.

Table 3.1 Details of Lysozyme and Proteinase K used in SDS method.
Enzyme
Lysozyme

Working sol. concentration

Final concentration

Supplier

0.2 g / mL

1.0 µg / µL

Sigma-Aldrich, UK

-1

(53000 U mg protein)
Proteinase K

(L6876-10g)
0.02 g / mL

0.1 µg / µL

Sigma-Aldrich, UK
(P2308-100g)

3.1.3 Direct/filter PCR (fPCR)

Procedure
1.

Thoroughly clean a glass surface, tweezers and scalpel with ethanol (or isopropanol) and
leave to dry before use.

2.

Remove the filter membrane from its Eppendorf tube. Place it on the clean surface and
unfold it carefully using sterile tweezers.

3.

While holding the filter membrane in place, use a sterile scalpel to cut the required area:
Cut an eighth of the filter membrane when following the protocol of Kirchman et al (2000).
For smaller filter membrane pieces (1 – 9 mm2), first cut along one radius of the
membrane. Then along this radius, cut the required area of membrane from the mid-radial
zone.

4.

Collect the piece of membrane (sample) into another clean Eppendorf vial or transfer
directly to a clearly labelled PCR tube.

5.

Transfer the remaining filter back to its original Eppendorf tube and place immediately on
crushed ice.

6.

Sterilise all equipment and glass surface with ethanol or isopropanol before processing
another filter membrane.

7.

Add 50 µL of mastermix (Table 2.3) to each PCR tube containing the sample and make
sure that the latter is completely immersed in the solution.

8.

Amplify all samples using the protocol described in Section 2.3.2.2.
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3.2

Experimental designs

An initial experiment was conducted prior to the start of this study and conclusions were drawn
based on the yield of genomic DNA from Loch Rannoch and Calder samples (results not
shown). The results revealed that the BB-CP method was more successful with the Loch Calder
sample. Moreover, it was observed that an increase in the filtered volume improved the yield of
extractable genomic DNA. However, the quest was for a universal technique applicable reliably
to a wide range of samples, irrespective of their origin or the volume of water filtered. Since
some samples from Loch Rannoch were filtered from small volumes of lake water (i.e. 100
mL), the selected DNA extraction method should be applicable to such samples. Therefore,
unless the BB-CP method was modified, it could not be used.
The series of small experiments which follow share a common aim, i.e. to single out one
reliable method that can be successfully applied to all environmental samples collected during
this study.

3.2.1 Experiment 1: A volume study
Following the inconclusive results from the initial trial, the subsequent experiments investigated
whether certain changes in sample processing could improve the yield of extractable bacterial
DNA.

3.2.1.1 DNA extraction methods
BB-CP and SDS methods were applied to samples of different filtration volumes and aimed at
investigating whether pre-filtration or use of formaldehyde could effect on the quantity of
extractable DNA. Pre-filtration involves the passing of samples successively through two filter
membranes, the first having a larger pore-size than the other.

Objectives
!

Test whether an increase in lake water filtration volume leads to an increase in extractable
DNA content.

!

Investigate whether pre-filtration decreases filtration time of water samples and test any
difference in the results between pre-filtered and untreated samples.

!

Investigate the effects (if any) of formaldehyde on the efficiency of the DNA extraction
method.

!

Test whether the yield of extractable DNA is increased by SDS method.
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Procedure
Water sampling and processing
Over ten litres of water were collected from Loch Calder into a clean, acid-washed carboy and
after gentle stirring, the lake water was divided into three batches.

Pre-filtered samples (PF)
A subsample of lake water was pre-filtered through a 47 mm GF/D filter (Whatman, UK).
Water volumes ranging from 10 – 500 mL were then filtered through 47 mm, 0.2 µm-pore-sized
polycarbonate membranes (Millipore, UK).

Untreated samples (NF)
Another subsample was untreated (NF) i.e. the lake water was neither pre-filtered nor
formaldehyde-fixed. Volumes of water ranging from 10 mL to 500 mL were filtered through 47
mm-diameter, 0.2 µm pore-sized polycarbonate membranes (Millipore, UK).

Fixed samples (FF)
A 2 L-subsample was fixed with formaldehyde to a final volume of 2 % (V/V).

The

formaldehyde-fixed (FF)-water volumes of 10 mL, 50 mL, 100 mL and 500 mL were then
filtered through 47 mm polycarbonate membranes (0.2 µm pore-size, Millipore, UK).

BB-CP method
The BB-CP technique described in section 3.1.1 was applied to 14 samples (Table 3.2). BB-CP
method was applied with one slight modification to the protocol in section 3.1.1.

With

reference to step 16 of the BB-CP protocol, after the addition of isopropanol, the Eppendorf
tube was allowed to stand for at least an hour in the fridge (4 °C) instead of 15 minutes. DNA
samples were loaded on a 1 % agarose gel (Section A.3) and the amount of genomic DNA was
judged from the optical density of DNA bands in images acquired from the trans-illuminator.

SDS Method
A single sample from Loch Calder (sample S, in Table 3.2) was subjected to the SDS method,
detailed in section 3.1.2. Filtered from 250 mL of lake water, the sample was untreated, i.e. not
pre-filtered and not formaldehyde-fixed. DNA samples were loaded on a 1 % agarose gel
(Section A.3) and the amount of genomic DNA was judged from the optical density of DNA
bands in images acquired from the trans-illuminator.
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Table 3.2 Description of 15 samples from Loch Calder.
Sample Treatment

Pre-filtration (PF)

Untreated (NF)

Formaldehyde-fixed (FF)

Untreated sample

Code

Volume filtered (mL)

A1

10

A2

50

A3

100

A4

250

A5

500

B1

10

B2

50

B3

100

B4

250

B5

500

C1

10

C2

50

C3

100

C4

500

S

250

DNA Extraction Method

BB-CP

BB-CP

BB-CP

SDS

Observation
Volume study
With special reference to PF and NF samples, the presence of distinct bands e.g. A4, A5, B4
and B5 (Figure 3.1) provided a clear indication of an increase in genomic DNA when the
volume of lake water was increased, hence supporting the results from the initial trial.
However, increasing the filtration volume implies an extension of the duration of sample
processing; filtration of a water volume as small as 100 mL can take as long as half an hour.
Consequently, water samples might not always be filtered within 24 hours of collection, in
which case, alternative measures for reducing the filtration time (e.g. by pre-filtration) or
improving sample storage (e.g. fixing with formaldehyde) for later processing would be
required.
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Figure 3.1. Agarose gel of genomic DNA content in pre-filtered (PF), untreated (NF), fixed samples
(FF) extracted with BB-CP and an untreated SDS- extracted sample. PF (A 1-5): 10 mL, 50mL,
100 mL, 250 mL and 500 mL respectively; NF (B 1–5): 10 mL, 50 mL, 100 mL, 250 mL and 500 mL
respectively; FF (C 1–4): 10 mL, 50 mL, 100 mL and 500 mL respectively, were extracted using the
BB-CP protocol. An additional 250 mL untreated sample (S) was subjected to SDS method. 1Kb
DNA ladder was run at the far left hand of both the upper and lower gel.

Pre-filtration
Genomic DNA bands were clearly visible in 250 mL and 500 mL samples A and B only. If any
difference, the observation of relatively darker bands in NF samples might suggest that their
DNA content was higher, inferring that pre-filtration could have caused loss of extractable
material.
Pre-filtration, which has been frequently used in the study of the microbial diversity in aquatic
environments (e.g Fuhrman et al., 1998; Weinbauer et al., 2002) was expected to reduce
filtration time and have only limited effect on the amount of DNA extracted.
It was however revealed that pre-filtration using GF/D filters (Whatman, UK) had little to no
effect on filtration time. The filtration time for higher volumes e.g. 500 mL of water, still
exceeded an hour. Besides a high amount of retentate on the 0.2 µm-pore-sized polycarbonate

78

membrane after filtration, a coloured filtrate confirmed the presence of high concentrations of
humic substances in the water sample.
Based on facts that (i) the effects of pre-filtration using GF/D (Whatman, UK) were negligible
to none, at improving the filtration time and (ii) it could limit the extraction of genetic material
contained in the lake samples, the use of pre-filtration is not recommended for this study.

Formaldehyde-fixed samples
Samples not filtered within 24 to 48 hours of collection would necessitate preservation and
formaldehyde has been commonly used as a preservative. Its effects on DNA extraction has
been reported to be negligible to none (Kirchman et al., 2001). However, figure 3.1 revealed
that no DNA was extracted from any FF samples (C 1 – 4), irrespective of the volume filtered.
It is probable that formaldehyde could have interfered with DNA extraction mechanisms (De
Giorgi et al., 1994), decreasing the efficiency of the BB-CP method.

Hence, sample

preservation using formaldehyde is not recommended for this study.

SDS extraction method
During this experiment, the difference between the two DNA extraction methods, namely BBCP and SDS, was explored. SDS method was applied to a single sample (S) which is directly
comparable to sample B4, as both were filtered from 250 mL of lake water. Both methods
extracted DNA successfully. Nevertheless, Figure 3.2 showed that the sample S yielded sharper
bands suggesting that the SDS method may be considered a potential alternative to BB-CP and
should be further investigated.

3.2.1.2 Amplification of DNA extracts
The visualisation of genomic DNA bands (Figure 3.1) only indicates presence of genetic
material but not its nature or origin.

Confirmation and also differentiation/comparison of

bacterial DNA is achieved by use of genetic markers, the detection of which is facilitated
through PCR. This experiment aimed at the successful amplification of the V3 region of 16S
rRNA gene, here targeted as the genetic marker for bacterial DNA.
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Objectives
1.

Dilute genomic/extracted samples for PCR which did not yield any extractable DNA in the
previous experiment (section 3.2.1);

2.

Investigate whether dilution improves amplifications.

Carry out the amplification of all samples (Table 3.3).

BB-CP and SDS extracts with dilutions
In addition to all DNA extracts from the previous experiment (Section 3.2.1), a selection of
samples were diluted by 10-folds and amplified. Diluted samples included 100 mL- and 500
mL-samples (PF, NF and FF) as well as sample S (Table 3.3).

Table 3.3 List of all samples (diluted and undiluted) used in experiment 3.
Sample Treatment

Pre-filtration (PF)

Untreated (NF)

Formaldehyde-fixed
samples (FF)

†Untreated sample

Code

Volume filtered

DNA Extraction

(mL)

Method

*Dilution factor 1

A1

10

A2

50

A3

100

A4

250

A5

500

B1

10

B2

50

B3

100

B4

250

B5

500

C1

10

C2

50

C3

100

C3.1

C4

500

C5.1

S

250

BB-CP

A3.1
A5.1

BB-CP

B3.1
B5.1

BB-CP

SDS

S1

* Dilution factor, 1, is a 10-fold dilution prepared by mixing 1part of sample with 9 parts of PCR
water.

Prior to PCR, 45 µL of mastermix (Table 3.4) was added to 5 µL of each sample and a blank
(negative control), which consisted of 5 µL of PCR water (Merck, UK). Amplification was
carried out following the thermal cycle conditions of Winter et al. (2007), stated in section
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2.3.2.2 (Chapter 2) and on completion, the success and yield of amplification was assessed by
loading 5 µL of dyed samples onto a 1% agarose gel (Appendices A.2 and A.3) for
electrophoresis. The gel was later visualised under a UV trans-illuminator.

Table 3.4 PCR conditions, adapted from Winter et al. (2007) and used for the amplification of 16S
rRNA gene in lake samples.
Reagent

Stock conc.

Volume
(µL)

PCR reaction buffer

10 X

MgCl2

25 mM

dNTPs

10 mM

BSA

20 mg mL

PRBA 338f GC
PRUN 518r
Taq polymerase

-1

Final conc.

Supplier

5

1X

Fermentas, UK

4

2 mM

Fermentas, UK

0.5

100 µM

added

Fermentas, UK

0.75

300 ng mL

100 µM

0.5

0.1 µM

100 µM

0.5

0.1 µM

5 U µL

-1

0.2

*PCR water

33.55

Sample

5

Total reaction volume

50

0.02 U µL

-1

Fermentas, UK
MWG-Eurofins, Germany
MWG-Eurofins, Germany

-1

Fermentas, UK
Millipore, UK

*Titripac® water (Merck, UK), autoclaved for 15 minutes at 120 °C.

Observation
Figure 3.2 revealed that samples producing either faint genomic DNA bands (e.g. A3, B2 and
B3 in Figure 3.1) or no visible bands (e.g. A2 and B1 in Figure 3.1) can still be successfully
amplified; the presence of genomic bands does not directly translate into successful
amplification.
Membranes used for untreated samples (NF) retain all cells and particles larger than 0.2 µm in
diameter.

An increase in filtration volume signifies a corresponding increase in the

concentration of co-extracted humic substances which hinder PCR by inhibiting polymerases
(e.g. Wintzingerode et al., 1997). Based on the report by the same authors that inhibition of
contaminants can be reduced by BSA, the latter was already included in the mastermix.
Dilution of samples, although not recommended by Wintzingerode et al. (1997), has been
carried out in an attempt to dilute the concentration of contaminants which interfere with Taq
polymerase. PCR is known to be sufficiently sensitive to detect even a single copy of a gene
(Saiki et al., 1988). Hence, dilution of template DNA is not as detrimental as it could be, if no
measure was taken to minimise any interference by humic substances. Indeed, diluted samples
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yielded PCR products (e.g. A5.1 and S1) and contributed directly to this study by allowing
bacterial DNA to be retrieved when original samples failed to amplify.

Contrasting results of positive amplification of certain NF samples e.g. B1, with respect to its
PF counterpart (A1) may suggest that bacterial DNA is lost during pre-filtration, while the
converse may infer an oversaturation of the filter followed by inhibition of PCR by humics.
Groups of PF and NF samples each had four successful amplifications. High volume-samples
(250 mL and 500 mL) which generated considerably higher amounts of genomic DNA (Figure
3.1) failed to amplify, with the exception of pre-filtered samples A4 and A5.1 (Figure 3.2).
Loss of material by pre-filtration, might explain why sample volumes over 250 mL were
successfully amplified. If the GF/D filter used in pre-filtration is assumed to retain bacterial
cells, the PF samples may be treated as underestimates of their actual volumes. Hence, highvolume PF samples would be expected to yield amplicons with respect to their untreated (NF)
counterparts.
FF samples, which had not produced any visible genomic DNA bands (Figure 3.1) did not yield
any PCR product either (Figure 3.2).

By inference, use of 2 % formaldehyde (final

concentration) impedes both DNA extraction and amplification and confirmed the previous
statement that formaldehyde should not be used during this study.

Figure 3.2 Agarose gel (1 %) containing amplified 16S rDNA from samples extracted using BB-CP
and SDS extraction methods, loaded against 100 bp DNA ruler (100 bp) and a blank (blk). Codes:
PF (A) and NF samples (B): 1: 10 mL; 2: 50 mL; 3: 100 mL; 3.1: 100 mL (Dil.1); 4: 250 mL; 5: 500
mL; 5.1: 500 mL (Dil 1);
FF samples: C1: 10 mL; C2: 50 mL; C3: 100 mL; C3.1: 100 mL (Dil. 1); C4: 500 mL; C4.1: 500 mL
(Dil. 1).
S-sample: 250 mL NF + SDS; S1: 250 mL NF + SDS (Dil. 1).
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SDS vs. BB-CP method: (and) Further Dilutions
Although Figure 3.2 revealed important facts about the significance of increased filtration
volume and dilution, representation of the SDS method using a single sample may be
insufficient for reliable interpretation. The design of a detailed volume study using SDS was
limited by the number of samples. However, few samples listed in Table 3.5 were processed
and extracted using SDS (Section 3.1.3). The effect of dilution on amplification was also
studied and compared with BB-CP method.
The lowest sample volume processed was a 10 mL-PF sample. A half-filter referred to a whole
polycarbonate membrane which was cut in two equal fractions using a sterile scalpel. It was
then assumed that the sample volume could be treated as half the initial volume filtered. For
instance, for an initial filtration volume of 100 mL (whole filter), the actual volume after
halving of the membrane would correspond to ca 50 mL.
During this small experiment, both 10-fold and 100-fold dilutions referred to as dilution factors
1 and 2 respectively were carried out. Like in the case of BB-CP, dilutions were conducted
using PCR water (Merck, UK).
One sample extracted using BB-CP and its dilutions were also included in the sample list for
comparative purposes.

Table 3.5 List of samples used to investigate the effect of dilution on SDS method and its
comparison with the BB-CP method.
Sample Code

Filter

Vol. Filtered

DNA extraction method

S1

Whole

10 mL PF

SDS

S1.1
S2

Dilution Factor
1

Half

100 mL NF

SDS

S2.1

1

S2.2

2

S3

Whole

250 mL NF

SDS

S3.1

1

S3.2

2

B4

Whole

250 mL NF

BB-CP

B4.1

1

B4.2

2

All samples and a PCR water blank were amplified using the mastermix composition detailed in
Table 3.4 and the standard thermal cycle conditions (Section 2.3.2.2). The yield of 16S rDNA
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was checked over 1% agarose gel following electrophoresis and visualisation under UV
(Appendices A.2 and A.3).

Observation
The main observations from Figure 3.3 corroborated earlier observations and confirmed that (i)
detection of genomic bands did not signify direct successful amplification, (ii) dilution (of
genomic DNA samples) facilitated amplification (of previously unsuccessful samples) (iii)
prefiltration reduced the actual extractable DNA content and did not allow successful
amplification of low filtration volumes.. Samples S2 and S3 produced genomic DNA bands
(results not shown), but while they failed to amplify, their diluted samples yielded amplicons
(Figure 3.3). SDS method compared with BB-CP in that only dilutions of samples S2 and S3
amplified successfully (Figure 3.3). Furthermore, the 10-fold dilutions yielded visually darker
and distinct bands for both extraction methods (e.g. S3 and B4, Figure 3.3)

Figure 3.3. 1% Agarose gel containing amplified 16S rDNA, extracted using SDS method. The
codes: 100 bp: DNA (100 bp) ruler, S1: 10 mL PF, S1.1: S1 (dil. 1); S2: 100 mL NF (half-filter);
S2.1: Diluted S2 (dil 1); S2.2: Diluted S2 (dil 2); S3: 250 mL (NF); S3.1: Diluted S3 (dil 1); S3.2:
Diluted S3 (dil 2). A BB-CP extracted sample and its dilutions were also amplified: B4: 250 mL
NF; B4.1: Diluted B4 (dil 1), B4.2: Diluted B4 (dil 2).

Section 3.2.2 showed that high quantities of extractable DNA and by inference, high filtration
volumes do not guarantee the successful amplification of bacterial DNA without further
treatment. Inhibition of PCR by humics is a significant determinant of amplification in this
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study. This can be mitigated by the use of dilution. Dilution has played a contributory role in
this study and it would not be an overstatement to speculate that if an extraction method were
selected, it is likely that dilution would be used.

3.2.1.3 fPCR method
Few but increasing numbers of studies have been reported to use smaller sample volumes and
thus a lower total DNA concentration (Bernard et al., 2000; Fuchs et al., 2000 and Zubkov et
al., 2001), and direct amplification even without prior cell lysis or purification (Joshi et al.,
1991). Kirchman et al. (2001) investigated the application of filter PCR (fPCR) using a range
of low-volume samples and compared the method with standard approaches.

Their study

showed that fPCR was applied successfully to environmental samples and, concluded that this
novel technique would “extend the application of PCR-based molecular methods in aquatic
microbial ecology” (Kirchman et al., 2001: 21).

Objective
•

Apply the protocol of Kirchman et al. (2001) to evaluate its suitability for the study.

Procedure
Fourteen filter membranes comprising pre-filtered (PF), untreated (NF) and formaldehyde-fixed
(FF) samples (Table 3.6), generated from the previous water processing exercise (section 3.2.1)
were further processed as detailed in Section 3.1.3. The protocol of Kirchman et al. (2001) was
applied:
•

An eighth of the filter membrane was used;

•

PCR mastermix was prepared as indicated in Table 2.3 (Chapter 2, Section 2.3.2.2)

•

Thermal cycles stated in section 2.3.2.2 (Chapter 2) were used.

After amplification, the yield of PCR products was checked over a 1% agarose gel stained with
EtBr (final concentration, 0.75 µg mL-1) and visualised under a trans-illuminator (Appendices
A.2 and A.3).
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Table 3.6 List of all samples used in the study of fPCR (Kirchman et al., 2001).
Sample Treatment

Pre-filtration (PF)

Untreated (NF)

Formaldehyde-fixed samples (FF)

Code

Volume filtered (mL)

D1

10

D2

50

D3

100

D4

250

D5

500

E1

10

E2

50

E3

100

E4

250

E5

500

F1

10

F2

50

F3

100

F4

500

Observation
No samples except D1 showed positive amplification (Figure 3.4).

Figure 3.4 Agarose gel containing amplified 16S rDNA using fPCR method, and loaded against 100
bp DNA ruler (100 bp) and one blank (Blk). Codes: PF samples (D) and NF samples (E) numbered
1 – 5 represent volumes 10, 50, 100, 250 and 500 mL respectively, while F (1 – 4) are FF samples
representing volumes 10, 50, 250 and 500 mL respectively.
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D1 (10 mL PF sample) was the lowest water volume filtered in the batch and its successful
amplification might again be due to relatively low volume of retentate and, low humic content,
resulting in less interference or inhibition of the polymerase during PCR.

The failure of

remaining PF and NF samples to amplify might be explained by their high proportion of humic
substances to retentate . Direct PCR does not include any DNA purification step, and therefore,
humic content over an eighth of the total filter membrane may prove significant.
Concluding from results of dilution in previous protocols (Section 3.2.1.2.) the unsuccessful
amplification by fPCR may be attributed to the (amount of DNA/humics determined by) size of
membrane filter used. A further decrease in the surface area of the membrane may improve
amplification and this avenue would necessitate further investigation given the advantages that
this technique holds.

fPCR requires only a portion of the total membrane, making any

replication possible unlike in the case of the extraction methods which make use of the whole
filter membrane. Secondly, fPCR does not involve any dilution.

3.2.1.4 DGGE of 16S rDNA

DGGE was the concluding part of the experiment 1. A comparative qualitative analysis of
amplicons generated using the three techniques was conducted and aimed at assessing any
differences in the quality and quantity of bands with respect to their filtration volumes.

Objectives
All PCR products were loaded onto a single gel and arranged according to their sample types,
filtration volumes and techniques used.

Procedure
Dyed samples were loaded onto a 10 – 80 % denaturant gel, prepared and cast according to
Appendix A.5. The details of all samples and their loading volumes have been presented in
Table 3.7.
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Table 3.7 List and description of samples used in experiment 6 and details of their loading volumes
into DGGE wells. (*100 mL: half-filter only)
Sample

Volume filtered

Treatment

(Dilution)

DNA Extraction

Vol. in

Vol. loaded

Method

PCR tube (µL)

(µL)

45

20

STD

DNA Standard

D1

10 mL

PF

fPCR

45

30

B1

10 mL

NF

BB-CP

40

35

A2

50 mL

PF

BB-CP

40

30

B2

50 mL

NF

BB-CP

40

20

A3

100 mL

PF

BB-CP

40

20

A3.1

100 mL (Dil 1)

PF

BB-CP

45

35

B3

100 mL

NF

BB-CP

40

28

B3.1

100 mL (Dil 1)

NF

BB-CP

45

28

A4

250 mL

PF

BB-CP

40

20

B4.1

250 mL (Dil 1)

NF

BB-CP

45

25

B4.2

250 mL (Dil 2)

NF

BB-CP

40

40

A5.1

500 mL (Dil 1)

PF

BB-CP

45

45

S1

250 mL (Dil 1)

NF

SDS

40

30

S3.1

250 mL (Dil 1)

NF

SDS

45

30

S3.2

250 mL (Dil 2)

NF

SDS

45

45

S2.1

*100 mL (Dil 1)

NF

SDS

45

40

S2.2

*100 ml (Dil 2)

NF

SDS

45

45

Observation
Figure 3.5 provided a holistic view of the gel. All three techniques appeared to be equally
successful when judging from the visibility of major bands. However, differences became more
apparent, when fainter bands were considered. Magnified images (results not shown) were
viewed when investigating presence and absence of faint bands. As pointed out by dark arrows in
Figure 3.5, at least two bands present in untreated samples (B) were absent or poorly visible in
pre-filtered samples (A). DGGE provided an asserted attribution of the absence of bands to loss
of material during pre-filtration.
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Figure 3.5.

DGGE gel (10-80 %) showing 16S rDNA fragments of different bacterioplankton

communities after amplification with Bacteria primers. Bacterioplankton were from water samples
of varying volumes, treatments (A: Pre-filtered - PF; B: Normal Filtration – NF) and DNA extraction
(A & B: BB-CP method; S: SDS method-all NF samples) and amplification (D: fPCR) techniques:
STD: DNA standard; D1: 10 mL; B1: 10 mL; A2: 50 mL; B2: 50 mL; A3: 100 mL; A3.1: 100 mL (Dil
1); B3: 100 mL; B3.1: 100 mL (Dil 1); A4: 250 mL; B4.1: 250 ml (Dil 1); B4.2: 250 mL (Dil 2); A5.1:
500 mL (Dil 1); S1: 250 mL; S3.1: 250 mL (Dil 1); S3.2: : 250 mL (Dil 2); S2.1: ~50 mL (Dil 1); S2.2:
~50 mL (Dil 2).

The effect of varying sample volumes on band quality could not be fully discerned. An increase
in filtration volume from 10 mL to 100 mL seemed to favour a distinctiveness of bands. Above
100 mL however, the band quality decreased (e.g. A4), or became incomparable given that the
sample needed to be diluted (e.g.B4.1, B4.2, A5).
Dilution was key to efficient retrieval of samples which in their original composition would fail
to amplify. Dilution of samples effected on band quality, making certain bands appear faint, and
increased dilution exacerbated the fading effect. This was true for both BB-CP and SDS.
The fPCR method was represented by a single sample D1. Despite being a 10 mL PF sample, its
bands were relatively distinct when compared with B1. Like any other pre-filtered sample, the
two bands marked by arrows (Figure 3.5) were absent.

This suggested that absence or

insignificance of bands were dependent more on sample pre-processing than the technique itself.
It also underlines the stability of the method and the importance of initial sample processing.
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This experiment showed that pre-filtration may result in loss of bacterial DNA. In addition, it
highlighted that high volume samples required dilution for optimal amplification and that dilution
itself limited the quality of band intensity. fPCR on the other hand, which offered the advantage
of using original DNA template with no dilution should be explored further.

3.2.2 Experiment 2: Actual samples
While section 3.2.1 focussed on a volume study which had been carried out on a single sample
from Loch Calder, this experiment aimed at investigating the application of the three techniques
to actual samples collected from Loch Calder and Loch Rannoch.
The experiment is also divided in different parts:
1.

Amplification of DNA-extracted samples

2.

fPCR

3.

DGGE of all extracts

Amplification of DNA-extracted samples

Objectives
!

Careful selection of samples to ensure a rational comparison after application of the
techniques;

!

Amplification of DNA extracted samples and their dilutions.

DNA extracts and dilutions (10-1)
The selection of samples from Loch Calder and Loch Rannoch which were subjected to DNA
extraction and purification are listed in Table 3.8.
Five samples were carefully chosen. Three of the filter membranes were halved using a clean
and sterile scalpel and placed clearly-labelled 2 mL Eppendorf tubes while the remaining two
were used as whole filters. DNA was extracted from all 8 samples using BB-CP and SDS
protocols detailed in sections 3.1.1 and 3.1.2 respectively. Ten-fold dilutions of each sample
were also prepared and amplified in parallel. The labelling of the diluted samples included the
sample number followed by the dilution factor (e.g. 1.1 was sample 1, diluted by a factor 1
(i.e.101 dilution).
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Table 3.8 List and description of samples used subjected to BB-CP and SDS extraction methods.
Sample ID

Lake name

Vol. Filtered (mL)

Filter

Extraction Method

Further details

1

Loch Calder

250

Half

BB-CP

Calder 1

2

Loch Calder

250

Half

BB-CP

Calder 2

3

Loch Rannoch

200

Half

BB-CP

RVP13S

4

Loch Rannoch

200

Whole

BB-CP

RVP15S

5

Loch Calder

250

Half

SDS

Calder 1

6

Loch Calder

250

Half

SDS

Calder 2

7

Loch Rannoch

200

Half

SDS

RVP13S

8

Loch Rannoch

200

Whole

SDS

RVP17S

All samples were loaded for electrophoresis onto a 1% agarose gel against 100 bp DNA ruler to
check the yield of amplicons (Appendices A.2 and A.3).

Observation
All samples generated genomic DNA (figure not shown) but only 50 % of the samples could be
successfully amplified (Figure 3.6). The strength of this experiment relied on the fact that
different extraction techniques were applied to the same samples, as they were on halves

Figure 3.6. Agarose gel (1%) shows amplified 16S rDNA from samples extracted using BB-CP and
SDS extraction methods. The samples codes are given in Table 3.8 and also their included 10-1
dilutions.
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of the same filter, with the exception of samples 4 and 8, which were two different samples
from the same lake. Overall, SDS appeared to be more efficient than BB-CP. SDS extraction
attained 75 % success, with only samples 5 and 6 (Figure 3.6) failing to amplify.

Further dilutions and re-PCR
To verify whether amplification could be improved, BB-CP and SDS-extracted samples were
diluted by factors 2 (10-2), 3 (10-3) and 4 (10-4), and amplified samples 6.1, 7 and 7.1 (Figure
3.7) were re-amplified (i.e. 6.1r, 7r AND 7.1r). Re-amplification was conducted by mixing 2
µL of amplification product with 48 µL of mastermix. The generated PCR products (5 µL)
were then loaded onto a 1% agarose gel for electrophoresis and later visualised (Figure 3.7).

Observation
Over 60% of SDS-extracted diluted samples were successfully amplified, including all reamplified samples (Figure 3.7).

Dilution (up to 10-3) and re-PCR resulted in successful

amplification. In sharp contrast, only 2 diluted samples (2.2 and 2.3) from the BB-CP-extracted
batch produced amplicons.

Figure 3.7 Agarose gel (1%) of diluted samples and re-amplified samples extracted using BB-CP
and SDS methods. For example 1.2, 1.3 and 1.4 represent dilutions of the original sample 1 (See
Table 3.7) by 102, 103 and 104 times respectively. The samples codes suffixed with “r” (6.1r, 7r and
7.1r) are re-amplified samples 6.1, 7 and 7.1 (See Table 3.7).

fPCR
The failure of fPCR to yield amplicons in the earlier part of this study was associated to the
large size of the filter membrane. In analogy, a large filter piece is comparable to high volumes
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used in DNA extraction methods, which failed to amplify. In this section, the effect of smaller
filter membranes was investigated.

Objectives
!

Test the effect of different filter membrane sizes (1 mm2, 4 mm2, and 9 mm2 ) from Loch
Rannoch and Calder samples on amplification;

!

Depending on the success, repeat amplification process on a larger number of samples to
confirm previous results.

Different size classes of filter membranes

Procedure
Samples used to re-investigate fPCR included a 100 mL untreated (NF) sample from Loch
Calder (C) and 200 mL NF sample from Loch Rannoch (R). Filter membrane areas measuring
1 mm2, 4 mm2 and 9 mm2 were cut (Section 3.1.3) and amplified using mastermix and thermal
conditions stated in Section 2.3.2.2.

Figure 3.8 Agarose gel (1 %) of direct PCR of filter membranes. The C and R series (1, 4 and 9)
are samples from Loch Calder and Loch Rannoch respectively and the numbers refer to their filter
membrane areas (in mm2).

Observation
In the case of fPCR, Figure 3.8 indicated successful amplification of all Loch Rannoch samples.
However, results for Loch Calder were ambiguous due to the presence of very faint smears
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instead of distinct bands. The bands for the R series were very distinct and intense in contrast to
200 mL-samples 4 and 8, representative of Loch Rannoch and extracted using BB-CP and SDS
respectively (Figure 3.7).

Final fPCR of Loch Calder and Loch Rannoch samples

Procedure
To ensure that fPCR was applicable to Loch Calder samples, 5 samples filtered from different
volumes: 10 mL (C1), 50 mL (C2), 100 mL (C3), 250 mL (C4) and 500 mL (C5), were selected.
Although this fPCR was comparable to the volume study for untreated samples (NF) in section
3.2.1.3, the difference was in the size of the filter membranes used. The fPCR was conducted
using 1 mm2 filter membrane pieces cut following the protocol in section 3.1.3. For Loch
Rannoch, in addition to 10 surface water (0.5 m) samples collected in summer 2008 and 4
samples forming the depth profile of the shallow basin for the same period were also chosen.
All samples were amplified using the standard conditions in Section 2.3.2.2.

After

electrophoresis, a 1% agarose gel loaded with 5 µL of dyed samples was visualised using a UV
trans-illuminator to check for the presence of PCR products.

Observation
All fPCR samples amplified successfully (Figure 3.9).

Figure 3.9 Agarose gel (1 %) of fPCR of Loch Rannoch and Loch Calder samples. The samples
from Loch Rannoch include HT1 – HT10 (surface waters along a horizontal transect of the lake)
and samples of a depth profile in the shallow basin: S5 (5 m), S10 (10 m), S15 (15 m) and S20 (20
m). Loch Calder include C1 – C5 which consist of filtered volumes 10 mL, 50 mL, 100 mL, 250 mL
and 500 mL respectively. All the samples were loaded against a 100 bp DNA ruler positioned at the
first and last lanes and a negative control (Blank) comprising PCR water (Merck, UK).
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The volume study in Loch Calder revealed an increase in band intensity when the filtered
volume was increased to 250 mL, after which the intensity of the band decreased again. In the
case of the 500 mL sample, it is likely that humic substances present in the sample might have
inhibited Taq polymerases during amplification.

DGGE of 16S rDNA amplicons
All successful amplicons from Section 3.2.2 (Table 3.9) were analysed using DGGE.

Objectives
!

Visualise the banding patterns of bacterioplankton communities in two different lake
systems;

!

Make rational comparisons amongst the three methods used;

!

Compare the distribution of bands in two gels of different denaturant compositions: (i) 10 –
80 % and (ii) 10 – 60%.

Table 3.9 List and description of samples successfully amplified in Section 3.2.2 and details of their
loading volumes onto the denaturing gel during electrophoresis
Sample

Lake

ID

Dil Factor/

Vol. filtered

Filter (Size

Re-PCR

(mL)

used

Method

Vol. in PCR

Vol. loaded onto

tube (µL)

gel (µL)

2.1

Calder

Dil 1

250

Half

BB-CP

40

50

6.1

Calder

Dil1

250

Half

SDS

43

50

6.1r

Calder

Dil 1/RePCR

250

Half

SDS

45

25

6.2

Calder

Dil 2

250

Half

SDS

45

30

6.3

Calder

Dil 3

250

Half

SDS

45

40

5.1

Calder

Dil 1

250

Half

SDS

40

40

5.2

Calder

Dil 2

250

Half

SDS

45

25

5.3

Calder

Dil 3

250

Half

SDS

45

50

7

Rannoch

200

Half

SDS

43

50

7r

Rannoch

RePCR

200

Half

SDS

45

30

7.1

Rannoch

Dil 1

200

Half

SDS

43

50

7.1r

Rannoch

Dil 1/RePCR

200

Half

SDS

45

30

R1

Rannoch

200

1 mm2

fPCR

45

20

200

2

fPCR

45

30

R4

Rannoch

4 mm
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Sample

Lake

ID

Dil Factor/

Vol. filtered

Filter (Size

Re-PCR

(mL)

used

Method

Vol. in PCR

Vol. loaded onto

tube (µL)

gel (µL)

R9

Rannoch

200

9 mm2

fPCR

45

18

C1

Calder

10

1 mm2

fPCR

45

50

C2

Calder

50

1 mm2

fPCR

45

45

2

fPCR

45

40

C3

Calder

100

1 mm

C4

Calder

250

1 mm2

fPCR

45

30

2

fPCR

45

50

C5

Calder

500

1 mm

HT1

Rannoch

200

1 mm2

fPCR

45

25

HT2

Rannoch

200

1 mm2

fPCR

45

30

2

fPCR

45

30

HT3

Rannoch

200

1 mm

HT4

Rannoch

200

1 mm2

fPCR

45

30

2

fPCR

45

25

HT5

Rannoch

200

1 mm

HT6

Rannoch

200

1 mm2

fPCR

45

30

HT7

Rannoch

200

1 mm2

fPCR

45

30

2

fPCR

45

35

HT8

Rannoch

200

1 mm

HT9

Rannoch

100

1 mm2

fPCR

45

30

2

fPCR

45

30

HT10

Rannoch

100

1 mm

S5

Rannoch

200

1 mm2

fPCR

45

30

S10

Rannoch

200

1 mm2

fPCR

45

25

2

fPCR

45

35

S15

Rannoch

200

1 mm

S20

Rannoch

100

1 mm2

fPCR

45

35

4.1

Rannoch

200

Whole

BB-CP

40

50

8

Rannoch

200

Whole

SDS

40

40

8.1

Rannoch

Dil 1

200

Whole

SDS

45

45

8.2

Rannoch

Dil 2

200

Whole

SDS

45

50

Dil 1

Procedure
All positively amplified samples were dyed with 4X DGGE loading gel. They were then
transferred onto denaturing gels in two batches. One batch was loaded onto a 10 – 80 % gel
gradient (Figure 3.10) while the remaining samples were analysed over a 10 – 60 % gradient
(Figure 3.11). This measure aimed at gauging the optimal gradient required for this study.
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Observation
10 – 80 % denaturing gradient
Samples loaded onto a 10 – 80% gel were all collected from Loch Rannoch during summer
2008 and the three methods have been represented (Figure 3.10).
Visual assessment of operational taxonomic units (OTUs) displayed by SDS-extracted sample 8
showed that they were visibly more distinct than in any other sample. However, its ten-fold
dilution (sample 8.1) produced faint bands, which faded even more with increase in dilution
(sample 8.2). This association of dilution with faint bands during DGGE correlated with that in
Section 3.2.1, strengthening further the statement that dilution should be avoided unless
absolutely necessary. The only BB-CP-extracted sample 4.1 also produced faint bands. The
bands formed in fPCR samples on the other hand were all equally distinct. Even though a 1
mm2-filter membrane was used, the results in terms of the quality and quantity of OTUs, were
comparable to that of sample 8. This suggested that fPCR was a very appropriate, efficient and
stable technique. It was effective in producing reliable results and given that a fraction of the
filter was utilised, replication of the samples was possible.

Figure 3.10 DGGE gel A (10-80 %) of amplicons from Loch Rannoch. fPCR samples (1 mm2)
included surface water samples (0.5 m) collected along a horizontal transect (HT1 – HT10) and
vertical profile samples S5 (5 m), S10 (10 m), S15 (15 m) and S20 (20 m) of the shallow basin during
summer 2008. Additional samples from the same lake were subjected to BB-CP (Sample 4.1) and
SDS (samples 8. 8.1 and 8.2) methods.
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10 – 60 % denaturing gradient
Amplification of SDS-extracted samples was more successful than BB-CP (Figure 3.10) and
consequently, a relatively larger number of SDS-samples were available for DGGE.

The

strengths of fPCR were also reflected in Figure 3.10. The OTU patterns in fPCR samples were
represented by distinct and intense bands. R-series samples showed similar OTU patterns. The
use of different sized squares of filter membranes did not have a marked effect on OTU
distribution, although bands appeared more intense and almost saturated in the case of R9. The
intensity of bands produced by the C-series increased in samples with filtration volumes ranging
from 10 mL to 250 mL but decreased at 500 mL (Figure 3.11). This observation concurred with
amplification results obtained for the same samples (Figure 3.10). Although the band intensity
changed, the changes in filtration volume did not appear to have any direct effect on the
quantity of OTUs in the samples indicating the stability of the method.

Figure 3.11 DGGE (10-60%) patterns of 16S rRNA gene amplified from samples collected from
Loch Calder and Loch Rannoch. Loch Calder samples included a BB-CP extracted sample (2.1),
SDS-extracted samples (5.1, 5.2, 5.3, 6.1r, 6.2 and 6.3) and fPCR samples, C1 – C5. Some samples
from Loch Rannoch were subjected to SDS methods (7, 7r, 7.1 and 7.1r) while its fPCR samples
consisted of 1 mm2, 4 mm2 and 9 mm2 membrane filters (i.e. R1, R4 and R9 respectively).
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Alteration of the maximal concentration of the denaturant from 80 % to 60 % was aimed at
improving the separation of bands.

Indeed, comparison between Figures 3.10 and 3.11

demonstrated a change from a compact to a more expanded distribution, where the separation
and resolution of bands were improved. In Figure 3.11, no OTUs were located in the top
portion of the gel. Therefore, a further narrowing of the gradient to 30 – 60 % (top – bottom)
was proposed.

3.2.3 Optimisation of DGGE

Aim and objectives
The aim was to test the suitability of a denaturing gradient of 30 – 60 % for the optimal
separation of 16S rDNA bands from lakes Rannoch and Calder. The objective was to carry out
fPCR on a range of samples from Loch Rannoch and Loch Calder.

Procedure
A polyacrylamide gel with denaturant gradient of 30 – 60 % was prepared (See Appendix A.4)
and after all dyed samples were loaded, DGGE was conducted.

Observation
The 30 – 60 % denaturant gradient improve the separation of bands (Figure 3.12) with respect to
that shown in Figure 3.11. In terms of quality, the bands were distinct and separate from each
other by a distance sufficient to ensure that bands could be excised with ease.
Prior to PCR, 45 µL of mastermix (Table 3.4) was added to 5 µL of each sample and a blank
(negative control) which consisted of 5 µL of PCR water (Merck, UK). Amplification was
carried out following the thermal cycle conditions of Winter et al. (2007), stated in section
2.3.2.2 (Chapter 2) and on completion, the success and yield of amplification was assessed by
loading 5 µL of dyed samples onto a 1% agarose gel (Appendices A.2 and A.3) for
electrophoresis. The gel was later visualised under a UV trans-illuminator.
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Figure 3.12 DGGE patterns of 16S rRNA genes amplified from samples collected from Loch
Rannoch and Loch Calder. A denaturing gradient of 30-60 % was used to investigate its effects on
the migration of 16S rDNA in the sample.

3.2.5 Summary and conclusion

Throughout this chapter, three techniques have been investigated in order to choose one method
that can be reliably applied to all the samples collected during the research project. Besides
testing the suitability of each method, ways to increase the yield of genomic and bacterial DNA
were explored and small experiments on volume study, pre-filtration and dilution were
conducted. The methods were also tested on actual samples.
Each technique had its strengths and weaknesses, and despite the obstacles encountered at the
start, fPCR proved to be the preferred method. fPCR had the advantage of being relatively easy
and less time-consuming; unlike other techniques, it involved no DNA extraction and
purification steps. Consequently, the risk of contamination was low as the membrane was
directly amplified and not subjected to numerous chemical treatments during BB-CP and SDS
extraction protocols. Furthermore, fPCR did not involve any dilution and since only a fraction
of the filter membrane was used, the experiment could be replicated.
The denaturant gradient of 20 – 60 % was tried and tested for another batch of samples (results
not shown), as a result of which, this gradient was finally selected for conducting DGGE
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CHAPTER 4
Seasonal sampling at Loch Rannoch (Perthshire)

Introduction
Prior to this work, research conducted in Loch Rannoch has been largely dominated by
ichthyological studies, especially those investigating polymorphism in the Arctic charr (e.g.
Adams et al., 1998; Fraser et al., 2008, etc). However, the limno-ecology of Loch Rannoch has
not been thoroughly studied. Background limnological information on the lake remains limited,
with some data retrievable from the Freshwater Laboratory (FRS) and SEPA records.
Using a paleo-limnological approach, Bennion et al. (2004) attempted to assess eutrophication
and define the ecological status of 26 lakes including Loch Rannoch. They report that Loch
Rannoch is a large, deep oligotrophic lake that underwent little floristic change and experienced
stable conditions with low diatom-inferred TP concentrations between c. AD 1850 and the
present. Furthermore, describing Loch Rannoch as a minimally impacted lake, the authors
recommend the consideration of the water body as reference sites for eutrophication pressures.
While paleo-limnology is a useful tool that provides useful background information and
measures deviations from ecological and chemical reference (Bennion and Battarbee, 2007;
Bennion et al., 2011), it cannot be employed routinely to monitor seasonal changes, or changes
over even shorter spans of time.
This study was designed to test the applicability of chemotaxonomy and PCR-DGGE in
characterising temporal and spatial changes in a deep oligotrophic system such as Loch
Rannoch.

4.1

Materials and method

4.1.1 Study site
4.1.1.1 Lake description
Loch Rannoch (Grid reference, NN 610 580) is a modified water body, situated in Perthshire,
Central Scotland (Figure 4.1A). Located in a popular and touristic area, Loch Rannoch extends
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over an area of 18.81 km2. It is a deep elongated loch, about 16 km long by 1 km wide, with
mean and maximum depths of 51 m and 134 m respectively. With an estimated water volume
of 974 million m3 (Bennion et al., 2004) Loch Rannoch (LR) has an atypical basin morphology,
comprising two basins, a larger, deep basin and a smaller, shallow area at the far western end.
LR has two major inlets: (i) River Gaur carries water from Loch Laidon via Loch Eigheach into
the western end of LR (Arrow 1, Figure 4.1B) and (ii) a pipeline from upstream Loch Ericht,
another heavily modified water body, supplying water into the northern shore of the shallow
basin (Arrow 2; Figure 4.1B).

Several seasonal streams also supply the lake with water

throughout the year. The major outlet (Arrow 3, Figure 4.1B) , Kinloch Rannoch weir, is
located at the far eastern end and regulates the lake water level by spilling water into the
Tummel Valley.

4.1.1.2 Catchment area
The catchment of Loch Rannoch extends over an area estimated to be ca 640 km2 (Bennion et
al., 2004). Part of the catchment comprises a hilly and mountainous topography (Figure 4.1). A
large proportion of the catchment is under vegetation cover, including vast areas of blanket bog,
dry boreal heather moor pastures, and forest comprising Caledonian pinewood (Pinus sylvestris
var. scotica) amongst other trees like oak (Quercus sp.) and birch (Betula sp.). The soil is
largely composed of peaty podzols, peaty gleys, humus- iron podzols, peat, and brown forest
soils. The soil association is dominated by Arkaig soils that are derived from schist, gneisses,
granulites and quartzites, principally from the Moine assemblage (Soil Survey of Scotland,
1985). A smaller area of the catchment encloses few residential estates and a tourist resort on
the far eastern end of the loch. Although the population of local residents is low, the population
is raised by the number of tourists during summer.
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(Modified from Bennion et al., 2004)
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Figure 4.1 A. Geographical location of Loch Rannoch, as indicated by the red arrow. B. Delimitation of the catchment area of Loch Rannoch (See encircled). The light
blue area depicting the catchment area, is contrasted against the navy-blue colour representing the surface area of Loch Rannoch. Water from the catchment enters via
major inlets, River Gaur (Arrow 1) and River Ericht (Arrow 2) and leaves via the weir located at the far eastern end of the lake (Arrow 3).

Loch Rannoch has been classified by SEPA as a heavily modified water body (HMWB) due to
morphological alterations attributed to recreational activities and an impounding sluice
regulating the flow from the deeper basin towards Loch Tummel. In addition to the Kinloch
Rannoch weir, the water inflow is controlled by alterations further upstream (e.g. the dam at
Loch Eigheach/reservoir) and other man-made structures along River Gaur. Furthermore, the
ecological status of the loch is reported to be affected by “diffuse source of pollution from the
production

of

non-renewable

electricity”

(SEPA

website:

http://apps.sepa.org.uk/rbmp/pdf/100221.pdf).

4.1.2 Water sampling
Loch Rannoch was sampled once every season from May 2008 to February 2009. At each
sampling, horizontal survey of the surface waters (0.5 m) was conducted at ten stations along a
transect established by the hydro-acoustics team of the Fisheries Research Services (FRS) in
Pitlochry (Figure 4.2).
Given the lake morphometry, three stations were designated for vertical profiling (Figures 4.2
and 4.3) and water was collected from different depths (Table 4.1).
Table 4.1 Geographical coordinates of the three stations and the depths sampled during
investigation of vertical profiles in Loch Rannoch (2008 – 2009).
Station number / Coordinates
Coordinates
Total
Depths sampled (m)
Name

North

West

depth (m)

2 / *Deep

56°41.786’

004°14.171’

130

0.5, 5, 10, 15, 20, 25, 50, 80, 110

4 / Mid

56°41.580’

004°17.493’

85

0.5, 5, 10, 15, 20, 25, 50, 80

10 / Shallow

56°41.122’

004°25.642’

24

0.5, 5, 10, 15, 20

*In spring 2008, only the deep basin was sampled at depths: 0.5, 5, 15, 25, 35, 50, 80 and 110m.

10

9

8

7

6

5

4

3

2

1

(Modified from Godfrey and Thorne, 2011)

Figure 4.2 Location of stations sampled during the study at Loch Rannoch. Filled circles
numbered (1 – 10) represent surface stations sampled along a longitudinal transect (HT) of the
lake. Stations 2, 4 and 10 represent the deep, mid and shallow stations respectively and arrows
indicate the major inlets and outlet of Loch Rannoch.
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Deep station

Weir

R. Gaur

Mid station

Shallow station

Figure 4.3 The diagram shows the cross-sectional bathymetry of Loch Rannoch. The arrows
indicate an inflow at the western end (River Gaur) and an outflow via the eastern weir. The
location of deep, mid and shallow stations is also depicted. (Diagram not to scale.)

Using a Ruttner sampler (1 L) initially, followed by a Niskin bottle (2.5 L), at least 4 litres of
water was collected from each sampling depth. The water was stored in acid washed 4-litre
amber bottles and transported to the lab for filtration and subsequent analyses. During each
visit, a CTD profiler (SD204, SAI A/S, Bergen) was deployed to measure conductivity,
temperature and dissolved oxygen, while water clarity was assessed using a Secchi disc. Total
suspended particles (TSP) and a range of chemical and biological parameters were determined
in the laboratory.

Water was analysed for nitrogen fractions i.e. nitrite-, nitrate- and

ammonium-nitrogen, total nitrogen (TN) and total dissolved nitrogen (TDN); phosphorus
fractions i.e. soluble reactive phosphorus (SRP), total dissolved phosphorus (TDP) and total
phosphorus (TP); biogenic or soluble reactive silica (SRSi) and dissolved organic carbon
(DOC). Details of sample processing and analysis, including studies of phytoplankton and
bacterioplankton communities are given in Chapter 2.
Loch Rannoch samples were analysed for the physico-chemical and biological parameters listed
in Chapter 2.

Samples were not studied by epifluorescence microscopy (EPM) or flow

cytometry (FC).
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4.1.3 Rainfall data
Rainfall data from a weather station located at Gaur Power station (SRC ID: 15156) were
retrieved using the MIDAS dataset accessed through the British Atmospheric Data Centre
(BADC website, www.badc.rl.ac.uk).

300

250

Rainfall, mm

200

150

100

50

0

Figure 4.4 Rainfall data in the catchment of Loch Rannoch during the period of April 2008 to
February 2009. Arrows indicate sampling dates.

4.2

Results

4.2.1 Water column structure
Water temperature, oxygen concentration and oxygen saturation were used to investigate the
water column structure. As listed in Table 4.2 and depicted in Figure 4.5, changes in the
vertical distribution of these parameters were noted from spring to winter.
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Table 4.2 Mixed depth (Zm) and minimum and maximum values for water temperature, oxygen
concentration ( [ O2 ] ) and oxygen saturation (O2 Sat.) in the deep, mid and shallow basins during
the seasonal samplings. With the exception of Zm, all values are given to 2 decimal places (d.p.).
Mixed depth
Temperature
[ O2 ]
O2 Sat.
Season
Station
(m)
(°C)
(mg L-1)
(%)
Min
Spring
May ‘08

Deep

25

Range
Mid

25

4.84

Jul ‘08

Deep

6

7.84

15

5.22

Shallow

17

5.31

Oct ‘08

Deep

6

9.82

34
37
Mixed

Winter
Feb ‘09

Deep

3.97

Mixed

3.96

Mixed

3.94

Range
Mid

Range

9.33

9.45

10.30

9.70

10.42
0.72

7.45

10.64

86.81

4.05

11.31

4.04

11.32

4.00

11.92

94.30

10.81

61.88

11.50

78.57
80.77

0.05

94.04

13.27
92.87

93.9
1.03

88.32

90.01
1.69

88.35

0.016
11.97

93.79

15.22

0.19
11.48

94.13

32.25

0.17

0.08
0.05

9.59

0.85
9.04

93.91

7.49

2.75

0.08

Range
Shallow

84.43
9.48

10.81

6.84

0.16
Mixed

10.77

9.24

98.28
3.59

1.5

15.93

7.29

94.69

1.42

13.55

91.44
4.97

11.18

9.35

3.20

Range

89.47

0.77

13.43

5.84

Max
94.11
5.60

11.58

10.41

3.64

Range
Shallow

11.36

5.69

Min
88.51

0.55

6.11

Range
Mid

11.03

8.24

Range
Autumn

7.21

8.21

Range

Max
11.60

0.33

3.52

Range
Mid

Min
11.27

2.37

Range
Summer

6.37
1.62

Range
Shallow

Max

4.75

89.70
1.35

94.02

94.56
0.54
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Figure 4.5 Vertical profiling of temperature (Temp), oxygen concentration ( [O2] )and oxygen
saturation (O2 Sat.) in the deep, mid and shallow basins of Loch Rannoch during spring, summer,
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4.2.1.1 Temperature
Signs of thermal stratification were observed at the three stations in spring. The deep station
revealed a 15 m-thick epilimnion and a 10 m-thick metalimnion (Figure 4.5). The mid station
showed a similar structure; temperature gradients indicated a widening of the metalimnion to ca
20 m (20 – 40 m depth, Figure 4.5), where a decrease of 0.3 °C every 5 m was noted. A distinct
one metre-thick metalimnetic layer, positioned at a depth of 7 m was distinguishable in the
shallow basin (Figure 4.5).
In summer, the epilimnion in the deep basin was 15 metres thick and the metalimnetic layer
extended to depths of 40 m and 45 m at the deep and mid stations respectively (Figure 4.5). The
metalimnion, i.e. the region showing the steepest temperature gradient, was possibly further
stratified. While detected at all stations, the phenomenon was more prominent at the deep and
mid stations, with a first layer forming between 15 m and 20 m, while the rest of the
metalimnion comprised the second layer. The shallow station (23 m deep) also showed thermal
discontinuities within its metalimnetic zone with a “sub-stratum” measuring 4 m in thickness (6
– 10 m depth, Figure 4.5) and a second layer extending as deep as 20 m.
In autumn, a water layer 15 - 20 metres thick, showed a relatively sharp decrease in temperature
in the deep basin. The layer was located at 25 - 45 m and 30 - 50 m in the deep and mid stations
respectively. A constant decrease in temperature was noted the waters of the shallow basin.
Profiling of the deep and shallow basins in winter indicated only a small change in temperature
down the water column (Figure 4.5).

4.2.1.2 Dissolved oxygen
The oxygen probes employed enabled investigation of the fine structure of the water column.
Along with temperature, [O2] and oxygen saturation (O2 Sat., %) are good indicators of water
column structure and driving biological processes.
From spring to winter, an increase in [O2] was recorded as the water temperature decreased.
[O2] varied from 6.84 mg L-1 to 11.97 mg L-1; the range of variation was highest in summer and
lowest in winter (Table 4.4). High precision data showed that the oxygen patterns followed
different trends:
A: Increase down the water column
B: Increase down the water column (I-Phase) followed by a decrease (D-Phase)
C: Pattern B in which the I-Phase is interrupted by a decrease
D: Decrease down the water column
E: Pattern D interrupted by an increase.
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The most common pattern for the vertical distribution of [O2] was that of pattern B. While the
I-phase extended to depths of 25 m and 40 m at the deep and mid stations respectively, in
summer, it spanned till 70 - 75 m in the deeper basin. In spring and summer, the shallow basin
exemplified pattern C, whereby a decrease was recorded at 7 m and 9 m respectively, before a
D-Phase at 13 m. Notably, the I-Phase-related decrease in [O2] was within the metalimnetic
layer. During autumn, [O2] variations at the deep and mid stations were associable to model E
with slight increases at depths of 25 - 45 m and 30 - 50 m respectively. As in the case of model
C, regions with antagonistic features were detected at or within the metalimnion. In contrast,
the shallow station revealed a gradual increase down the water column (Model A) and this was
the only time when a typical orthograde distribution in [O2] was recorded. Pattern D was only
encountered during winter.

4.2.2 Water clarity
4.2.2.1 Secchi depth
Water clarity varied both spatially and temporally. Secchi depth (Zs) in the shallow basin was
generally lower than in the deeper basin (Figure 4.6). Water clarity was highest during spring
(4.2 ± 0.4 m) and decreased progressively to reach an average of 2.5 ± 0.1 m in winter (Table
4.3). This progressive change in mean Zs from spring to summer and summer to autumn were
highly significant (Wilcoxon signed rank test, p < 0.01). The differences in water clarity
signified a corresponding variation in euphotic depth (Zeu) as indicated in Table 4.3.

110

Spring

6.0

Summer

Autumn

Winter

5.0
4.2 ± 0.4 m

Secchi depth (m)

4.0
2.6 ± 0.6 m

3.0

3.2 ± 0.7 m

2.5 ± 0.2 m

2.0
1.0
0.0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

Shallow

Deep

Figure 4.6 Variation of water transparency, determined by Secchi disc during the seasonal
sampling in Loch Rannoch (2008 – 2009). Seasonal mean estimates of water clarity ± standard
deviations are given in annotated text. The horizontal axis represents 20 surface stations along
Loch Rannoch (See Figure 4.2). Note that during autumn and winter, measurements were taken at
alternate stations (N=10).

Table 4.3 Physicochemical data (mean ± standard deviation; N = 10) of surface waters of Loch
Rannoch, collected during the seasonal sampling in 2008 -2009.
Parameter
Spring
Summer
Autumn
Winter
May ‘08

Jul/Aug ‘08

Oct ‘08

Feb ‘09

Secchi depth (m)

4.2 ± 0.4

3.2 ± 0.7

2.6 ± 0.6

2.5 ± 0.2

Euphotic depth (m)

11.0 ± 0.5

8.8 ± 1.6

7.3 ± 1.3

6.9 ± 0.5

TSP (mg L )

0.43 ± 0.28

0.79 ± 0.48

0.65 ± 0.46

0.39 ± 0.16

DOC (mg L-1)

5.7 ± 0.7

4.7 ± 1.1

6.2 ± 0.7

4.9 ± 0.6

SRSi (µM)

1.7 ± 0.5

2.5 ± 0.6

7.4 ± 6.4

5.4 ± 0.7

NH4+ (µM)

0.37 ± 0.32

0.00 ± 0.00

1.54 ±1.06

0.83 ± 0.75

NO3- (µM)

8.3 ± 4.6

5.0 ± 1.2

3.0 ± 1.8

5.3 ± 1.1

NO2 (µM)

0.02 ± 0.01

0.00 ± 0.00

0.02 ± 0.01

0.13 ± 0.01

TDN (µM)

NA

12 ± 1.2

16 ± 1.8

14 ± 0.9

TN (µM)

25 ± 11

31 ± 6

23 ± 5

26 ± 5

SRP (µM)

0.02 ± 0.02

0.05 ± 0.03

0.05 ± 0.01

0.04 ± 0.01

TDP (µM)

NA

0.2 ± 0.1

0.1 ± 0.04

0.1 ± 0.04

TP (µM)

0.18 ± 0.02

0.18 ± 0.03

0.15 ± 0.05

0.16 ± 0.05

-1

Nitrogen fractions

-

Phosphorus fractions

NA: not determined.
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4.2.2.2 TSP and DOC
TSP in the shallow basin was higher than in the deep basin (Figure 4.7a). Besides station HT10
having the highest TSP throughout the study, variation of TSP in the surface waters revealed no
general trend. Mean TSP was highest in summer (0.79 ± 0.48 mg L-1) and lowest in winter
(0.38 ± 0.16 mg L-1).
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Figure 4.7 Horizontal distribution of (a) TSP and (b) DOC in the surface waters of Loch Rannoch.
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With the exception of the summer to autumn period, temporal changes in [TSP] were significant
(Wilcoxon test, p < 0.05). These differences in TSP may be attributed to the relative increases
and decreases in rainfall during summer and winter respectively.

No significant general

relationship between TSP and Zs was however established during this study (p > 0.05).
As well as being a valuable parameter in its own right, DOC is also used as a proxy for the
concentration of dissolved coloured substances. Unlike TSP, DOC did not show any distinctive
spatial trend (Figure 4.7b).

The relatively high [DOC] at shallow station HT10 was not

consistent throughout the study (Figure 4.7b). Spearman’s correlation coefficient revealed a
generally weak and insignificant negative association between DOC and Zs (rs = -0.221; p >
0.05). This relationship was however significant only during summer (rs = -0.920, p < 0.01).
The highest mean DOC levels were found during autumn (rainiest season) and like Zs and TSP,
it decreased to a minimum during winter (Table 4.3). Mean [DOC] in the surface waters
changed significantly from one sampling date to another. While the decrease in mean [DOC]
from spring to summer was significant at 5 % level, successive ‘seasonal’ differences were all
highly significant (Wilcoxon test, p < 0.01).

Vertical profiles of TSP and DOC
Vertical profiles of TSP and DOC are shown in figures 4.8a and b respectively.
Although the pattern of TSP during each sampling was consistent at each station, DOC patterns
were not. The vertical distribution of TSP revealed a gradual shift towards the right from spring
to autumn suggestive of an increase of TSP in the water column followed by a decrease during
winter. A similar trend was apparent in the case of DOC, but was limited to the mid- and
shallow stations only.
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mid- and shallow stations of Loch Rannoch.
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4.2.3 Nutrients:
4.2.3.1 Nitrogen

Horizontal profiling
Variations of NH4+, NO3- and TN in the surface waters are presented in Figure 4.9. [NH4+],
which was generally low in the lake, varied from below detection limits (0.14 µM) in summer to
a maximum of 3.4 µM recorded in autumn.
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Figure 4.9 Distribution of NH4+ , NO3-+NO2- and TN (NH4+ + NO3- + NO2- + organic nitrogen) in
the surface waters of Loch Rannoch in spring, summer, autumn and winter 2008 - 2009.

[NO3-] ranged from below detection levels (0.7 µM) in autumn to 14.6 µM in spring. In spring,
[NO3-] increased gradually from the shallow basin towards the deeper end of the lake (Figure
4.9). The lowest mean [NO3-] recorded in autumn (3.0 ± 1.8 µM), coincided with an increase in
[NH4+] and the proportion of [NH4+] was equal and at times higher than [NO3-] at some stations
(e.g. HT2 and HT9).
Mean [TN] in the lake were cconsistent throughout the study (Table 4.3). Except for summer
and autumn when [TN] was relatively higher in the shallower basin, no general trends were
apparent in its distribution (Figure 4.9).
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Vertical profiles
Vertical profiles of the nitrogen fractions at the three stations revealed variable trends (Figure
4.10). As with surface waters, [NH4+] throughout the water column was relatively lower in
spring and summer, but increased in autumn and winter. In the latter seasons, [NH4+] at the
deep station was higher at depths down to 25 m and decreased further down the water column.
The distribution of [NO3-] was more or less constant in the water column of the deep station
especially in summer and autumn, with the lowest [NO3-] observed in autumn. In spring and
winter, the trend of [NO3-] were comparable until 25 m, after which the level either increased
(spring) or decreased (winter) in the deeper waters.
In summer, although a relatively higher [NH4+] was noted near the bottom of the shallow
station, the negative association between [O2] and [NH4+] (rs = -0.821, p > 0.05) was not
statistically significant. [NO3-] was low but always present in the deeper basin in autumn; its
levels however declined further in the shallow basin, where [NH4+] were constant throughout
the water column. In winter, [NO3-] in the shallow basin increased back to about 10 µM.
Maximum and minimum [TN] were observed in summer and autumn respectively.

The

generally low [TN] in the bottom waters of the deeper basin contrasted with its distribution in
the shallower basin.
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Figure 4.10 Vertical distribution of nitrogen fractions in the deep basin (top), mid-basin (middle)
and shallow basin (bottom) of Loch Rannoch.
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4.2.3.2 Phosphorus

Horizontal profiling
The concentration of SRP was low in the surface waters of the lake (Figure 4.11), varying from
below detection limits (0.03 µM) to a maximum of 0.1 µM. Mean [SRP] was lowest in spring,
when it was frequently below detection (Table 4.3). Other forms of dissolved phosphorus (P)
including acid-soluble and soluble organic P (empty and hatch-filled bars in figures 4.11 and
4.12) were present in variable amounts, with the highest concentrations recorded in summer.
Where determined, [TPP] changed over time but did not follow any general trend. Mean [TPP]
was lowest during summer (0.02 ± 0.02 µM). There was little variation in mean [TP] (Table
4.3, Figure 4.11). In spring and summer, higher levels of TP were noted in the shallower basin
(HT8-HT9 in Figure 4.11). Samplings carried out in autumn and winter did not reveal any
particular trend in [TP].
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Figure 4.11 Variation of soluble reactive phosphorus (SRP), dissolved phosphorus (TDP-SRP),
total particulate phosphorus (TPP) and total phosphorus (TP) concentrations in the surface waters
of Loch Rannoch.
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Vertical profiling
The vertical profiles of the different phosphorus fractions were consistent with surface water
concentrations. i.e. levels of SRP were low in spring (0.03 – 0.04 µM) and increased throughout
the water column during autumn and winter (Figure 4.12).

Other forms of dissolved

phosphorus contributed towards TDP during summer. The patterns of variation of inorganic
phosphorus fractions however, did not follow any general trend.
[TP] showed a general decrease down the water column. Conditions during spring and summer
were optimal for assimilation of SRP and, as uptake decreased with depth, [SRP] was generally
higher in the bottom layers of the water column. Higher [SRP] during autumn and winter might
be suggestive of either direct inputs from drainage of the catchment or increased microbial
regeneration of phosphorus in the water column.

Mixing of the waters during winter re-

distributed nutrients throughout the water column.
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Figure 4.12 Vertical distribution of soluble reactive phosphorus (SRP), other forms of inorganic
phosphorus (TDP-SRP), particulate phosphorus (TPP) and total phosphorus (TP) in the deep, mid
and shallow stations of Loch Rannoch.
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4.2.3.3 Silica

Surface concentrations
The distribution of [SRSi] across surface waters was generally constant during spring, summer
and winter (Figure 4.13) with mean [SRSi] increasing progressively from one sampling to the
other (Table 4.3). However, in autumn the distribution of [SRSi] was erratic and spatially
variable with relatively high concentrations at the eastern (HT1) and western ends (HT9) of the
lake.
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Figure 4.13 Variation of soluble reactive silica or biogenic silica (SRSi) in the surface waters of
Loch Rannoch throughout the study.

Vertical profiling
With the exception of autumn, the variation of [SRSi] down the water column was seasonally
constant throughout the lake (Figure 4.14).

The general temporal variation pattern also

corroborated that in Figure 4.13; [SRSi] increasing gradually from spring to winter. During
autumn, the vertical distribution of [SRSi] in the deep station was erratic, with elevated
concentrations at depths of 15 m and 25 m. While mean [SRSi] in the water column of the mid
station were comparable during autumn and winter, [SRSi] was higher in the shallow basin
during autumn (Figure 4.13).
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4.2.4 Phytoplankton distribution
4.2.4.1 Phytoplankton community composition (Microscopy)
Surface samples (0.5 m) from the deep and shallow stations of Loch Rannoch were analysed by
microscopy to identify the dominant phytoplankton taxa in the lake (Table 4.4).
Table 4.4 List of identified phytoplankton taxa from the surface water samples of the deep and
shallow stations of Loch Rannoch during the study.
Phytoplankton group
Identified genera or groups
Chlorophytes

Dictyosphaerium sp., Botryococcus sp., Staurodesmus sp., Staurastrum sp.,
Xanthidium sp., Micractinium sp., Closterium sp., Ankistrodesmus sp., amongst
other genera of the order Volvocales.

Chrysophytes

Dinobryon sp., Mallomonas sp., Bicosoeca sp. and many single-celled
Oochromonads including Chromulina sp.

Cryptophytes

Cryptomonas sp., Rhodomonas sp., Chilomonas-like sp.

Dinoflagellates

Peridinium sp. and Gymnodinium sp., and other non-thecate dinoflagellates.

Diatoms

Tabellaria fenestrata, Tabellaria sp., Asterionella sp., Aulacoseira sp.,
Cyclotella sp., Urosolenia sp.

Cyanobacteria

Planktolyngbya sp.

Five major groups of phytoplankton were observed throughout the study of Loch Rannoch
(Figure 4.15): chlorophytes (Class Chlorophyceae – green algae), chrysophytes (Class
Chrysophyceae – golden algae), cryptophytes (Class Cryptophyceae), dinoflagellates (Class
Dinophyceae) and diatoms (Class Bacillariophyceae). Desmids were enumerated and included
in the same category as chlorophytes. Filamentous cyanobacteria (Planktolyngbya sp.) were
encountered, but data are not presented due to their relatively small biomasses. It is noteworthy
that Table 4.4 is not an exhaustive list of phytoplankton genera existing in Loch Rannoch.
Figure 4.15 revealed that phytoplankton biomass in the lake was generally low (ca 50 µg L-1
fresh weight, FW) throughout the study, with notable increases at the deep (305.2 µg L-1 FW)
and shallow (70.3 µg L-1 FW) stations during summer. The lowest biomass for the deep station
was recorded during winter (15.9 µg L-1 FW) while that in the shallow station occurred during
autumn (18.6 µg L-1 FW).
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Figure 4.15 Phytoplankton community composition in the surface waters of Loch Rannoch (a)
biomass in µg L-1 and (b) as percentage of total biomass in spring (Sp), summer (Su), autumn (Au)
and winter (Wi) from the deep (D) and shallow (S) stations.
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4.2.4.2 Zooplankton abundance and composition
The microscopic examination of Lugol-stained plankton samples included the enumeration of
phytoplankton as well as micro-zooplankton. Zooplankton were grouped into three categories:
ciliates, rotifers and cladocerans.

However, the presence of the cosmopolitan ciliate,

Strombidium sp., was confirmed in the waters of Loch Rannoch.

The rotifers included

Polyarthra sp., Keratella cochlearis, Asplanchna sp. and Kellicotia sp. while Bosmina sp. was
the only cladoceran identified. Although a previous screening of random samples from Loch
Rannoch contained copepods, samples examined during this study did not reveal their presence.
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Figure 4.16 Variation of zooplankton abundance (no of individuals per litre; ind L-1) in the deep
(D) and shallow (S) stations during spring (Sp), summer (Su), autumn (Au), and winter (Wi).
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4.2.4.3 Phytoplankton pigments

Surface waters
Chlorophyll a (Chla) is routinely used as a proxy for phytoplankton biomass. Its level in the
surface waters of Loch Rannoch ranged from below detection (7 ng L-1) to 545 ng L-1. The
mean [Chla] decreased progressively from spring (202 ± 177 ng L-1) to winter (27 ± 39 ng L-1).
Overall, [Chla] and phaeophytin a ([Phaeta]) were highly variable and indicative of spatial
heterogeneity along the lake (Figure 4.17).
In spring, the high [Chla] recorded in the shallow basin (e.g. HT10) decreased gradually to
below detection at the far eastern stations of the lake (e.g. HT1 – HT3). The concentration of
chlorophyll degradation products was relatively constant throughout the surface waters during
the same period, with a higher level (e.g. Phaeta) in the shallow basin (Figure 4.17).
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Figure 4.17 Variation of phorbins (ng L-1) in the surface waters of Loch Rannoch. The phorbins
included total chlorophyll a (Tot.[Chla]), phaeophytin a (Phaeta), phaeophorbide a (Phaeba) and
chlorophyllide a (Chldea).

Spatial heterogeneity was further evidenced by high [Chla] at eastern stations HT1 and HT2 in
summer. [Phaeta] was high (126 ± 201 ng L-1) reaching 511 ng L-1 at station HT5.
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Mean [Chla] decreased from autumn to winter. When [Chla] was relatively high at HT3 and
HT5 (Figure 4.17), equally high [Phaeta] (47 ± 54 ng L-1) was recorded in the surface waters.
In winter the concentration of phorbins decreased throughout the lake.
Fucoxanthin (Fucox) and alloxanthin (Allox) were the dominant carotenoids in the surface
waters of Loch Rannoch (Figure 4.18). Like Chla, they were present in higher concentrations in
spring and summer, during which their horizontal profiles demonstrated spatial heterogeneity.
The mean [Allox] was highest in spring (15 ± 10 ng L-1) while the maximum mean [Fucox] was
recorded in summer (25 ± 57 ng L-1). A degree of patchiness was also observed in autumn,
while all carotenoids were almost always below LOD in winter.
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Figure 4.18 Distribution of carotenoids (ng L-1) namely peridinin (Per), fucoxanthin (Fucox),
alloxanthin (Allox), zeaxanthin and lutein (Zeax+Lut), chlorophyll b (Chlb) and diadinoxanthin
(Diadinox) in the surface waters of Loch Rannoch.
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Vertical profiling

Deep basin
The [Chla] was generally higher in the first 25 metres of the water column of the deep and mid
stations (Figure 4.17). In spring, the depth-integrated (DI) [Chla] in the deep station was low
(703 µg m-2; Table 4.5), with a maximum [Chla] (46 ng L-1) at 5 m.
DI-[Chla] in the deep station increased to 3020 µg m-2 in summer. The highest [Chla] (155 ng
L-1) was detected at the surface (0.5 m), with high levels of the pigment at 10 m and 25 m as
well. Levels of chlorophyll degradation products were low during spring and summer.
The highest DI-[Chla] (3979 µg m-2) was recorded in autumn. An increase in [Phaeta] was
accompanied by an increase in [Chla], which peaked at 15 m (364 ng L-1). [Chla] and [Phaeta]
were also detected at 80 m.
Phorbin levels declined in winter, with DI-[Chla] about 2323 µg m-2 in the whole water column
of deep station. However, a relatively high depth-integrated [Chla] was noted in the mid
station.
Table 4.5 Depth-integrated (DI) concentrations (µg m-2) of the dominant pigments in the deep (D),
mid (M) and shallow stations during the study of Loch Rannoch (2008 – 2009)
Season
Station
Depth (m)
Chla
Phaet a
Fucox
Allox
Spring

703

1124

372

137

Summer

3020

672

522

734

Autumn

3979

1646

500

337

Winter

2323

1402

206

703

702

0

179

109

Autumn

628

4020

117

254

Winter

1047

1137

101

227

752

254

174

79

Autumn

38

354

0

0

Winter

1574

804

987

31

Summer

Summer

Deep

Mid

Shallow

110

80

20

[Chla]: Chlorophyll a, [Phaeta]: Phaeophytin a; [Fucox]: Fucoxanthin; [Allox]: Alloxanthin.

128

Spring
0

50

100

Summer
150

200

0

0

50

100

Autumn
150

200

0

0

50

100

0

Winter
150

0

200

20

20

20

40

40

40

60

60

60

60

80

80

80

80

100

100

100

100

100

150

0

200

50

100

150

150

200
ng L-1

20

50

100

0

(364.02)

Depth
(m)
40

0

50

200

Deep

0

0

0

0

20

20

20

40

40

40

60

60

60

80

80

80

100

100

100

50

100

150

200
ng L-1

Depth
(m)

0

50

100

150

200

0

50

100

150

200

Mid

0

0

0

0

20

20

20

40

40

40

60

60

60

80

80

80

100

100

100

50

100

150

200

ng L-1

Depth
(m)

Shallow

Figure 4.19 Vertical profiles of phorbins in the deep (top), mid (middle) and shallow (bottom)
stations of Loch Rannoch during spring (A), summer (B), autumn (C) and winter (D).
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[Chla] profiles in the mid station were similar to that of the deep station, with a higher pigment
concentrations detected between 0.5 and 25 m-depths. In contrast with the deep station however,
the DI-[Phaeta] was high and exceeded that of Chla especially in autumn and winter (Table
4.5). In fact, an increase in [Phaeta] was noted down the water column in autumn (Figure 4.19).
The variation patterns of both phorbins and carotenoids were similar in the deep basin. While
Fucox and Allox were the dominant pigments in the water column, occasionally, other pigments
such as Per and Chlb were detected (Figure 4.20). Fucox tended to dominate throughout the
study period and relatively high [Allox] were noted in autumn and winter.

Shallow basin
The phorbin profiles in the shallow basin indicated high temporal and spatial variation. [Chla]
was generally higher in the first 5 m and decreased towards the bottom (Figure 4.19) and
[Phaeta] increased from summer to winter.
The lowest DI-[Chla] (38 µg m-2) throughout the whole study occurred in autumn, during which
[Phaeta] was relatively high. DI-[Phaeta] in the mid- and shallow stations were 4020 µg m-2
and 354 µg m-2 respectively. As a result, the DI-[Phaeta] in autumn exceeded that of Chla by
6.4 and 9.3 times in the mid- and shallow stations respectively.
Except for autumn, DI-[pigment] in the shallow basin was high. For instance, in comparison
with the first 20 m-water layer of the deep basin (238 µg m-2), DI-[Chla] at the shallow station
was highest (1574 µg m-2; mean DI-[Chla] 79 µg m-3) in winter. A corresponding rise in DI[Phaeta] was also noted in winter.

Fucox, which was the dominant carotenoid in the shallow basin (Figure 4.20), was absent in
autumn. In contrast, [Fucox] was highest in winter, with a DI- maximum of 987 µg m-2. The
resulting mean DI-[Fucox] was high (49 µg m-3) when compared with that at other stations
where it varied between 0 and 8.7 µg m-2.
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Figure 4.20. Vertical profiles of carotenoids in the deep (top), mid (middle) and shallow (bottom)
stations of Loch Rannoch during spring, summer, autumn and winter.
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4.2.5 Bacterioplankton
4.2.5.1 Distribution of bacterioplankton
This study assumed that each band (OTU) in a DGGE banding pattern represented one
bacterioplankton species and therefore, the number of OTUs was expected to reflect the
microbial diversity (BCC) in the waters of Loch Rannoch.

Horizontal profiling
With the exception of spring 2008 when no horizontal profiling was conducted, ten surface
water samples were collected seasonally and their banding profiles were analysed on separate
gels. The total number of OTUs ranged from 42 to 51 (Table 4.6), with an approximate 21 %
increase noted from summer to winter. The average number of OTUs per station (n) was lowest
during summer (n = 22) and was comparable during both autumn (n = 27) and winter (n = 26).
Table 4.6 Summary of band profiling of all samples processed during the study of Loch Rannoch
in spring (May 2008), summer (July 2008) , autumn (October 2008) and winter (February 2009).
HP: Horizontal profile of surface waters (0.5 m)
Season
Station
Band
Bands
Number of
Highest band
Lowest band
(Total)

(Mean)

common

number

number

bands

(Station or depth)

(Station or depth)

Summer

HP

42

22

6

25 (HT5)

18 (HT10)

Autumn

HP

48

27

8

36 (HT6)

23 (HT1, HT10)

Winter

HP

51

26

5

27 (HT4/HT9)

15 (HT10)

Spring

Deep

34

19

8

23 (0.5 m)

15 (110 m)

Deep

37

21

7

23 (0.5 m)

15 (25 m)

Mid

48

30

9

35 (10 m)

24 (0.5 m)

Shallow

24

16

8

18 (5 m/15 m)

10 (0.5 m)

Deep

51

25

5

29 (50 m)

20 (20 m)

Mid

40

28

16

31 (15 m/25 m)

25 (5 m/80 m)

Shallow

36

23

14

25 (25 m)

20 (10 m)

Deep

42

26

15

29 (80 m)

23 (20 m)

Mid

52

29

8

34 (10 m)

22 (5 m)

Shallow

39

24

16

26 (5 m)

23 (15 m)

Summer

Autumn

Winter

Although the station with the highest OTU number varied from one sampling to the other,
station HT10 (i.e. the shallow basin) was consistently associated with the lowest number of
OTUs.

132

To ensure robust comparison, band matching was only conducted between samples within one
gel, i.e. representing one season. Data revealed that a number of OTUs were common to all
surface water samples within each season. Six such OTUs were detected within the summer
profile, while eight and five common OTUs were noted within autumn and winter profiles
respectively. In the absence of any inter-gel band-matching data, the occurrence of common
OTUs between seasons was difficult to ascertain. Visual screening of re-aligned gel patterns
indicated that shared presence of dominant band(s) by all the samples throughout time was
doubtful.
Similarity analysis indicated that resemblance between samples of the horizontal profiles within
each season varied between 79 % and 99 %. Even though a cut-off of 97 % similarity (used to
infer identical samples) was considered during data interpretation, absolute percentages (i.e. >
97 % similarity) are presented in this section.
Results indicated that water samples from adjacent stations were more likely to show the same
bacterioplankton composition (e.g. between HT9 and HT10, 98 % in summer; HT5 and HT6, 99
% in winter). Least similarity between samples within the same season was noted in autumn
2008, when sample HT10 was distinct, resembling other samples by 84 %. In autumn, HT 10
was least comparable to HT3 (79 %) and in general, HT10 differed most with samples from the
deep basin and compared closely with adjacent stations HT8 and HT9 (90 %).
Cluster analysis, based on the pair-wise similarity matrices of banding profiles from individual
samplings, revealed at least two major microbial clusters in the lake. In summer, one cluster
consisted of samples HT1 – HT4, while in autumn and winter, samples HT1 – HT6 formed a
major cluster (Figure 4.21). Stations HT1 to HT6 were all located in the deep basin of Loch
Rannoch.

The remaining samples either formed one cluster (e.g. summer), or exhibited

important variations amongst themselves (e.g. autumn).
Inter-gel comparisons of the seasons by both cluster analysis and multi-dimensional scaling
(MDS) indicated three distinct clusters and that bacterioplankton composition in surface water
samples was seasonally variable (Figures 4.22 and 4.23).
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Similarity (%)

Summer

Similarity (%)

Autumn

Similarity (%)

Winter

Figure 4.21 UPGMA cluster analysis of horizontal profiles of surface waters (0.5 m) of Loch
Rannoch in July 2008 (summer), October 2008 (autumn) and February 2009 (winter).
Sampling was conducted from the eastern (station HT1) to western end (station HT10).
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(a)

Similarity (%)

(b)
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Figure 4.22 (a) Cluster analysis of band profiles from surface water samples collected in July 2008 (Summer), October 2008 (Autumn) and February 2009
(Winter), with ordinates showing Dice similarities within sampling stations. (b) MDS of pair-wise estimates of Dice similarities calculated from DGGE banding
patterns of bacterial DNA in all surface water samples collected from Loch Rannoch (See cluster analysis Figure 4.22a).

Vertical profiling
As described earlier (Section 4.13), vertical profiling at the three stations (deep, mid and
shallow station) was conducted in each season, except for spring when only the deep station was
sampled. Banding profiles at the different stations revealed that the total number of OTUs was
highest during autumn and winter (Table 4.6). This observation corroborated results from the
horizontal profiling. The overall highest and lowest numbers of bands were recorded at the
mid- and shallow stations respectively during summer. Interestingly, the mid station always
showed the highest mean number of bands per station.

Spring: May 2008
Banding patterns in the eight samples from the deep station revealed a total of 34 bands (Table
4.6). Each sample had a mean of 19 OTUs and about 42 % of the bands were present in all
eight samples. Two clusters were apparent within the first 80 m of the water column, with a
homogenous bacterioplankton community present in top 25 m sharing a 94 % similarity with a
second cluster (Figure 4.23). Similarity analysis between samples showed a variation between
82 % and 99 % at the deep station. A decrease in similarity between successive samples was
noted from the surface to the bottom of the water column; the bottom-most sample (110 m)
showed the least similarity with the rest of samples (86 %).
Similarity (%)

Figure 4.23 UPGMA cluster analysis of water samples collected from the deep station in May 2008.

Summer: July 2008
The deep station presented an average of 21 bands per sample during summer, with at least
seven OTUs present in all samples (Table 4.6).
Cluster analysis indicated the existence of two major microbial clusters (Figure 4.24). While
the samples representing the bottom 60 m of the water column (i.e. 50 – 110 m) shared
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similarities of at least 96 % among themselves, those covering the first 20 m revealed more
differences (Figure 4.24). Overall, the summer cluster resembled that in spring (Figure 4.23).
In contrast with the spring-cluster however, the 25 m sample revealed to be least similar (79 %)
with the rest of the water column.

A

Similarity (%)

B

C

Similarity (%)

Similarity (%)

Figure 4.24 UPGMA cluster analysis of samples collected in July 2008 at the deep (A), mid (B) and
shallow (C) stations.

The mid station showed the highest total (n = 48) and average number (n = 30) of bands with at
least 9 OTUs present in all water samples (Table 4.6). The sample distribution of the mid
station was similar to that of the deep station, with a similarity between samples varying from
77 – 98 %. Although the surface sample showed the least similarity (86 %) with the rest of the
water column, two clusters (separated at 90 % similarity) existed at depth-ranges of 5 – 20 m
(94 % similarity within) and 25 – 80 m (95 % similarity within).
The shallow station had the lowest total (n = 24) and average number (n = 16) of bands, with
eight OTUs present in all samples (Table 4.6). The percentage difference in similarity between
individual samples comprising the shallow station was small, varying between 90 – 98 %. As in
the case of the mid station, least similarity (90 %) was shown between the surface water sample
and the bottom-most sample i.e. 20 m (Figure 4.24c).
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Autumn: October 2008
The banding profile in the deep station showed the highest number of bands (Table 4.6) with 5
OTUs shared by all samples, and revealed two microbial clusters (Figure 4.25) at depth ranges 0
– 20 m (96 % similarity) and 25 – 110 m (94 % similarity). The first 15 m comprised a
homogenous bacterioplankton community, while at 20 m, slight differences were noted.
Similarity was also noted in the bacterioplankton community present between 25 and 50 m (98
%) and 80 and 110 m (99 %).
Similarity (%)

A.

Similarity (%)

Similarity (%)

B.

C.
Figure 4.25 UPGMA cluster analysis of all samples collected in October 2008: (A) Deep station; (B)
Mid station and (C) Shallow station.

Banding profiles showed that 16 and 14 OTUs were present in all water samples from the mid
and shallow stations respectively. Profiles in the two stations showed at least 94 % similarity
between their bacterioplankton compositions. In the mid station, the surface waters showed 94
% similarity with the rest of the samples. Clusters were apparent at depths 5 – 25 m (97 %) and
50 – 80m (97 %). Likewise, the two clusters of homogenous bacterioplankton community were
formed at 0.5 – 5 m (97.7 %) and 10 m – 20 m (98 %) in the shallow station.

Winter: February 2009
The winter samples resembled those collected during autumn, in terms of the total and average
number of bands, and also the number common OTUs shared by all samples of each respective
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station (Table 4.6). The deep and shallow stations showed the highest number of common
OTUs (15 and 16 respectively), whereas the mid station samples shared eight common bands.
Cluster analysis revealed the existence of at least two major microbial clusters at each station
and samples showed high similarities (> 97 %) between each other within each cluster (Figure
4.26). In the deep station, the two clusters located at depth ranges 0.5 – 10 m (97 %) and 15 –
110 m (97 %), shared 91 % similarity.
A Deep

B Mid

C Shallow

Similarity (%)

Similarity (%)

Similarity (%)

Figure 4.26 UPGMA cluster analysis, based on pair-wise Dice similarities, of all samples collected
in February 2009: (A) Deep station; (B) Mid station and (C) Shallow station.
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High similarities (98 %) were noted in the profiles of the mid station, except the 10 m-sample,
which showed a similarity of only 88 % with the rest of the samples.
Water samples of the shallow station showed similarities of 92 - 99 % and their banding profiles
revealed two clusters at 0.5 – 5 m (99 %) and 10 – 20 m (98 %) depth levels. The samples
within each cluster shared very subtle differences and both clusters shared a total similarity of
94 %.

Temporal variation
Investigation into any temporal changes at each station (Figures 4.27, 4.28 and 4.29) revealed
that bacterioplankton communities in the lake were different from one sampling period to
another. Only the deep station was sampled during all four seasons, while other stations were
sampled from summer to winter.
Cluster analysis of deep station-samples over time revealed the existence of four clusters
(Figure 4.27). The spring and summer clusters were very distinct from one another while those
in autumn and winter were relatively similar.
The spring bacterioplankton community formed a distinct cluster (Figure 4.27), with its profile
bearing the least similarity (75 %) with other seasonal profiles. The largest differences existed
between spring and summer samples with similarities of 74 %. In autumn and winter, the
bacterioplankton communities showed similarities ranging from 89 % to 96 % (Figure 4.27).
The mid and shallow stations, both sampled in summer, autumn and winter, exhibited a similar
trend in the characterisation of their respective bacterioplankton communities (Figures 4.28 and
4.29) and the clustering was more distinct than in the case of the deep station. In both stations,
three distinct clusters were noted. The bacterioplankton community in the mid and shallow
stations showed the least similarities with the rest of the profiles (74 % and 81 % respectively)
in summer. In autumn and winter, the bacterioplankton communities in the mid and shallow
stations were less different with similarities between the clusters at 89 % and 92 % respectively.
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(a)

Similarity (%)

(b)

Figure 4.27 (a) UPGMA cluster analysis of band profiles from deep station investigated in May 2008 (Spring), July 2008 (Summer), October 2008 (Autumn) and
February 2009 (Winter), with ordinates showing Dice similarities within sampling stations. (b) MDS of pair-wise estimates of Dice similarities calculated from
DGGE banding patterns of bacterial DNA in deep stations throughout the study.
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(a)

Similarity (%)

(b)

Summer

Winter

Autumn

Figure 4.28 (a) UPGMA cluster analysis of band profiles from the mid station investigated in July 2008 (Summer), October 2008 (Autumn) and February 2009
(Winter), with ordinates showing Dice similarities within sampling stations. (b) MDS of pair-wise estimates of Dice similarities calculated from DGGE banding
patterns of bacterial DNA in mid stations throughout the study.
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Similarity (%)

(b)
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Figure 4.29 (a) UPGMA cluster analysis of band profiles from the shallow station investigated in July 2008 (Summer), October 2008 (Autumn) and February 2009
(Winter), with ordinates showing Dice similarities within sampling stations. (b) MDS of pair-wise estimates of Dice similarities calculated from DGGE banding
patterns of bacterial DNA in shallow stations throughout the study.

4.3

Discussion

4.3.1 Characterisation of Loch Rannoch
Water column structure
Temperature and oxygen profiles
This study was the first to investigate the water column structure in Loch Rannoch. CTD
profiling of the water column during four seasonal samplings indicated that Loch Rannoch
stratified during summer and besides being holomictic, was most probably a monomictic
system. The stability of the summer stratification has not been thoroughly studied. However,
judging from the high temperature range down the water column, summer stratification was
probably relatively stable. The thermal stratification at Loch Rannoch was comparable to that
of Loch Lomond (Tippett, 1994) and Loch Ness (Laybourn-Parry et al., 1994).
Signs of stratification were noted in spring (Figure 4.5). Assuming that an idealised deep and
unproductive temperate lake does not stratify in spring (May 2008), the apparent stratification
might presumably be attributed to diurnal changes in temperature. This is supported by the low
temperature range throughout the water column in the case of the deep station (Table 4.2). Loch
Lomond (Tippett, 1994) and Loch Ness (Laybourn-Parry et al., 1994) showed first signs of
thermal stratification at the end of May and in late June respectively. On the other hand, the
thermal stratification noted during summer was expected to be more stable, with a temperature
difference of 8.2 °C (Table 4.2) down the water column of the deep station.
The water column was thermally stratified during autumn (end of October 2008). As in the case
of spring, this stratification was not expected to be persistent and was assumed to be of diurnal
nature. Autumn overturn in Loch Lomond (Tippett, 1994) and Loch Ness (Laybourn-Parry et
al., 1994) was reported to occur by November. Autumn-stratification was restricted to the
deeper basin as the shallow basin was thermally homogeneous, suggesting that Loch Rannoch
was probably on the verge of mixing. In winter, i.e. by February 2009, the whole lake was
homothermic at 4 ºC. At this temperature, water reached its highest density, allowing the lake
water to mix completely.
Oxygen profiles in the water column were largely regulated by physical processes e.g.
temperature and partial pressure; the contribution of primary productivity was low. The lake
was slightly under-saturated (< 98 %), with relatively high [O2] (10 - 12 mg L-1). [O2] co-varied
negatively with temperature; [O2] decreased from spring to summer and increased again in
winter. The vertical profiling of oxygen during summer, when signs of thermal stratification
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were distinct, agreed with an orthograde curve till 75 m. Although the range of variation was
small (ca 1.4 mg L-1), the oxygen levels (e.g. in the deep station) were lower (9.4 – 10.0 mg L-1)
in the warmer waters of the epilimnion and higher (10.1 – 10.8 mg L-1) in the cooler
hypolimnion.
The differences in [O2] highlighted in Section 4.2.1.2, were small. These changes synchronised
with fluctuations in temperature, e.g. coinciding with the position of the metalimnion in the
shallow basin in summer and the deep basin in autumn.
Data revealed slight but constant decreases in both temperature and dissolved oxygen with
increasing depth. This was indicative that oxidative processes occurred throughout the water
column. In summer however, elevated temperatures in the epilimnion were partly accountable
for a lower solubility of oxygen in the water, causing lower [O2] in the surface waters; the
lowest [O2] were recorded in the shallow basin. While the water column was still 90 %
saturated in the major part of the water column of the shallow basin, a sharp decline in [O2] (to
6.86 mg L-1) observed in the last 4 metres of water, was accompanied by a corresponding
decrease in oxygen saturation (ca 65 %). This might infer increased bio-activity in the bottom
layers of the water column or near the sediment surface, e.g. benthic decomposition (e.g.
Wetzel, 2001). Increased oxidative processes of either chemical or bio-chemical nature may
also explain the low oxygen concentrations in the deeper basin during autumn, when a decrease
in oxygen saturation was also noted.

Water clarity
Water clarity (Zs) varied (i) seasonally, decreasing from spring to winter (Figure 4.6), and (ii)
spatially, being poorer in the shallow basin versus clearer waters of the deep basin.
The high [TSP] at station HT10 (24 m-depth) might be indicative of either re-suspension of
sediments during the frequent windy spells and/or high influx of allochthonous material. The
relative shallowness of the lake at its western end, made it prone to wind-driven turbulence that
led to re-suspension of sedimentary particles and a poorer light climate (e.g. Naumenko, 2008);
this may also explain the high [TSP] near the bottom of the shallow station (Figure 4.8a). High
[TSP] at HT10 may also be in response to high inputs in allochthonous material from the
surrounding catchment (Naumenko, 2008) via River Gaur and River Ericht.

The strong

association between TSP and allochthonous matter is further supported by higher [TSP] during
the rainier season (autumn).
Although the abundance of plankton (autochthonous matter) is a component of [TSP] and water
clarity (e.g. Lind, 1986; Tilzer, 1988; Armengol et al., 2003; Swift et al., 2006; Naumenko,
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2008), its contribution here was considered negligible, due to the low plankton biomass in Loch
Rannoch (Figure 4.15).

Water chemistry
The morphometry and hydro-geological characteristics of the larger deep basin in the east and
the shallower western basin accounted for the spatial variation of some environmental
parameters. Unlike Loch Lomond which also comprises two distinct basins with differing
trophic status (Best and Traill, 1994; Bass et al., 2010), the shallow and deep basins in Loch
Rannoch, probably also separated by a fault (Bridge of Bragie fault), were both oligotrophic
despite relatively low Zs in the shallower western end. In the later sections the variations in
DOC and nutrients are discussed.

DOC
DOC is a major modulator of the structure and function of lake ecosystems (Sobek et al. 2007)
and its role in lakes has been extensively studied and reviewed (e.g. Williamson et al., 1999).
Its significance in regulating the light climate in aquatic systems (e.g. Scully and Lean, 1994;
Morris et al., 1995; DeLange et al., 2000) and as a substrate during secondary production (e.g.
Tranvik, 1988; Peréz and Sommaruga, 2008) has been the subject of interest in several
ecological studies.

DOC and light climate
The relationship between water clarity and [DOC] in Loch Rannoch was weak, but strongly
significant in summer (p < 0.001) when rainfall was relatively high (Section 4.2.2.2). Given the
low phytoplankton biomass, and by inference low autochthonous DOM, [DOC] was presumably
largely derived from the catchment, as is the case with a significant number of lakes (e.g.
Xenopoulos et al., 2003; Sobek et al., 2007; Dawson et al., 2008). The high [DOC] in the
shallow basin during the period of autumnal rainfall, indicated a direct association between
[DOC] and precipitation (Figure 4.8b), as suggested by Dawson et al. (2008).
The shallow basin was recipient of high allochthonous DOC that was then transported towards
the eastern end of the lake (Figures 4.2 and 4.3). Depending on the volume and rate of inflow
from rivers Gaur and Ericht (Figure 4.1), [DOC] was expected to be higher at the shallow
western end, and decreasing progressively towards the deeper basin due to dilution, thus
forming a longitudinal gradation. Re-suspension of particulate matter caused by relatively
turbulent water currents might explain increased [DOC] near the weir at the far-eastern end of
Loch Rannoch. Seasonal changes in horizontal profiles of DOC, especially when inputs of
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allochthonous DOC were high, led to corresponding variations in light attenuation; higher
[DOC] absorbed more UV, resulting in lower transparency. In winter, while the mean [DOC] in
the surface waters was significantly different from that in autumn (Wilcoxon test; p = 0.008),
the unexpectedly low [DOC] in the shallow basin (Figure 4.8b) effected upon water clarity,
which increased, contrasting with that in summer and autumn (Figure 4.6).
The negative association between [DOC] and water clarity was demonstrated in the shallow
basin but was less clear in the deep basin, probably indicating the influence of other parameters
when water depth increased.
In his work on Lake Ladoga, Naumenko (2008) reported marked changes in Zs in the deeper
waters whereas the shallow regions showed smaller variations. He associated the insignificant
variations in the shallower waters to sustained re-suspension of sediments. Similarly in this
study, with the exception of spring, the range of variation of Zs was larger in the deeper stations
(Figure 4.6). As indicated by DeLange (2000), besides DOC, other factors (e.g. particulate
inorganic and organic matter and other components of DOM) might prove to be better
predictors of light attenuation.

DOC transformations
The fate of DOC in the lake ecosystem is determined by its concentration (Eiler et al., 2003),
source (e.g. Crump et al., 2003; Kritzberg et al., 2006; Peréz and Sommaruga, 2006) and
composition (e.g. Docherty et al., 2006). As it is transported horizontally across the lake or
vertically down the water column, DOC may be subject to a host of transformation pathways,
including internal losses due to mineralisation and sedimentation (Algesten et al., 2004), photooxidation reactions and bacterial degradation (e.g. Moran and Zepp, 1997; Judd et al., 2003;
Bertilsson and Tranvik, 2000). Although these processes were likely to occur in Loch Rannoch,
their relative significance was not investigated during this study.
[DOC] which averaged between 4.7 and 6.2 mg L-1, was largely of allochthonous origin.
Despite the recalcitrant nature of high molecular weight (MW) terrestrial DOC (Peréz and
Sommaruga, 2006), the latter remains an important carbon source in oligotrophic systems
(Tranvik, 1988; Crump et al., 2003, Kritzberg et al., 2006).
Photo-oxidation leads to an increase in labile DOC (e.g. Moran and Zepp, 1997), which in turn
favours bacterioplankton growth (Tranvik, 1988; Jones et al., 1998). In summer, the relatively
high temperature and good light climate caused increases in both bacterioplankton abundance
(e.g. Lindström, 1998; Wetzel, 2001) and photo-degradation of DOC.

Furthermore, the

development of a high phytoplankton biomass ([Chl a]) in the epilimnion provided a potential
supply of autochthonous DOC, albeit in low concentrations, to the system. Low MW DOC
derived from autochthonous DOC was preferentially utilised for secondary production
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(Kritzberg et al., 2004; 2006; Docherty et al., 2006) than terrestrial-DOC. Despite the high
supply of labile DOC, its net concentration in the upper water layer of the deep station was
lower than that in the hypolimnion (Figure 4.8b) indicating that the carbon substrate was rapidly
assimilated by heterotrophic organisms in the water column.
In autumn and winter, the levels of autochthonous DOC were expected to be low due to
deteriorating light conditions, which impacted negatively on algal productivity. The increased
discharge of allochthonous DOC and inorganic nutrients into the lake following high autumnal
precipitation might have been sufficient to support high bacterial populations. The highest
bacterial abundance in oligotrophic lakes were reported to succeed significant inputs of
allochthonous DOC (e.g.. Tranvik, 1988), e.g in Loch Ness during autumn (Laybourn-Parry et
al., 1998; Jones et al., 1998). The low [DOC] in the shallow basin in winter might probably be
explained by a reduced volume and rate of surface drainage. The bacterioplankton populations
that had established themselves during autumn were still abundant in winter, undeterred by low
temperatures and poor light climate. The bioavailability of inorganic nutrients, facilitated by
overturn sustained a high abundance of bacteria, which could result in the degradation of
allochthonous DOC in the shallower waters.

Hypothetical model
The Loch Rannoch system comprises two interconnected compartments: a small, shallow basin
and a large, deep basin. The fate of DOC in the lake was controlled by factors that were
characteristic of either compartment. However, the DOC-related processes ongoing in both
basins at any given time were not mutually exclusive.
Owing to its small capacity and, seasonal changes in flushing volume and discharge rates from
major inlets, the shallow basin exhibited a short residence time. By inference, the circulation of
allochthonous DOC was expected be rapid, with the rate of photoreactions probably limited by
the residence time of the basin. The shallow basin was characterised by wind-driven water
turbulence, which favoured the re-suspension of particulate inorganic matter. In addition, high
terrestrial [DOC] affected water clarity and therefore limited phytoplankton production.
The deep basin had a relatively longer residence time, inferring that the likelihood of DOC
transformation (e.g. by photoreactions and microbial degradation) was higher than in the
shallow basin. Increased exposure to light (e.g. summer) favoured the oxidation of DOC to
more labile by-products, which are rapidly assimilated by growing microbial populations
(Figure 4.8b).

The trend in spatial variation of DOC was reversed in winter, when its

concentration was lower in the shallow basin. The shallow basin was mixed since autumn and
low inputs in allochthonous DOC and sustained microbial degradation in winter probably
accounted for a lower [DOC] at the western end. In contrast, the erosion of the hypolimnion
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might have injected an increased concentration of refractory DOC, the microbial degradation of
which was slower, thus the higher DOC content in the deep basin.

Nitrogen and phosphorus
Reference to Vollenweider’s lake classification scheme (1968) established that Loch Rannoch
was an oligotrophic system, because of its low epilimnetic nutrient concentrations (e.g. [TP] <
10 µg L-1 or < 0.3 µM). Based on the same classification (Vollenweider, 1968), levels of
dissolved inorganic nitrogen (DIN) in the epilimnion indicated ultra-oligotrophy (e.g. [DIN] <
200 mg m-3 or < 14 µM). The OECD scheme (1982), which has received worldwide acceptance
by water agencies, has also been used by SEPA when prescribing the water quality standards for
Scottish freshwater lakes (SEPA, 2002).
According to the environmental quality criteria of the Swedish Environmental Protection
Agency (Swedish EPA, 2000), Loch Rannoch would be a “Class 1” lake, analogous to an
oligotrophic system, due its low [TP] (≤ 12.5 µg L-1) and TN:TP ratio (by weight) exceeding 30.
However, the mean seasonal TN content (May – October) in surface water samples (0.5 m) of
Loch Rannoch was indicative of a “Class 2” lake type, i.e. one with moderately high nitrogen
concentrations (300 – 625 µg L-1). Sampled thrice between May and October, the surface
waters revealed an average [TN] (367 ± 114 µg L-1; n = 30) exceeding the 300 µg L-1-threshold
established by the Swedish EPA (2000). Unlike Loch Lomond (Best and Traill, 1994; Bass et
al., 2010), the two basins in Loch Rannoch could not be distinguished based on their trophic
status.
TN:TP molar ratio ranged from 47 to 365 and its seasonal mean in the surface waters was
between 132 and 169. In comparison with the Redfield stoichiometry (N:P molar ratio, 16:1),
the consistently high TN:TP ratio suggested that production in Loch Rannoch was limited by
phosphorus.
During the study of 30 small upland British lakes, including 13 Scottish lakes, Maberly et al.
(2002) assessed that [DIN] and DIN:TDP molar ratios were the main environmental factors
controlling the extent of nitrogen or phosphorus limitation. According to the same authors,
production in upland lakes was likely to be nitrogen-limited when their [DIN] was below 6.5
µM or DIN:TDP ratio (molar) was below 53. [DIN] and DIN:TDN ratios in Loch Rannoch
indicated that the system was nitrogen-limited over most of the study and irrespective of space.
Significant differences in mean [SRP] in the surface waters was noted between spring and
summer (Wilcoxon test; p < 0.05). DIN and SRP are both bio-available forms of inorganic
nutrients that drive the ecosystem bottom-up; fluctuations in their respective concentrations
would generally be expected to trigger biological changes.
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Biochemical processes
Nutrients are essential for plankton development. However, their role and significance in Loch
Rannoch was unclear, probably due to their low temporal and spatial variability. Few salient
features based on NH4+ and NO3- profiles might underline some biological processes described
below.

Assimilation and nitrification
The increased planktic development, catalysed by increased light and high temperature in spring
and summer, resulted in active nitrogen uptake, especially that of NH4+. NH4+ is the preferred
inorganic nitrogen source over NO3- (Wetzel, 2001).
Increased nitrification could explain the high [NO3-] in summer. Aerobic ammonia-oxidisers
(e.g. Nitrosospira sp. and Nitrosomonas sp.) that transform NH4+ to NO2-, and aerobic nitriteoxidisers (e.g. Nitrospira sp. and Nitrobacter sp.) that further oxidise NO2- to NO3- (Bock and
Wagner, 2001; Koops and Pommerening-Röser, 2001), have been known to be present in the
open lake waters (e.g. Hastings et al., 1998; Voytek et al., 1999; Whitby et al., 2001).
According to Gode and Overbeck (1972) in Whitby et al. (2001), during summer stratification,
“populations of ammonia-oxidising bacteria become concentrated at the oxy/thermocline where
oxygen and ammonia gradients combine to produce conditions favourable for their
proliferation”.
During winter overturn, the low [NH4+] may be either, due to rapidly assimilation by pelagic
microbiota, or due to nitrification enhanced by high [O2] throughout the water column.

Mineralisation of NH4+
In situ NH4+ production was expected to occur in the open waters of Loch Rannoch, but its
contribution was not studied here. NH4+ is generated by the biological dissimilation of NO3-;
much of NH4+ however arises as a primary end-product of the decomposition of organic matter
by heterotrophic bacteria from the deamination of proteins, amino acids, urea, and other
nitrogenous organic compounds (Wetzel, 2001). Bacterivorous flagellates can also accelerate
the regeneration of NH4+ (Suzuki et al., 1996).
In autumn, high [NH4+] was expected to be associated with increased surface water drainage
following the heavy rainfall. However, this increase in [NH4+] was accompanied by a decline in
NO3-. [NH4+] and [NO3-] were negatively correlated in the mid and deep stations (r = -0.720, p
< 0.05; r = -0.689, p < 0.05 respectively). The decline in [NO3-] in the shallow basin to below
detection was also unexpected, especially when [O2] was high. Although NO3- assimilation can

150

be one reason, denitrification and NO3- ammonification might also be a plausible explanation to
the decrease in [NO3-] (e.g. Omnes et al., 1996).
The high amounts of allochthonous DOM during the same season provided a potential substrate
for heterotrophic bacterial degradation. This was supported by relatively low oxygen saturation
values in autumn and winter (Figure 4.5). The accumulation of NH4+ in the bottom water layer
of the shallow basin in summer might be explained by mineralisation resulting from benthic
decomposition of allochthonous material and the sharp decline in [O2] may be a sign of active
microbial degradation of DOM.

Silica
With the exception of autumn, SRSi levels were constant both in the surface waters and
throughout the water column of Loch Rannoch.
Low [SRSi] in spring and summer was associated with periods of active plankton growth and
was attributable to increased assimilation in order to sustain a growing diatom population.
Phytoplankton biomass ([Chla]) and [SRSi] were negatively correlated (r = -0.198, p < 0.05; n
= 114) throughout the study. However, while Pearson’s coefficient was not significant (r = 0.231, p > 0.05; n = 114), Spearman’s rank correlation (rs) revealed a significant negative
relationship between diatoms ([Fucox]) and [SRSi] (rs = -0.231, p < 0.05; n = 114). This
supported the existence of a relationship between SRSi and diatoms.
The higher [SRSi] in the shallow basin following heavy autumnal rainfalls might have resulted
from (i) allochthonous abiogenic sources, (ii) increased biogenic inputs and (iii) low
assimilation rate, of SRSi. Abiogenic or terrigenous sources of silica (e.g. mineral silica of
terrestrial origin) are expected to be low in comparison to biogenic inputs, i.e. SRSi generated
from the dissolution of dead diatoms (Wetzel, 2001). While increase in [SRSi] might be
attributed to increased dissolution of siliceous frustules sinking to the lake bottom, low diatom
growth and correspondingly, slow uptake rate of SRSi might also be a plausible explanation.
Thermal stratification in autumn (Figure 4.5) might account for the erratic vertical profile of
SRSi during that same period. The water density at 25 m probably reduced the sedimentation
rate of decaying diatom frustules, favouring their dissolution, thence favouring an increase in
[SRSi] (Figure 4.14).

4.3.2 Phytoplankton pigments
There has been a growing interest in the use of chemotaxonomy in routine freshwater
monitoring programmes since implementation of the Water Framework Directive (Directive,
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2000). HPLC has been mainly used in marine and coastal studies (e.g. Schlüter et al., 2000,
Gibb et al., 2001, Schlüter et al., 2011) with few applications to freshwaters (e.g. Descy et al.,
2000, 2005; Schlüter et al., 2006), and fewer still, targeting oligotrophic systems (Buchaca et
al., 2005; Lauridsen et al., 2011).
This study did not seek to develop new methods to analyse freshwater samples but rather, test
the application of a methodology developed for marine samples (Gibb et al., 2001), to
freshwater systems. The chemotaxonomic data generated from this study revealed that the
methodology was applicable to freshwater ecosystems like Loch Rannoch, i.e. one with a very
low phytoplankton biomass.

Phytoplankton composition
Oligotrophic lakes generally support a low phytoplankton biomass ([Chla] < 2.5 µg L-1; OECD,
1982) and both, microscopy and pigment data, showed that Loch Rannoch was no exception. In
fact, Chla data (OECD, 1982) indicated that Loch Rannoch was ultra-oligotrophic (< 0.7 µg L1

). The highest phytoplankton biomass (µg L-1 FW) or equivalent biovolume (x10-3 mm3 L-1)

recorded from examination of surface water samples (Figure 4.15) was 305.2 µg L-1, which
corresponded to a [Chla] of 155 ng L-1 (Figure 4.17).
Microscopy analysis of selected samples aimed at providing background information on
dominant phytoplankton taxa, and has been recommended by several studies (e.g. Irigoien et al.,
2004). The abundance of diatoms including Cyclotella sp. and Tabellaria sp. along with other
taxa, corroborated paleo-limnological findings of Bennion et al. (2004); the pelagic
phytoplankton composition in Loch Rannoch reflected that of a typical oligotrophic system,
with TP concentrations slightly higher than diatom-inferred TP levels (< 5 µg L-1 or < 0.16
µM).
Succession between dominant groups occurred mainly between chrysophytes and diatoms. The
former group was prevalent during the winter-spring period and the latter dominated in summer.
The marked rise in summer phytoplankton biomass in Loch Rannoch was largely attributable to
an increase in Urosolenia sp.. The latter accounted for 95 % of the diatom population and 69 %
of the total phytoplankton biomass in the deep basin. Urosolenia sp. was in fact abundant in
surface waters of both basins in summer. Meanwhile, cryptophytes (e.g. Cryptomonas sp.)
dominated the waters of the deep station in autumn. Dinoflagellates (e.g. Peridinium sp. and
Gymnodinium sp.) were abundant throughout the lake in spring, and chlorophytes remained a
minor group.

While the chrysophyte population was mostly composed of oochromonads,

diatoms included Asterionella sp., Urosolenia sp. and centric diatoms.
Northern temperate lakes referred to in the literature review (Section 1.81) were also dominated
by phytoplankton classes reported in Loch Rannoch. The tendency for chrysophytes, diatoms
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and cryptophytes to dominate in large, oligotrophic lakes of Northern Europe is an interesting
feature and Loch Rannoch was no exception.

Pigment composition

Phorbins and carotenoids
Low levels of phorbins and carotenoids were detected throughout the study (Figures 4.17 and
4.18).
The Chla biomarker, which is routinely used as a proxy for total phytoplankton biomass, ranged
from below detection (< 7 ng L-1) to 545 ng L-1 in the surface waters, with seasonal mean levels
varying from 27 to 202 ng L-1. The comparison with [Chla] in oligotrophic lakes determined by
either spectrophotometry or fluorometry, or using HPLC (e.g. Buchaca et al., 2005; Lauridsen
et al., 2011) revealed that Loch Rannoch presented lower pigment levels.
Several studies have reported that HPLC gave lower values than spectrophometric or
fluorometric measurements (e.g. Meyns et al., 1994; Descy et al., 2005), because HPLC, unlike
other analytical techniques, selectively measured Chla, without the interference by other
phorbins or degradation products.

Nevertheless, the comparison with HPLC studies (e.g.

Buchaca et al., 2005; Lauridsen et al., 2011) revealed that phytoplankton biomass (both
biovolume and [Chla]) in Loch Rannoch was by far lower than those reported in other
oligotrophic lakes. For instance, mean [Chla] in five oligo-mesotrophic Danish lakes during
summer ranged from 3.8 to 11.3 µg L-1 (Lauridsen et al., 2011), which is considerably higher
than depth-integrated averages in Loch Rannoch (Table 4.5; 8.8 – 37.6 µg m-3 or 8.8 – 37.6 (x
10-3) µg L-1).
Besides dominating the lake waters, both, diatoms and chrysophytes, contained Fucox, and this
contributed to making it a dominant carotenoid. Sharing Fucox also inferred that successions or
shifts between diatoms and chrysophytes were unlikely to be detected, solely on the presence or
absence of the signature pigment. While cryptophytes were represented by the more specific
biomarker Allox, the presence of less important groups like dinoflagellates and chlorophytes
were signified by Per and Lut respectively.

Spatio-temporal variations
Temporal and spatial variations in phytoplankton biomass were evident from both horizontal
and vertical profiles of [Chla] in Loch Rannoch. The decrease in mean [Chla] from spring to
winter coincided with decreasing water clarity (Figure 4.6). Spatial variations were noted
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between the deep and shallow basins (particularly in spring and summer) as well as between the
top and bottom water layers within basins.
This section cannot dissect the contributory roles of all factors that might influence pigment
levels. Therefore, emphasis has been laid on pre-dominant regulators, including abiotic factors
such as light and temperature, and predation.

Abiotic factors: Light and temperature
Spring
High Zeu in spring (Table 4.2) favoured algal growth, and reduction of inorganic nutrients.
Phytoplankton biomass (i.e. [Chla]) in the surface waters was inversely related to NO3- (rs =0.929, p < 0.01), SRP (rs = -0.929; p < 0.01) and SRSi (rs = -0.916, p < 0.01), indicating active
nutrient assimilation. Higher [Chla] in the shallow basin (Figure 4.17) was influenced by its
low Zm : Zeu ratio (0.5), compared to a ratio of 2.3 in the deeper basin. However, microscopy
data did not support this spatial trend in [pigment]. Since phytoplankton count was low, it is
speculated that the relative cellular [Chla] was high in the shallow basin of Loch Rannoch.
Although chlorophyll and carotenoid levels were higher in the epilimnion, occurrence of photoinhibition might explain the lower [Chla] in surface (0.5 m) relative to deeper samples (e.g.
Oliver et al., 2003; Häder et al., 2007). The carotenoid profiles revealed low [Fucox] and
[Allox] alongside [Per], which dominated at the surface (0.5 m). The presence of Per agreed
with microscopy data which indicated that dinoflagellates occupied about 21 % of the total
phytoplankton biomass then.

β-carotene and Diadinox being absent, the dinoflagellates

probably benefitted from other photo-protectants, analogous to mycosporine-like amino acids
(MAAs, e.g. Banaszak et al., 2006; Oren and Gunde-Cimerman, 2007) and scytonemins (Sinha
et al., 1998; Singh et al., 2010), to enable them to thrive under more intense light that was
detrimental to other algal taxa. Furthermore, dinoflagellates are motile phytoplankton, capable
of photo-acclimation (Yacobi, 2003; Dubinsky and Stambler, 2009); their ability to migrate
from zones of high exposure was expected to mitigate harmful effects of UV radiation (UVR).
Despite the high Zeu and low grazing in the deep station in spring, phytoplankton growth might
have been limited by low [nutrient]s.

Summer
Summer stratification accounted for a relatively low Zm : Zeu ratio (1.4 – 1.8). Higher water
temperature and high Zeu were conducive to plankton growth. Peaks of [Chla] were detected
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near the metalimnetic layer at the deep station, while Chla maximum occurred at a depth of 5 m
in the other stations.
The dominance of diatom Urosolenia sp. throughout the whole lake resulted in high [Fucox] at
depths of 5 to 10 m. Allox (cryptophytes) was dominant in the first 20 m of the water column
and was relatively high at 110 m of the deep station.
A Chla maximum (152.6 ng L-1) was detected at about 5 m, which was close to the position of
the metalimnetic layer in the shallow basin. Alongside [Fucox] and [Allox], chlorophytes (Chlb
and Zeax+Lut) were also detected at 5 m; Zeax is a known photo-protective carotenoid
(Dubinsky and Stambler, 2009). The high [Per] (22.7 ng L-1) at the surface (0.5 m) indicated
the presence of dinoflagellates, as was the case in the deep basin in spring. Dinoflagellates
abounded in the surface water layers when other algal taxa were either absent or only just
detectable. The behaviour of dinoflagellates in Loch Rannoch resembled that of Gymnodinium
breve (Evens et al., 2001), as they concentrated at or near the air-water interface during
prolonged periods of weak mixing.

Dinoflagellates (e.g. Peridinium sp.), migrate diurnally,

with cells concentrating near the water surface before noon and sinking towards the evening
(Pollingher, 1988 in Yacobi, 2003; Regel et al., 2004). When exposed to high and potentially
harmful light conditions, the dinoflagellates adopt different strategies, e.g. non-photochemical
quenching (NPQ) of excited chlorophyll molecules and thermal dissipation via the xanthophyll
cycle (Goss and Jakob, 2010). These may involve several carotenoids such as anteraxanthin,
violaxanthin, diadinoxanthin, diatoxanthin and zeaxanthin, depending on the algal taxa (Yacobi,
2003, Dubinsky and Stambler, 2009). De-epoxidation of diadinoxanthin to diatoxanthin was
reported as the NPQ mechanism for the dissipation of excess light energy as heat in
dinoflagellates (Warner and Berry-Lowe, 2006).
Zm : Zeu ratios in the deep and shallow basins were similar (1.4). Incidentally, this similarity in
light climate was reflected by high and almost comparable [Fucox] at 5 m in the shallow basin
(34.3 ng L-1) and the surface waters of the deep basin (37.9 ng L-1).

Autumn and winter
Reduced light from autumn to winter resulted in a decrease in phytoplankton biomass as
evidenced by both HPLC and microscopy data.
The rise in Zm antagonised by a decrease in Zeu in autumn, led to an increase in Zm : Zeu ratio
(4.6 – 4.8). Despite the decreasing light conditions, a Chla maximum was recorded at 10 m
(364.0 ng L-1) in the deep station. In the absence of substantial evidence, the elevated [Chla]
could not be attributed to either (i) an actual increase in phytoplankton biomass sensu stricto, or
(ii) low phytoplankton biomass but high cellular pigment content. However, the dominance of
cryptophytes was substantiated by both microscopy and pigment data. At 10 m, the sample
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from the deep station was largely composed of Fucox. The comparison between [Allox] and
[Fucox], the latter being shared by chrysophytes and diatoms, suggested that Allox
(cryptophytes) was indeed important in autumn.

Interestingly, while the water layer

corresponding to the autumn metalimnion was devoid of Chla or carotenoid, algal biomass
([Chla]) in the bottom (80 m) or “hypolimnetic” layer was largely composed of cryptophytes.
At depths where light was limiting, autotrophs were unexpected but since cryptophytes are
motile mixotrophs, it was likely that they migrated down the water column (e.g. Gervais, 1997;
1998).
Alongside Fucox and Allox, the detection of Chlb and Lut in the deep basin, indicated that
chlorophytes contributed towards the total phytoplankton biomass.
Winter overturn was characterised by poor light climate, with a Zm ; Zeu ratio between 12.9 and
15.6 in the deep basin. Algal biomass was low in the surface waters and throughout the water
column. Although pigment levels in the deep and mid-stations were low, the proportion of
major pigments detected to the number analysed, was large.
The Zm : Zeu ratio had a significant effect on phytoplankton distribution in the shallow basin.
The higher Zeu (6.5 m), probably influenced by low [DOC], brought the Zm : Zeu ratio to 3.1,
which was lower than that in autumn. Both, improved underwater light climate and availability
of inorganic nutrients (NH4+ and SRP) sustained phytoplankton growth. The decrease in [NH4+]
caused by a high plankton population, might have eventually further limited growth. While
carotenoid levels were low and some even below detection, these values were on average,
higher than in autumn. As with the deep station, a wide range of pigments was detected (e.g.
Chlb, Lut and Per), albeit in low concentrations.
Microscopy data supported the fact that winter-phytoplankton biomass was higher than that of
autumn. The biomass in the shallow basin was largely composed of chrysophytes and diatoms
(Figure 4.15b). In spite of the low biomass, the response in terms of [Fucox] was high (Figure
4.20), reaching a depth weighted average of 987 µg m-2. It was noteworthy that the maximum
[Fucox] was recorded at 10 m, the depth at which [Chla] decreased. The Fucox : Chla ratio at
10 m and 15 m were high (1.631 and 1.329 respectively) compared to the general ratios ranging
from 0.319 – 0.405. The profiles of [Chla] and [Fucox] in the shallow basin seemed inversely
related, like that of light-harvesting versus photo-protective pigments, which followed opposite
courses in relation to photo-acclimation (Dubinsky and Stambler, 2009). It appeared as if one
pigment was synthesised at the expense of the other, like in the xanthophyll cycle.
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Biotic factors: Grazing and predation.
Grazing influenced phytoplankton biomass and/or pigment composition in Loch Rannoch.
Phaeba and Phaeta were used as a proxy for grazing activity in Loch Rannoch. This approach
was supported by numerous studies that have related grazing and the high efficiency conversion
of Chla to phaeopigments, where Phaeb and Phaet are most important (e.g. Nelson, 1989; Head
and Harris, 1992; 1994; 1996; Fundel, 1998; Collos et al., 2005). Nevertheless, chlorophyll
degradation and/or phaeopigment production may occur, by other processes including
senescence and photo-degradation (Le Rouzic et al., 1995; Hörtensteiner, 1999), thereby
limiting the use of phaeopigments as an indicator of grazing.
Phaeopigment profiles (e.g. Phaeta) in the surface waters (Figure 4.17) corroborated hydroacoustic data, generated when echolocations of zooplankton were monitored in Loch Rannoch
(Godfrey et al., 2011; Godfrey and Thorne, 2011). High [Phaeta], associated with summer,
declined over autumn to reach its lowest level in winter. Vertical profiles revealed an elevated
[Phaeta] in summer, especially in the first 15 m of the mid-basin. However, the highest
[Phaeta] occurred in autumn (Figure 4.19; Table 4.5). Microscopy data from this study covered
mainly protozooplankton like protozoans, ciliates and small rotifers.

Although larger

zooplankton was recorded, the sampling methodology used here did not comply with standard
protocols (e.g. USEPA, 2005) hence, underestimating the zooplankton population in Loch
Rannoch. Likewise, the hydro-acoustic survey was also limited by its target size-coverage; its
smallest targets were macro-zooplankton and microorganisms were excluded, leading to an
underestimation of total zooplankton abundance in the lake. Although a small proportion of
[phaeopigment] might be attributable to photo-degradation, [Phaeta] was largely assumed to
reflect grazing activity in Loch Rannoch.
While declining light conditions might have promoted the association of cryptophytes with
autumn and winter, a top-down effect (grazing and predation) was equally important. Grazing
pressure favoured the establishment of a phytoplankton community comprising smaller
autotrophs (small centric diatoms) and a dominant mixotroph population, consisting largely of
cryptophytes and small chrysophytes. An increase in cryptophytes was also promoted by their
predatory behaviour and size of bacterioplankton in the waters.

Their ability to migrate

throughout the water column and switch between autotrophic and heterotrophic feeding
behaviours, probably allowed cryptophytes to out-compete other phytoplankton taxa, especially
during autumn and winter.

Limitations of pigment taxonomy
[Pigment] and pigment to [Chla] ratios vary between species, and are influenced by light and
nutrient conditions (Nicklisch and Woike, 1999; Descy et al., 2000; Schlüter et al., 1997, 2000,
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2006; Lauridsen et al., 2011). In an oligotrophic system like Loch Rannoch, phytoplankton
would be very susceptible to changes in light and nutrient regimes.
Actual pigment levels themselves, provided important information on the physiology and
dominance of phytoplankton taxa. The strong and highly significant correlation (p < 0.01)
between [Chla] and [Fucox] confirmed the importance of the carotenoid in Loch Rannoch.
However, the methodology was limited by its inability to differentiate between two separate
algal classes because Fucox was shared by diatoms and chrysophytes. Carotenoids, like Allox
was detectable even when the biomass of cryptophytes was low, whereas others (e.g. Per) did
not respond in the same way. Here, there might be a risk of under- or over-estimation of
phytoplankton biomass if only absolute pigment concentrations were relied upon. Furthermore,
the presence of carotenoids did not necessarily signify the detection of Chla. This shows that
carotenoids were more stable than Chla and beckons that further discrimination be used on the
nature of the pigment being assessed, e.g. a demarcation between light-harvesting versus photoprotective pigment might be relevant, depending on the hypothesis tested. These remarks
emphasise the level of caution with which HPLC data need to be treated if pigment
concentrations were translated into biomass.
In the light of the chemotaxonomic research having been undertaken for the last four decades,
post-processing of the data generated during this study using CHEMTAX would provide more
informative results. The use of CHEMTAX has been reviewed in Chapter 1 and will be applied
in post thesis data processing (See Chapter 7).

CHEMTAX-generated results related to

microscopy data are expected to allow a thorough and more meaningful assessment of HPLC
data from Loch Rannoch.

4.3.3 Bacterioplankton diversity
The use of 16S rDNA combined with PCR-DGGE was employed to examine bacterioplankton
diversity in Loch Rannoch. Unlike other lacustrine studies (e.g. Lindström, 1998; 2000; 2002;
Figueiredo et al., 2007; Yu et al., 2008; etc.), this study used filter PCR (fPCR; See Chapter 3).
fPCR has previously been applied successfully during the survey of bacterioplankton
distribution and community composition (e.g. Kirchman et al., 2001;Warnecke et al., 2004). In
the absence of any DNA extraction or purification steps, as the filter pieces were used directly
in PCR, the quality and yield of DNA were unaffected (Fuhrman et al., 1988). Although a
small proportion of the filter was used during this investigation, it was shown earlier (Chapter 3)
that the number of bands were comparable to samples extracted by standard techniques.
The number of bands per sample (10 - 36) recorded in Loch Rannoch was higher than that in
mesotrophic Swedish lakes (e.g. Lindström, 1998; 2000; 2001) and lower than that in eutrophic
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Lake Donghu (Yu et al, 2008). In their review, Wintzingerode et al. (1997) indicated that the
number of bands on DGGE gels, which is reflective of the actual bacterioplankton diversity in
the sample, might be influenced by various factors. Overestimation of the number of bands can
result from the formation of heteroduplexes, chimeric molecules and heterogeneities among 16S
rRNA sequences (Cilia et al., 1996). Diversity can also be underestimated due to differential
PCR amplification (Wintzingerode et al., 1997) which can be caused by several factors
including G+C composition of 16S rRNA genes. The sources of error associated with the use of
this technique (e.g. Wintzingerode et al., 1997; Muyzer et al., 1998; 1999) were considered.
However, despite its limitations, DGGE is reported to provide a reliable perspective of
differences and similarities in the dominating populations of microbial communities (e.g.
Muyzer et al. 1998; Torsvik et al. 1998; Lindström, 2001). Therefore, based on the various
banding profiles generated throughout this study, the bacterioplankton diversity in Loch
Rannoch is relatively high despite its oligotrophic status.

Spatio-temporal heterogeneity

Horizontal profiles
A degree of heterogeneity in bacterioplankton community composition (BCC) was apparent
along the 16 km-long Loch Rannoch (Figure 4.21). Detailed studies of longitudinal variations
in BCC have focussed on riverine systems (e.g. Crump et al., 1999; 2003; Sekugichi et al.,
2002; Winter et al., 2007) and only a few studies have attempted to investigate horizontal
variations within freshwater lakes (e.g. De Wever et al., 2005; Dorigo et al., 2006; Yu et al.,
2008). The riverine studies related the heterogeneity in their respective bacterial communities
to several factors e.g. changes in salinity (e.g. Crump et al., 1999; 2003) or fluctuations in flow
rates, temperature and nutrients (e.g. Sekiguchi et al., 2002; Winter et al., 2007) as the large
rivers flowed downstream through variable types of catchment areas. In lake systems, while
changes in nutrient conditions appeared to influence bacterial composition in Lake Donghu (Yu
et al., 2008), a combination of temperature-driven changes, e.g. oxygen and nutrient conditions
in the epilimnion and hypolimnion, was highlighted as the driver for change in BCC in Lake
Tanganyika (De Wever et al., 2006).
Following the analysis of surface water samples collected throughout the study of Loch
Rannoch, the existence of at least two major microbial clusters was revealed. The deep basin
could generally be represented by stations HT1 – HT6 and the shallow basin, by stations HT7 –
HT10. Arguably, in autumn, while deep basin-samples formed a distinct cluster with high
similarities (> 96 %) between them, increasing differences were apparent from HT7 to HT10
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(Figure 4.21), the latter showing the least similarity with the cluster (84 %). No significant
spatial changes in nutrients, like that in Loch Lomond (Best and Traill, 1994; Bass et al., 2010)
and Lake Donghu in China (Yu et al., 2008) were reported in Loch Rannoch. However,
differences between surface water samples of the deep and shallow basins were particularly
related to water clarity which was in turn, associated with variations in TSP and DOC
concentrations. These results indicated that intrinsic factors within the two morphometrically
different basins that characterised the large oligotrophic lake, had an influential role on the
bacterial community.

Vertical profiles
Cluster analysis of samples collected from different depths provided evidence of spatial
heterogeneity in the vertical distribution of BCC (Section 4.2.5.1).

Such variations were

observed at all three stations throughout the study, indicating that a change in BCC occurred
both, in space and over time (Figures 4.27 – 4.29). In contrast with the number of marine
studies that have looked into the change in BCC with depth, fewer studies have reported on
vertical variations in BCC in freshwater lakes (e.g. Denisova et al., 1999; Dominik and Höfle,
2002; Lindström and Bergström, 2004; Lindström et al., 2004; De Wever et al., 2005; Dorigo et
al., 2006). The spatio-temporal heterogeneity in Loch Rannoch is discussed below, with respect
to its potential driving factors of changes in BCC.

Thermal stratification
As in the case of the horizontal profile of surface water samples, the cluster analysis of the
vertical samples also revealed the existence of at least two microbial assemblages, one grouping
samples from the surface-, and the other including bottom-layer samples as depicted in the
dendrograms of Section 4.2.5.1. Occasionally, a single sample would stand out as showing the
least similarity with the rest of the samples e.g. in spring (110 m), deep station (25 m) in
summer, surface samples in the mid station in summer and autumn and the mid station (10 m) in
winter. The dataset generated could not explain all the dissimilarities between each vertical
sample.

However, some general differences in BCC might be explained by thermal

stratification, amongst other factors including the bioavailability of inorganic nutrients such as
NH4+ and SRP and autochthonous dissolved organic matter (DOM).
While a stable stratification was noted during summer, some degree of thermal structure in the
water column was also observed during spring and autumn (Section 4.3.1).

The vertical

samples collected during the stable summer stratification showed the least similarities between
themselves when compared with the same stations during the other seasons. The dendrogram
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obtained during summer corresponded to the stratification patterns; the first 20 metres of the
water column corresponded to the warmer epilimnetic layer while the depths greater than 50 m
were associated with the cooler hypolimnion.
Interestingly, the 25 m- sample that showed that highest dissimilarity with the rest of the
samples, coincided with the position of the metalimnetic layer, characterised by a steep decrease
in temperature. This in itself was suggestive that while thermal stratification not only separated
microbial communities physically into epilimnetic, metalimnetic and hypolimnetic groups, but
it also indirectly entailed in the establishment of microbial communities with taxonomical
differences. This might signify the existence of bacterial communities with different functional
roles as inferred from studies of Dominik and Höfle (2002) and De Wever et al. (2005).
Contrary to the observations of Dominik and Höfle (2002) who used 5S rDNA as the genetic
marker, the metalimnion in Loch Rannoch contained the least number of bands (15 – 19 bands
per sample), and neither a significant decrease nor an increase in the number of bands (Dorigo
et al., 2006) was noted with increasing depth. In fact, no general trend in the change in number
of OTUs was observed with increasing depth.
During summer stratification, the epilimnion of the deep basin also comprised a relatively high
phytoplankton biomass (Chla, in Figure 4.19). In oligotrophic Loch Rannoch, where plankton
biomass was generally low, an increase in phytoplankton abundance might pose an opportunity
for the epilimnetic microbial group to benefit from autochthonous DOM in the form of exudates
released in the trophogenic zone (0 m-11 m).
Exudates are rich in protein and labile polysaccharides, while allochthonous sources, composed
largely of humic substances and structural polysaccharides, tend to be more recalcitrant to
bacterial degradation (del Giorgio and Davis, 2003; Benner, 2003; in Pérez and Sommaruga,
2006).

The bio-availability of plankton-derived DOM alongside allochthonous sources might

therefore trigger bacterioplankton growth and a subsequent change in BCC, especially when the
lake is nutrient-poor (Crump et al., 2003; Pérez and Sommaruga, 2006).
An increase in phytoplankton pigment concentration [Chla] was also noted at 25 m, where a less
diverse (15 OTUs) BCC was observed.

In fact, this water layer (i.e. 25 m) was largely

composed of cryptophytes (alloxanthin, in Figure 4.20), mixotrophs that predate over bacteria.
In the absence of any data on bacterial biomass, it was difficult to state the nature of the
interaction between cryptophytes and bacterioplankton; increase in mixotrophs might be the
cause of or in response to the ambient bacterial population size or type. The decrease in
phytoplankton biomass (Chla) and increased predation by mixotrophic nanoflagellates and
protozooplankton (e.g. ciliates) with increasing depth might have a contributory role in altering
the bacterioplankton composition (Lindström, 2001; Hahn and Höfle, 2001; Dominik and Höfle,
2002; Muylaert et al., 2002).
161

Clear signs of stratification were observed at the shallow station, where a sharp and
unprecedented decline in [O2] was noted near the bottom of the lake (Figure 4.5). The low [O2]
approximating (7 mg L-1) was expected to lead to a change in BCC, like those noted in the study
of De Wever et al. (2005), although the hypolimnion never demonstrated even near-anoxic
conditions. Vertical samples of the shallow station shared at least 92 % resemblance with each
other, with the bottom-most sample (20 m) bearing a 95 % similarity with the 5 m-sample
(Figure 4.23 c)

Allochthonous DOM
The main differences between shallow and deep basins were accounted for, by their respective
water clarity, [TSP] and [DOC]. The major inlets, River Gaur and River Ericht, both entered
Loch Rannoch at its western end (shallow basin) and by inference, the shallow basin was
expected to be largely influenced by changes in surface water drainage from the respective river
catchments. Allochthonous DOC is generally believed to represent a larger fraction of total
DOC in lakes than autochthonous DOC (Sobek et al., 2007) and the horizontal variation of
[DOC] demonstrated that its content in the shallow basin was generally higher than the rest of
the lake. High autumnal rainfalls led to the increased drainage of allochthonous materials (e.g.
particulate matter and DOC) into the lake system.

This rise in water inflows as well as

allochthonous DOC might have triggered a change in BCC (Lindström, 1998; 2001; Lindström
and Bergström, 2004; Haukka et al., 2005). However, station HT10 (shallow basin) had the
consistently lowest BCC when compared to that in the deep and mid stations (Table 4.6). A
seasonal increase in [DOC] facilitated by increased precipitation and snow-melt during the
autumn-winter period, subsequently led to the establishment of a more diverse bacterioplankton
assemblage. During this period, the total number of OTUs at station HT10 increased by 50 – 63
% with respect to summer. The average number of OTUs per sample also increased by 7 - 8
bands in the shallow basin. This is probably explained by the influx of bacterioplankton taxa
imported from the catchment area (e.g. Lindström et al., 2001; Lindström and Bergström,
2004).
Besides allochthonous DOC, the increased surface water drainage from the catchment area was
also associable with relatively high levels of inorganic nutrients, e.g. NH4+ and SRP. This, in
turn, might have enhanced bacterial growth, promoting the growth of bacterial taxa that were
normally less abundant, thereby resulting in the larger number of dominant bands throughout
each individual station (e.g. Leflaive et al., 2008). A similar scenario would be expected to
occur during winter. The change in inorganic nitrogen fractions in the shallow station during
autumn and winter was interesting; in autumn [NO3-] was below detection while NH4+ was not
detected in winter. NH4+ is the preferred source of nitrogen and is more rapidly assimilated by
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microbes (Wetzel, 2001) and low NH4+ concentrations might be indicative of high bacterial
growth.

Loss of stratification
Winter overturn was characterised by homogenous temperature and oxygen profiles down the
water column (Figure 4.5). During this phenomenon, the temperature/water density barrier
existing from the end of spring, throughout summer to autumn was breached, allowing the
mixing of surface and bottom water layers. In theory, it would be expected that a mixing period
would signify homogeneity in BCC. However, this study indicated that the existence of two
distinct clusters during winter overturn (Figure 4.26), each cluster comprising a homogenous
group of samples (Figure 4.26A). Interestingly, the BCC in the top 10 metres of the water
column at the deep station in winter, resembled the first 20 metres in autumn (92 % similarity),
while the bacterial communities in bottom water layers during both seasons could be grouped
into one cluster (Figure 4.27). This might indicate that the apparent stratification in autumn was
weak and did not have a notable impact on the BCC in each cluster, since similar clusters
thrived during winter. Although the bacterial communities in the deep and shallow stations
comprised two distinct clusters, the mid station showed an almost completely homogenous
BCC, with the exception of 10 m-sample which was only 88 % similar to the cluster.

Temporal variation
BCC in Loch Rannoch changed with time (Figures 4.22, 4.27, 4.28, 4.29).

The largest

difference between the same samples (representing station and depth) over time was
approximately 30 % while the largest random difference (i.e. irrespective of the depth) within
the same station was estimated to be about 50 %.
Similarity analysis revealed that BCC in spring (deep station) and summer bore the least
resemblance with the rest of the samples collected during this study. BCC is influenced by a
multitude of factors, e.g. the origin (e.g. Pérez and Sommaruga, 2006) and concentration of
DOM (e.g. Crump et al., 2003; Eiler et al., 2003, Haukka et al,. 2005), nutrients (e.g. Fisher et
al., 2000; Pinhassi and Berman, 2003) and others (See Lindström et al., 2005). It is likely that a
plethora of factors would influence BCC in oligotrophic Loch Rannoch as well. The sampling
frequency adopted during this study captured a snapshot of the range of change in
bacterioplankton diversity under natural conditions. Therefore, based on results from Loch
Rannoch, the trigger to changes in bacterial diversity could be attributed to prevailing ‘seasonal’
conditions. It is speculated that:
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• In spring, the increasing temperature, improving light conditions and relatively high mixing
depths, led to the establishment of a fast-growing bacterioplankton community.
• In summer, high temperature and relatively good light climate might have had an influence
on the bacterioplankton diversity. With the development of stable thermal stratification,
high algal biomasses might have caused significant changes in bacterioplankton diversity.
Although prevailing environmental conditions including temperature and nutrients could
have catalysed the development of a wider range of bacteria phylotypes, the bio-availability
of labile dissolved organic matter (DOM) in the form of autochthonous or indigenous DOM
(e.g. algal exudates) might have been a driving factor, as in the arctic Toolik Lake (Crump et
al., 2003).
• During autumn, reduced light conditions (sunshine hours and intensity) and increased inputs
of allochthonous DOM may trigger changes in microbial diversity.

In addition to an

increased diversity associated with the influx of ‘non-native’ bacterial taxa into the lake (e.g.
Lindström and Bergström, 2004), ‘native’ bacterioplankton would have to acclimatize to
DOM of varied chemical compositions, including an expectedly important proportion of
recalcitrant DOC (e.g. Pérez and Sommaruga, 2006). It is noteworthy that the grazing rate
by mixotrophic nanoflagellates and ciliates is expected to be high but on the decline.
• In winter, besides overturn (enabled by low temperatures) and poor light conditions, BCC
might be influenced by the relatively high discharge of allochthonous DOM into the lake
from either precipitation or snow-melt. Grazing activity was low (Pigment data in Figure
4.20).

4.4
•

Summary
This limnological study of Loch Rannoch was the first to apply techniques such as HPLC
and PCR-DGGE in any Scottish freshwater lake. CTD profiling of the water column
during four seasonal samplings indicated that Loch Rannoch was holomictic and most
probably a monomictic system. The lake stratified during summer and judging from the
temperature range down the water column, the stratification was speculated to be relatively
stable.

•

Water clarity, which was influenced by TSP and [DOC], varied spatio-temporally. While
water clarity decreased from spring to winter, the poorer water clarity in the shallow basin
versus the clearer waters of the deep basin.

•

Based on the relationship between DOC and lake function, the characterisation of Loch
Rannoch as a lake comprising two interconnected compartments, namely the small shallow
basin and the large deep basin, was proposed. DOC played an important functional role by
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affecting the light climate and secondary production in the open waters of Loch Rannoch.
This role was more apparent during autumn, when influx of allochthonous DOC was high.
•

The lake was classified as an oligotrophic system based on total phosphorus levels
referenced from OECD (1982) and the Swedish EPA (2002). However, the choice of the
form of nutrient to consider (e.g. total versus dissolved) was determinant when seeking to
investigate N or P limitation. Consensus was not reached during this study, although the
reason justifying the use of DIN:TDP ratio was plausible.

•

The phytoplankton community was assessed using chemotaxonomy and selected surface
samples were analysed by microscopy. Pigment analysis demonstrated that the HPLC
methodology used was successfully applied to Loch Rannoch samples. Phytoplankton
biomass (µg L-1 fresh weight) was consistently low in Loch Rannoch, with the maximum
biomass reaching 305.2 µg L-1 during summer. Seasonal successions occurred mainly
between diatoms and chrysophytes, except in autumn when the waters of the deep basin
was dominated by cryptophytes.

•

The levels of phorbins and carotenoids were low; the highest [Chla] recorded was 545 ng
L-1. Amongst the carotenoids, Fucox (diatoms and chrysophytes) was dominant followed
by Allox (cryptophytes). The profiles of the dominant pigments agreed with microscopy
data and were found to be largely influenced by abiotic factors such as light and
temperature.

•

Grazing and predation were inferred to be important at regulating the phytoplankton
community. The application of CHEMTAX was proposed to generate more informative
data that could be directly compared with microscopy data already gathered.

•

Bacterial community composition (BCC), analysed by fPCR-DGGE of 16S rRNA genes,
revealed a high number of bands per sample (10-36) in the surface waters of Loch
Rannoch. BCC varied both spatially and temporally. Spatial heterogeneity was apparent
longitudinally as well as down the water column, while a clear indication of temporal
variation was observed throughout the lake. Heterogeneity was associated to changes in
thermal stratification and allochthonous DOM. Factors including nutrients, autochthonous
DOC and grazing activity were also considered to have a contributory role in defining the
BCC in Loch Rannoch.

The paucity of limnological information on this deep, elongated lake probed the formulation of
one objective of this chapter, which was to gather background data on the water structure and
trophic status of the system.

Hence, a significant part of this chapter is dedicated to

understanding the water chemistry of Loch Rannoch.

However, the aim of the research

revolved around the applicability of HPLC and PCR-DGGE in different lake systems and this
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chapter studied the use of HPLC and PCR-DGGE at assessing the pelagic phytoplankton and
bacterioplankton communities in a deep oligotrophic system.
Besides being the first to use such contemporary techniques in Loch Rannoch, the project is also
the first to survey its water structure. This led to several speculations on the water chemistry in
Loch Rannoch, all indicating that lake morphometry was key to the understanding of its
structure and function, and illustratively suggesting a two-compartment model: a small, shallow
system vs. a large, deep basin. While the successful application of HPLC and PCR-DGGE in
the waters bordering ultra-oligotrophy was the highlight of this work, the significance of these
results was enhanced when contextualised with lake morphometry.
Fieldwork at Loch Rannoch consisted of collecting at least 30 water samples at each visit and
since phytoplankton was analysed by HPLC, these samples were processed, batched and
analysed rapidly. The low phytoplankton biomass that corresponded to the low nutrient status
of the lake was a challenge to the use of HPLC. This was however overcome by the inherently
high resolution and precision of the technique (See Jeffrey et al., 1997).

When used in

combination with microscopy, a relatively good assessment of the phytoplankton community
changes could be made. This assessment is expected to be improved by further processing the
HPLC data using CHEMTAX program, whereby the ratios of marker pigment to total [Chla]
are used and input into a matrix to be processed by factor analysis and other algorithms.
Although HPLC-CHEMTAX has not been widely applied in freshwater systems, several
authors including Descy et al. (2000; 2005) and Schlüter et al. (2006) have recommended it as a
promising tool. This is also reflected in the slowly but steadily increasing number of research
articles relating to HPLC-CHEMTAX.
Furthermore, the application of multivariate statistics can provide a better insight on the driving
environmental factors in Loch Rannoch. The speculations made throughout this study prompts
to several future studies that can be designed for a more focussed and thorough investigation of
the oligotrophic system (See Chapter 7).
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CHAPTER 5
Temporal study of Loch Calder (Caithness).

Introduction
Chapter 4 demonstrated that HPLC and PCR-DGGE techniques could be successfully applied to
a Scottish freshwater lake.

While a large number of samples were collected from Loch

Rannoch, the study covered only four sampling dates, representative of the Scottish seasons.
The objective of the work presented in this chapter was to explore changes occurring over
shorter time intervals in Loch Calder, a northern lake in the county of Caithness in northern
Scotland.

5.2

Materials and methods

5.2.1 Study area
5.2.1.1 Lake description
Loch Calder (LC; Grid reference, ND 091596) is a lowland reservoir (elevation, 58 m) that
supplies drinking water to the county of Caithness (Figure 5.1). Covering an area of 3.58 km2
(determined by ArcGIS 9.0/9.1), the modified lake is 3 km long by 2 km wide and is reportedly
ca 28 m deep (Trout Quest™, 2002). A maximum depth of 25.6 m was also reported in the
bathymetric map provided by the National Library of Scotland (NLS, 1902). LC receives water
from a smaller upstream lake (Loch Olginey) and streamlets (e.g. Brawlin burn and Allt’a
Mhuilinn) entering its south-western side. Water flows out of the lake via an abstraction
pipe/Calder burn, which carries water downstream to the River Thurso (Figure 5.2).
Furthermore, Alltan Ghuinne, a natural outlet located on the northern side of the lake, aliments
Forss Water that flows further north to Forss and the Pentland Firth (Figures 5.2 and 5.3).
The Scottish Environmental Protection Agency (SEPA) classified LC as a heavily modified
water body (HMWB) with a bad ecological potential status based on its pre-HMWB status,
overall ecology, hydromorphology and hydrology being bad and water quality being poor
(SEPA, 2008).
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Figure 5.1 Geographical location of Loch Calder is indicated by the arrow.

5.2.1.2 Catchment area
The area of the catchment, estimated to be ca 162 km2 (Figure 5.3), was determined using
ArcGIS 9.0/9.1 (2007, V1.2).

The bedrock in the draining basin is largely composed of

limestone and the embankments on the southern and eastern sides reveal flagstone shores and
sandy beaches respectively. The western and southern sides of the
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Figure 5.2 Loch Calder: inlets (green arrows) and outlets (red arrows) and its catchment area.
Inlets include a streamlet from Loch Olginey (arrow 1), Allt’a Mhuilinn (arrow 2) and Brawlin
burn (arrow 3) and while major outlets are the abstraction pipe/Calder burn (arrow 4) and Alltan
Ghuinne (arrow 5). The position of the near shore (NS) and off-shore (OS) sampling stations are
also indicated by the filled circles.
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Figure 5.3 Delimitation of the catchment area of Loch Calder. The catchment area is illustrated by
the pale blue area and is contrasted with the lake area, represented in bright blue. The delineation
of the catchment was performed by Arc Hydrotools for ArcGIS 9.0/9.1 (2007, Version 1.2).

lake are under peat and coniferous forest cover, while the rest of the catchment area comprises
farmland and grazing pastures. Activities in the area include farming, recreational fishing for
trout and Arctic charr (March to October) and more occasional activities, e.g. logging and peat
burning.
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5.2.2 Water sampling
The study of Loch Calder included both near-shore and offshore sampling. Water from Loch
Calder was collected fortnightly from July 2009 to June 2010, with the exception of December
2009 to early January 2010 and on 24.02.10, when weather conditions were unfavourable.

5.2.2.1 Near-shore sampling
Near-shore sampling (NS in Figure 5.2) was conducted using a clean bucket, which had been
previously acid-washed and rinsed at least three times with DDW. On site, the bucket was
rinsed at least twice with lake water and was tied to a rope before being cast as far as possible
from the shore to avoid the collection of any re-suspended sediment particles from the littoral.
Once cast, the bucket was allowed to sink below the water surface before being recovered to the
shore.

5.2.2.2 Off-shore sampling
Offshore water sampling (OS in Figure 5.2), which was conducted only once (15.06.2010)
during the study of Loch Calder was carried out at the deepest spot of the lake (Grid Ref.: ND
612 073). Water was collected from the water column at two-metre depth intervals, using a 2.5
L- Van Dorn sampler. Although a maximum depth of 28 m was reported by available sources
of information, a depth of only 12 m was revealed during this fieldwork. The offshore sampling
also involved the deployment of a CTD profiler (MIDAS CTD+, Valeport, USA) to measure
conductivity, temperature, oxygen concentration and light (Chapter 2).

5.2.2.3 Water collection and processing
Near-shore and offshore samples were stored in acid-washed 4 litre opaque polypropylene
bottles which had been triple-rinsed with the water sample before being filled. After collection,
the samples were immediately transported to the laboratory for processing. Most samples were
processed within 24 hours of sampling. Physical and chemical analyses were conducted within
48 hours following fieldwork, except for TDN, TDP and DOC and those requiring batch
processing, such as TSP and all biological analyses. Details of sample processing and analysis
have been presented in Chapter 2.
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5.2.3 Weather data
Rainfall data from a weather station located at Loch Calder Sedimentation Works (SRC ID:
14366) were retrieved using the MIDAS dataset accessed through the British Atmospheric Data
Centre (BADC, 2010).
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Figure 5.4 Rainfall data in the catchment of Loch Calder (July 2009 to June 2010).
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5.3

Results

5.3.1 pH
The pH at the near-shore station varied from 6.7 to 7.9, with a median at 7.7. pH was generally
constant but decreased slightly over the end of autumn and winter. While the lowest pH was
recorded at the end of autumn (02.11.2009), another notable decrease occurred in March 2010
(Figure 5.5). These dips in pH were associated with rainy events (See * markings in Figure 5.4
and discussion).
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Figure 5.5 Temporal variation of pH in the waters in Loch Calder from July 2009 to June 2010.
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5.3.2 Total suspended solids (TSP)
The [TSP] was generally below 2 mg L-1 (Figure 5.6). Both, concentration and variation of
[TSP] at the near-shore station of Loch Calder were low during summer, averaging 1.68 ±"0.31"
mg"L*1,"but"the"lowest"value"was"recorded"in"February"2010"(0.42"mg"L*1).""In autumn, mean
[TSP] was relatively high (3.73 ± 3.22 mg L-1) and the highest [TSP] was recorded as 9.85 mg
L-1.
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Figure 5.6 Variation of total suspended solids (TSP) at the near-shore station of Loch Calder from
early July 2009 to late June 2010.
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5.3.3 Phosphorus
Phosphorus data is presented in Figure 5.7. The x-axis in Figure 5.7 crosses the y-axis at 0.03
µM and represents the detection limit of the method used for the determination of [SRP]. SRP
varied from below detection level to 1.06 µM while [TP] ranged from 0.25 µM to 2.48 µM.
[SRP] and [TP] were low during summer (SRP: 0.03 ± 0.02 µM and TP 0.36 ± 0.10 µM) and a
sharp increase in both fractions was noted exceptionally, in early September 2009 (Figure 5.7).
[SRP] was below the detection limit during the end of spring and summer, and no general trend
in the variation patterns of both phosphorus fractions could be established.
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Figure 5.7 Variation of total phosphorus (TP) and soluble reactive phosphorus (SRP) at the nearshore station of Loch Calder from early July 2009 to late June 2010. The four seasons: summer
(Su), autumn (Au), winter (Wi) and spring (Sp) are also shown with the aid of filled boxes placed on
top of the chart.

5.3.4 Nitrogen
The [NH4+] ranged between below detection limit (0.14 µM) and 2.3 µM (Figure 5.8). On two
occasions in summer (late July and September 2009), NH4+ was <LOD. In fact, [NH4+] was low
during summer and increased progressively during autumn and winter, after which its level
remained fairly constant until the end of the study period.
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Figure 5.8 Variation of mean nitrogen fractions (µM): ammonium-nitrogen (NH4+), mean nitrate
and nitrite (NO3- + NO2-), and total nitrogen (TN) at the near-shore station of Loch Calder. The
four seasons: summer (Su), autumn (Au), winter (Wi) and spring (Sp) are indicated at the top of
the chart.

[NO3-] ranged from <LOD (0.71 µM) to 8.1 µM (Figure 5.8). Like NH4+, NO3- was <LOD
during summer 2009, with occasional peaks following rainy spells (e.g. 29.07.09 and 09.09.09).
While [NO3-] increased during autumn and winter, it followed an erratic trend during spring,
and decreased in late June 2010.
[TN] varied from 17 to 59 µM, with both, highest and lowest values recorded in autumn. The
[TN] over time was erratic, with relatively large variations during summer 2009. The seasonal
mean [TN] were comparable, varying between 35 µM and 40 µM.
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5.3.5 Biogenic silica
[SRSi] ranged between 2.4 µM (summer 2010) and 91.2 µM (summer 2009; Figure 5.9). Apart
from the sporadic peaks in SRSi during summer (e.g. 24.08.09) and autumn
(02.11.09), the general trend was a slow and steady increase from summer 2009 to winter
(January 2010), followed by a gradual decrease till the end of the study (i.e. late June 2010).
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Figure 5.9 Variation of soluble reactive silica (SRSi) at the near-shore station of Loch Calder from
early July 2009 to late June 2010.

5.3.6 Phytoplankton
Phytoplankton community composition
Microscopic examination of the Lugol-stained samples collected from the near-shore station of
Loch Calder revealed six main phytoplankton groups (Table 5.1): chrysophytes (Class
Chrysophyceae), Cyanobacteria, diatoms (Class Bacillariophyceae), cryptophytes (Class
Cryptophyceae), dinoflagellates (Class Dinophyceae) and chlorophytes (Class Chlorophyceae
including Xanthophyceae).
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Phytoplankton biomass ranged between 111 and 6038 µg L-1 fresh weight (FW, Figure 5.10a).
The highest and lowest phytoplankton biomasses were recorded at the end of summer 2009 and
in January 2010 respectively.

Table 5.1 List of identified phytoplankton taxa from the near-shore station of Loch Calder from
early July 2009 to late June 2010.
Phytoplankton group

Identified genera or groups

Chlorophytes

Scenedesmus quadricauda, Scenedesmus spp., Botryococcus sp., Pandorina sp.,
Dictyosphaerium sp., Oocystis sp., Tetraedron minimum, Tetraedron caudatum,
Tetraedron sp., Staurodesmus spp., Staurastrum spp., Xanthidium spp.,
Cosmarium spp., Pediastrum simplex, Pediastrum sp., Ankistrodesmus sp.,
Micractinium sp., Closterium sp., amongst other genera of the order Volvocales
and Chlorococcales.

Diatoms

Tabellaria spp., Fragilaria crotonensis, Fragilaria sp., Asterionella formosa,
Asterionella spp., Aulacoseira sp., Cyclotella spp., Surirella sp. (amongst other
Centric and Pennate diatoms).

Chrysophytes

Dinobryon sp., Mallomonas sp., Bitrichia sp., Synura sp. and many singlecelled oochromonads.

Cyanobacteria

Oscillatoria sp., Anabaena sp., Chroococcus sp., Gomphosphaeria sp., and
other unidentified mucilaginous coccoid colonial cyanobacteria.

Cryptophytes

Cryptomonas spp. and Rhodomonas spp.

Dinoflagellates

Peridinium spp., Ceratium sp. (C. hirudinella ?), Gymnodinium spp., and other
non-thecate dinoflagellates.

Euglenophyceae

Euglena sp.

Figures 5.10 (a) and (b) clearly indicate that cyanobacteria and diatoms were the dominant
groups at Loch Calder during the study period.

Oscillatoria sp. was the dominant

cyanobacterial taxon throughout summer and autumn 2009, while the diatom community
comprised several genera (e.g. Fragilaria sp., Aulacoseira sp. and Asterionella sp.) which
contributed differentially throughout the study period and dominated over spring 2010. Other
groups of phytoplankton also thrived during brief succession periods as will be discussed further
in section 5.4.2.
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Figure 5.10 Variation of phytoplankton (a) biomass (µg L-1 fresh weight) and (b) composition (%)
at the near-shore station of Loch Calder from early July 2009 to late June 2010.
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Zooplankton abundance
Zooplankton abundance or density was largely dominated by ciliates, followed by rotifers
(Figure 5.11).

Amongst ciliates, identified taxa included Strombidium sp., Askenasia sp.,

Tintinnidium sp., Tintinnopsis sp. and Vorticella sp.. Rotifers comprised Keratella cochlearis,
several species of Polyarthra sp., Kellicotia longispina, Trichocerca sp. and Filinia longiseta
amongst others.
Zooplankton abundance varied from 200 (February 2010) to 20 636 individuals L-1 (July 2009;
Figure 5.11). Zooplankton density decreased steadily from the early July throughout summer
2009. Following an increase in autumn (e.g. 06.10.09), the zooplankton density decreased to its
lowest in winter (200 ind. L-1 in 12.02.10). Its density peaked over mid-spring (18.05.10)
before decreasing again at the end of the study (Figure 5.11).
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Figure 5.11 Variation of zooplankton density (number of zooplankton per litre) at the near shore
station of Loch Calder
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Pigment profiles

Phorbins
[Chla] varied from <LOD (7 ng L-1) to 3.53 µg L-1. The highest [Chla] was recorded on
21.09.09, after which [Chla] decreased to low and below detection levels (Figure 5.12a).
[Phaeta] varied from <LOD (23 ng L-1) to 2.15 µg L-1. [Phaeta] peaked at least once every
season, following an apparent cyclic pattern of variation.

The highest concentration was

recorded during autumn 2009 while the phaeopigment was below detection during mid-spring
of 2010. [Phaeba] ranged from <LOD (12 ng L-1) to 2.79 µg L-1. During this study, three major
peaks in the phaeopigment was noted, with its highest concentration recorded in early spring
2010 (Figure 5.12a). [Chldea] was generally low throughout the study, varying from below
detection level (6 ng L-1) to 110 ng L-1, the highest concentration being recorded on 02.11.09.

Carotenoids
Seven carotenoids were quantified from Loch Calder water samples: peridinin (Per),
fucoxanthin (Fucox), diadinoxanthin (Diadinox), alloxanthin (Allox), zeaxanthin and lutein
(T[Zeax+Lut]), chlorophyll b (Chlb) and β-carotene (B-Caro).

Variation of the different

carotenoids (Figure 5.12b) appeared to follow a similar trend to that of Chla (Figure 5.12a).
Fucox was present in the highest concentration (450 ng L-1) throughout most of the study,
followed by T[Zeax + Lut] (385 ng L-1) and β-Caro (357 ng L-1). As with Chla, the highest
carotenoid levels were recorded during summer 2009 and decreased significantly after autumn
2009 (Figure 5.12). Following summer 2009, occasional increases in carotenoids other than
Fucox (e.g. T[Zeax + Lut]) were observed in the water samples (Figure 5.12b).
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Figure 5.12 Variation of (a) total chlorophyll a (T[Chla]), phaeophytin a ([Phaeta]), chlorophyllide
a (Chldea) and phaeophorbide a (Phaeb a) at the near-shore station of Loch Calder from early July
2009 to late June 2010. (b) carotenoids peridinin (Per), fucoxanthin (Fucox), diadinoxanthin
(Diadinox), alloxanthin (Allox), zeaxanthin and lutein combined (T[Zeax+Lut]), chlorophyll b
(Chlb) and β-carotene (B-Caro) at the near shore station of Loch Calder from early July 2009 to
late June 2010.
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5.3.7 Bacterioplankton
Bacterial abundance
Epifluorescence microscopy (EPM) and flow cytometry (FC) were used to determine bacterial
abundance or density (Figure 5.13). In the case of EPM, each sample was represented by a
single slide; the number of field of views (FOV) examined, varied depending on a visual
estimation of bacterial cell numbers following the screening across the DAPI-stained sample at
a magnification of 1250X. Meanwhile, each gluteraldehyde-fixed sample (1 %, final conc.) was
run twice and in most cases, duplicate samples were analysed by FC.
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Figure 5.13 Changes of bacterial densities at the near-shore station of Loch Calder from early July
2009 to late June 2010. Bacterial abundance was measured by epifluorescence microscopy (BEPM)
and flow cytometry (BFC).

Bacterial density determined by EPM (BEPM) varied between 1.0 x 109 L-1 and 4.2 x 109 L-1
while that determined using FC (BFC) ranged from 1.15 x 109 L-1 to 3.76 x 109 L-1. The bacterial
population in Loch Calder was highest during summer (BEPM: 3.64 ± 0.38 x 109 L-1; BFC: 2.55 ±
0.43 x109 L-1) and decreased gradually towards winter (BEPM: 1.21 ± 0.24 x 109 L-1; BFC: 1.45 ±
0.57 x109 L-1). With the onset of spring, the bacteria density increased progressively till the end
of the study (Figure 5.13).
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Bacterioplankton diversity
PCR-DGGE analysis of all water samples from Loch Calder revealed a total of different 58
operational taxonomic units (OTUs). The number of OTUs per sample ranged between 23 and
32 and the seasonal means were comparable, varying from 26 to 29 OTUs. The analysis of
presence or absence of OTUs also indicated that the band quality in terms of visual distinctness
was better during summer and deteriorated during autumn, with the occurrence of an increased
number of faint bands.
UPGMA cluster analysis of all near-shore samples revealed the existence of several microbial
clusters, which can be roughly grouped into six major clusters. Similarities between five of
those major clusters ranged from 60 % to 92 % (Figure 5.14a), while a single sample (i.e.
sample LC210409) was significantly different from the bacterioplankton community
composition in the lake, throughout the study.
Multi-dimensional scaling (MDS) illustrates the changes in microbial distribution with time
(Figure 5.14b). The major clusters generated in the cluster analysis are encircled and numbered
in ascending order to represent the chronological changes in bacterioplankton community
composition. This progression, based in pair-wise Dice similarity, is further highlighted by the
use of arrows (Figure 5.14b).
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Figure 5.14 (a) UPGMA cluster analysis of all samples collected between early July 2009 and late June 2010, from the near-shore station of Loch Calder. The samples

were grouped into their respective seasons, represented by different colours (yellow: summer; green: spring; red: autumn and blue: winter). It should be noted that

LC150610 has been included into the summer group. The sample code included the initials of the lake followed by the sampling date. (b) MDS was based on Dice
similarities between pairs of samples listed above.
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5.4

Discussion

This study, which follows a successful spatiotemporal investigation of Loch Rannoch, was the
first to measure the variation of biotic factors, including phytoplankton and bacterioplankton,
over time in a North Highland lake. As well as providing a complementary physicochemical
dataset, the study aimed at evaluating whether biotic changes occurring at shorter time intervals,
were detectable using state-of-the-art techniques such as HPLC and PCR-DGGE.
Standards from both, OECD (1982) and Swedish EPA (2002) were inconclusive regarding the
trophic classification of Loch Calder. According to the Swedish EPA (2002), Loch Calder
showed a low to moderately-high [TP] (Class 1 – 2; 12.5 – 25 µg L-1) and moderately-high to
high [TN] (Class 2 – 3; 300 – 1250 µg L-1). OECD values on the other hand, would classify
Loch Calder as mesotrophic, with respect to its [TP] (10 – 30 µg L-1) but ultra-oligotrophic
according to its [DIN] (< 200 µg L-1). Since OECD (1982) and Swedish EPA (2002) criteria
showed consensus over the environmental parameter TP, Loch Calder was typified as a
mesotrophic system.

5.4.1 Influence of weather: rainfall and wind
Northern Scotland is characterised by its changeable weather conditions, upon which fieldwork
was heavily dependent. Rainfall, and by inference, surface water drainage effected variations of
several parameters. The rainfall data used for correlation analysis consisted of the total rainfall
(mm) over two weeks preceding each sampling date, because the water chemistry at a given
point in time might be resultant of a cumulative rather than an immediate response to a change.
Pearson (r) and Spearman rho (rs) correlations, carried out to assess the relationships between
rainfall and the set of variables determined during this study, indicated that pH (rs = -0.524, p <
0.05), SRP (rs = 0.647, p < 0.01), TP (rs = 0.492, p < 0.05), NO3- (rs = 0.539, p <0.01), NH4+ (r
= 0.463, p < 0.05), DIN (rs = 0.580; p < 0.01) and SRSi (rs = 0.575, p < 0.01) were significantly
influenced by rainfall.
The decrease in pH following rainy events (Figure 5.5) was probably due to the drainage of
humic/fulvic acids from the surrounding catchment (Driscoll et al., 1989; Halsey et al., 1997;
Williamson et al., 1999). In fact, because the lake was surrounded by large areas of peat and
forest, its pH was expected to be lower than the actual readings. The brown-coloured waters in
Loch Calder were suggestive of a possibly large influence of allochthonous DOM (DOC: 5.0 –
21.6 mg L-1) and thereby, owing to its humic and fulvic contents, a pH below 7 units was
expected. The higher pH might be attributable to the calcareous nature of the bedrock in the
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catchment area.

The decline in pH occurred over the autumn-spring period, when algal

productivity was either low or decreasing and temperature was low. It may be speculated that
relatively high algal production (in summer), most probably induced by high temperatures and
light, improved the buffering capacity in the lake, such that a rainy event (e.g. 09.09.09), would
not entail in a notable decrease in pH.
The significant positive correlations between rainfall and nutrients (e.g. NO3-, NH4+, SRP and
TP) indicated that a large proportion of the nutrient pool was imported via increased surface
water drainage into Loch Calder. A positive relationship between [TP] and rainfall was already
established. Although a significant correlation existed between [TP] and [TN] (rs = 0.573, p <
0.01), the association between [TN] and rainfall was not significant (p > 0.05). Consequently,
TN:TP ratio was inversely related to rainfall (r = -0.578, p < 0.01).
Besides rainfall, water chemistry was probably also influenced by windy spells that might
explain the fluctuations in TSP, especially on 02.11.09, 30.11.09 and 21.04.10 (Figure 5.6). It is
speculated that wind-driven turbulences caused re-suspension of sediments, which in turn
increased turbidity in the relatively shallow waters of Loch Calder and generated high TSP
readings. When the near-shore sampling was conducted against the direction of fetch, the
collection of a representative sample was challenging; the bucket, cast with difficulty, would not
reach far enough due to the high surface-water currents forcing it towards the shore. It was
likely that water samples collected during windy conditions may have been influenced by a
disturbed littoral zone and the influence of sedimentary materials could not be overlooked on
such occasions. Calmer conditions, characterised by a light breeze or an absence of wind,
favoured the settling of abiotic suspensoids and thence, low TSP (e.g. 16.11.09, Figure 5.6).
Although rainfall was expected to have a significant influence on [TSP], their relationship was
not statistically correlated (rs = -0.092; p > 0.05).

5.4.2 Phytoplankton pigments
Phytoplankton composition
The River Basin Management Plan (RBMP) undertaken by SEPA (SEPA, 2008) identified Loch
Calder (Code 100017) as a HMWB with a bad ecological potential. According to SEPA
(2008), the water quality status in Loch Calder was high with respect to [TP] and moderate with
respect to its [Chla]. Biological elements, including phytoplankton and cyanobacteria indicated
poor water status. No details of phytoplankton composition were however provided.
In this study, the dominant phytoplankton and zooplankton taxa in Loch Calder throughout the
fortnightly survey of the near-shore waters were identified (Table 5.1). The presence and
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persistence of key indicator species such as Asterionella spp., Fragilaria sp., Tabellaria spp.,
Scenedesmus spp. and Oscillatoria sp. amongst others, confirmed the lake’s meso- and/or
eutrophic status (Rosén, 1981).
In contrast and with reference to the OECD management model (Vollenweider and Kerekes,
1982), the annual mean [Chla] (0.4 ± 0.6 µg L-1) indicated ultra-oligotrophy. During summer
2009, the relatively high [Chla] at the near-shore station (Figure 5.12) was suggestive of
mesotrophy. However, from autumn onwards, the decrease in [Chla] contributed largely to its
overall decline. As discussed in the previous chapter (section 4.3.2), HPLC enabled the discrete
determination of [Chla] in Loch Calder samples as opposed to Chla determined by
spectrophotometry or fluorometry which are more subject to interference.

OECD figures,

which were analysed spectrophotometrically, tends to overestimate [Chla] despite correction for
phaeopigments (e.g. Dos Santos et al., 2003).

Pigment composition

Biomass vs. pigment composition
The presence and relative concentrations of pigments were indicative of compositional as well
as physiological changes in the phytoplankton community. The limited taxonomic resolution
associated with pigment analysis can be overcome by the combination of inverted microscopy
(Irigoien et al., 2004; Havskum et al., 2004; Sarmento and Descy, 2008), as used in this study.
Development of the large phytoplankton biomass during summer and autumn 2009 (Figure
5.10a), was most likely triggered by warmer waters and favourable light conditions. The high
biomass was supported by corresponding increases in both phorbin (e.g. [Chla]) and carotenoid
levels (Figures 5.12a and b respectively). Cyanobacterial blooms have been reported during
summer in Scottish water bodies, especially meso- and eutrophic freshwater lakes, e.g. the south
basin of Loch Lomond (Habib et al., 1997) and Loch Leven (Elliot and May, 2008). Llewellyn
and Gibb (2000) highlighted the extensive intra-class and intra-species variability in marine
phytoplankton such as prymnesiophytes and diatoms.

By investigating the changes in

Chla:carbon biomass in phytoplankton populations during self-shading and conditions of
nutrient depletion, their study illustrated why a cyanobacterial bloom (e.g. Oscillatoria sp.)
might not necessarily produce a proportionally high [Zeax] and why the dominance of Fucox
can be justified despite the concomitance of relatively lower biomasses of diatoms and
chrysophytes combined (Figure 5.12b).
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Dinoflagellates were another example of phytoplankton, whose [marker pigment] (i.e. [Per])
was weakly associated with their biomass. It is noteworthy that Per is a well-established
signature pigment (Jeffrey et al., 1997) for dinoflagellates and is usually produced in relatively
small amounts. The dinoflagellate population thriving between July and October 2009 (Figure
5.10a), which comprised a large number of nanoplankton (< 20 µm), including Peridinium spp.
and non-thecate dinoflagellates, generated a high [Per] (Figure 5.12b). By contrast, and despite
a high dinoflagellate biomass (Ceratium sp. and few smaller dinoflagellates) in spring 2010, the
yield of [Per] was low (Figure 5.12b). Although the Ceratium sp. had a high cellular biovolume
and subsequently a high biomass, the relative abundance of the taxon was lower than in summer
2009. While the low abundance and low protoplasmic volume to cell biovolume ratio, might
not fully justify the low [Per] in spring 2010, the physiological state of the phytoplankton might
largely contribute.

Another good example illustrating the lack of corroboration between

[pigment] and microscopy data relate to the diatom population; despite its dominance in spring
2010, no Fucox was detected in Loch Calder samples. It was likely that pigment content in
microalgae might be limited by other conditions such as light and nutrients (e.g. Descy et al.,
2000; Schlüter et al., 2000; 2006).
This result along with several other examples throughout this study, indicated that at any given
time, [pigment] in a sample did not always directly relate to its respective phytoplankton
biomass; a correct interpretation would solicit a judicious scrutiny of both pigment and
microscopy data.

This would require the use of additional software packages such as

CHEMTAX, as will be elaborated in Chapter 7.

Chlorophyll degradation products
The increase in [Chla] resulting from the summer bloom in 2009, was not succeeded by other
peaks of [Chla] (Figure 5.12a) anticipated concomitantly with the trend in phytoplankton
biomass (Figure 5.10a).

However, variation of other phorbins was suggestive of ongoing

biological processes (LeRouzic et al., 1995) in Loch Calder.

Chlorophyllide a
[Chldea] was low and often below detection throughout the study. Besides its association with
senescence of phytoplankton (e.g. Le Rouzic et al., 1995; Yacobi et al., 1996; Hörtensteiner,
1999), Chldea can also be generated as an artefact following pigment extraction (Jeffrey and
Hallegraeff, 1987). The absence of Chldea over most of the study provided reassurance that the
pigment extract was not subject to significant

chlorophyll degradation related to pigment

extraction (e.g. Jeffrey and Hallegraeff, 1987), and that pigment values were therefore robust.
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Following filtration, samples were immediately stored at -80°C before being extracted in
batches, using 100% acetone. These precautionary measures, along with those taken during
extraction, were expected to halt chlorophyllase activity (Jeffrey and Hallegraeff, 1987; SCOR,
1997) and thereby limit in vitro formation of Chldea. Furthermore, if synthesised during
sample processing and pigment extraction, [Chldea] would be expected to be consistently high
throughout at least ten consecutive samples, because the latter were extracted in batches,
ordered chronologically. Due to the consistently low [Chldea] over autumn and winter, its
attribution to an extraction artefact could not be totally excluded and was therefore considered
minimal.
[Chldea] has also been widely accepted as an indicator of algal senescence (Yacobi et al., 1996;
Roy et al., 1996; Hörtensteiner, 1999; Louda et al., 2002). Despite the generally low [Chldea]
in Loch Calder as compared to Lake Kinneret (Yacobi et al., 1996), sporadic increases in
[Chldea] over autumn and winter could be explained by concomitant increases in micro-algal
senescence.
The first clear sign of senescence in Loch Calder was presented by Aulacoseira sp. population
in early September 2009, when a large number of fragmented sections of mature filaments were
observed in the sample. However, senescence of mature Aulacoseira sp. was accompanied by
an increased number of maturing filaments, possibly explaining why a rise in either [Chldea] or
[Phaeba] was not detected. By contrast, a significant increase in senescent cells and detritus,
revealed in the early-November 2009 sample, was accompanied by a rise in both dephytylated
pigments levels (i.e. Chldea and Phaeba) when the highest [Chldea] (110 ng L-1) was detected.
The significant association between [Chldea] and rainfall (rs = 0.451; p < 0.05) underlined the
importance of weather-induced turbulence to algal senescence while the relationship between
[Chldea] and pH (r = -0.692; p < 0.01) might relate to the dependency of chlorophyll catabolism
on acidic conditions (e.g. Gossauer and Engel, 1996), albeit under unphysiological conditions
(Matile et al., 1999). Interestingly, despite a low phytoplankton biomass (Figure 5.10a), [Chla]
was higher (1311 ng L-1 in Figure 5.12a) than expected.

Phaeopigments
Phaeopigments (e.g. Phaeba and Phaeta) are catabolites originating from chlorophyll
breakdown that may be formed as a result of senescence (Phaeba; Hörtensteiner, 1999;
Pružinská et al., 2003), photo-degradation (Yentsch, 1965; Le Rouzic et al., 1995; Collos et al.,
2005) or more commonly, zooplankton grazing (e.g. Welschmeyer et al., 1984; Yacobi et al.,
1996; Wright et al., 2010).
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Phaeophorbide a
With the exception in late June 2010, Phaeba was always present in Loch Calder, with its
concentration peaking three times between autumn 2009 and spring 2010 (on 06.10.09;
02.11.09 and 21.04.10). During this period, the Phaeba : Chla ratio was high, varying between
0.9 and 6.4.
This study revealed that increases in the phaeopigment concentration were due to grazing and/or
rough weather conditions (rainy and windy events). Although the zooplankton population
(ciliates; Figure 5.11) increased on 06.10.09, its effects on phytoplankton and pigment
compositions were not clear. From October onwards, when daylight was declining and ciliates
abundant, [Chla] and [carotenoid] decreased significantly. Nevertheless, the phytoplankton
biomass, largely dominated by Oscillatoria sp. (Figure 5.10b), was still high in early October
2009 (Figure 5.10a). Oscillatoria filaments during that time, were mature and on a gradual
decline. Known to be a poor food source for zooplankton (Gulati et al., 2001; Work and
Havens, 2003) and especially nanoplanktonic ciliates, Oscillatoria sp. was relatively unaffected
by grazing, hence its high biomass. Despite a generally strong and significant relationship
between cyanobacterial population and T[Zeax+Lut] (r = 0.909; p < 0.01), the cyanobacterial
biomass (5476 µg L-1 FW) on 06.10.09 did not generate a concomitant response in terms of
either [Chla] or T[Zeax+Lut] (Figures 5.12a, b); in fact, with the exception of Phaeba, no other
pigment was detected (Figures 5.12a, b). While it was likely that the phytoplankton community
was limited by light, the cyanobacterial filaments probably underwent physiological changes
(e.g. degree of maturation and aging, and increased segmentation and fragmentation) that did
not reflect on their biomass (i.e. microscopy data). Therefore, the major peak of Phaeba may
still be attributable to grazing in Loch Calder.
The successive peaks of Phaeba (02.11.09 and 21.04.10) were both associated with the resuspension of sedimentary materials as weather-conditions prevailing on the sampling dates or
on the day/s preceding them, were rainy and windy. Increased re-suspension of sedimentary
particulate matter, caused by surface water drainage and wave-induced turbulence in Loch
Calder, was indicated by subsequent peaks of TSP (Figure 5.6) although this could not be
supported statistically (p > 0.05).
Phaeba and Phaeta have been commonly reported in geologic pigment studies (e.g. Spooner et
al., 1994; Bianchi et al., 1998; 2002; Pickering and Keely, 2011). As reviewed in Louda et al.
(1998), the main sedimentary flux of chlorophyll derivatives (e.g. phaeopigments) occurs via
the deposition of faecal pellets (e.g. Leavitt and Carpenter, 1990), and hence, phaeophorbides,
generated from heterotrophic processing, might be expected to predominate. However, “where
(a) deposition occurs by the direct settling of photoautotrophs with little heterotrophic pressure,
(b) cyanobacterial mats become directly buried, (c) “sloppy feeding” occurs in and around
phytoplankton blooms, (d) when fecal pellets contain/release intact phytoplankton or (e) when
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senescent cells are released by ice melts, then the array of chlorophyll derivatives delivered to
the sediments would more likely be controlled by senescence-death processes.” (Louda et al.,
1998 and references therein, pp 1234).

In whichever case, phaeopigments are likely to

accumulate in the surficial layer of sediment, and disturbance of the latter is expected to
increase [phaeopigment] in the water column.

Phaeophytin a
Phaeta concentrations were relatively high (up to 2151 ng L-1) in Loch Calder and it was absent
on only three occasions i.e. end of April 2010 until mid-May 2010 (Figure 5.12a).

The

variation of Phaeta followed a cyclical trend (Figure 5.12a). As mentioned earlier, Phaeta is
commonly used as an indicator for zooplankton grazing. Although not clearly evident from
Figures 5.11 and 5.12a, zooplankton density and Phaeta were positively correlated (r = 0.463; p
< 0.05). Similarly, a positive relationship also existed between [Phaeta] and [Chla] (r = 0.869;
p < 0.01). These correlation data indicated that [Phaeta] in Loch Calder was linked to grazing
activity, which itself, increased with phytoplankton biomass i.e. [Chla].
The highest [Phaeta] occurred in early November, a period during which, rainy as well as windy
conditions prevailed in Loch Calder. However, despite similar weather conditions at the end of
April 2010, no high [Phaeta] was recorded, making the association of high [Phaeta] to resuspension of POM unlikely.

Unidentified peaks
Figure 5.12a showed that along with [Chla], the variation of its degradation products was
equally important in Loch Calder. In fact, phaeopigments were a characteristic feature of Loch
Calder, especially during autumn and winter.

Although only Phaeba and Phaeta were

monitored during this study, the presence of additional pigments bearing similar absorbance
patterns to Phaeba but different retention times, was detected. These Phaeba-like pigments
were expected to be derived from grazing or microbial degradation of phaeopigments either in
the water column or sediments (See Figure 5.15).
sedimentary pigments.
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Figure 5.15 Important chlorophyll a degradation pathways in a marine environment (Reproduced
from Bidigare et al., 1986).

At least two such pigments were observed, one co-eluting with Fucox (4.7 minutes) and the
other, eluting between 7.0 – 8.2 minutes.

These pigments, which appeared from autumn

onwards, were however not quantified. The pigment co-eluting with Fucox is suspected to be a
pyro-phaeophorbide.
A host of chlorophyll derivatives such as pyro-chlorophyllides, pyro-phaeophorbides and pyrophaeophytins have been reported in sedimentary pigment studies (e.g. Spooner et al., 1994;
Bianchi et al., 1998, Talbot et al., 1999; Walker and Keely, 2004). Pyro-phaeophorbide a is
known to form from grazing (e.g. Head and Harris, 1992) and senescence of algae (Head et al.,
1994).
The number of Phaeba-like peaks increased from early October 2009. Their chromatograms
revealed the co-elution of many compounds having a maximum absorbance peak at 409 and 410
nm, within eight minutes following sample injection.

This was especially true in early

November 2009 and late April 2010, which were periods of relatively stormy conditions that
were likely to cause the re-suspension of
The elution of additional unidentified peaks was noted between the retention times of Fucox and
Allox. These minor pigments can be broadly classified as xanthophylls that have a maximum
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spectral absorbance at around 450 nm. Some of these peaks might include diatoxanthin or other
pigments resembling violaxanthin, canthaxanthin and astaxanthin.

However, this requires

further investigation because the standards of these prospective pigments were not run during
this work.
The chromatograms from June 2010-samples revealed the presence of another pigment, which
either preceded or co-eluted with Allox. This unknown pigment had an absorbance maximum
of 430 nm and formed conspicuous peaks especially in the vertical profiles undertaken at Loch
Calder (data not shown). It was interesting to note the emergence of a new pigment when the
usual chlorophylls and carotenoids were low in concentration. The identification of the pigment
will require elucidation in future works following this research.

Light and carotenoids
The variation of pigment composition also underlined the physiological state of the
phytoplankton community in Loch Calder throughout the study. Dominant carotenoids in the
lake included Fucox, Zeax+Lut and β-Caro, while Allox, Chlb, Diadinox and Per occurred in
lower concentrations.

While most of these are light-harvesting pigments (LHPs) directly

involved in photosynthesis, two of the most dominant carotenoids (i.e. Zeax and β-Caro) are
photo-protective pigments (PPPs; Schlüter et al., 2006; Descy et al., 2009).
Fieldwork was conducted at roughly the same time of the day throughout the whole study. High
pigment levels during summer were primarily attributable to an increased number of sunshine
hours and solar intensity during that same period. Therefore, Zeax and β-Caro might have a
dual role: besides being associated with the biomass of cyanobacteria and diatom in Loch
Calder, they also indicated that the dominant phytoplankton groups were adapting to high solar
radiation. In order to prevent photo-inhibition due to high solar irradiation, certain microalgae
operate their xanthophyll cycles either through violaxanthin-zeaxanthin or diadinoxanthindiatoxanthin pathways (Pfündel and Bilger, 1994; Rmiki et al., 1996).

While the diatom

community in Loch Calder might have adopted a diadinoxanthin-diatoxanthin mechanism, no
such non-photochemical quenching (NPQ) strategy has not been reported in cyanobacteria.
Although Zeax has been suggested to play a role in NPQ in cyanobacteria (Demmig-Adams,
1990; Demmig-Adams et al., 1990), this is arguable (Wilhem, 1990). On the other hand, it is
very likely that Zeax protects cyanobacteria by screening them from intense and prolonged
irradiance (Bidigare et al., 1989; Pfündel and Bilger, 1994). The formation of Zeax from βCaro via the xanthophyll biosynthetic pathway, justified the concurrently high [β-Caro] in Loch
Calder.
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Similarly, when light conditions deteriorated (i.e. autumn and winter), the level of PPPs
dropped. This was accompanied by a significant fall in carotenoids and chlorophylls (Figures
5.12 a, b) and a notable increase in chlorophyll degradation products.
During autumn and winter, the phytoplankton community was small, and in a poor cytological
condition with dislocated protoplasm and low plastid counts.

The improvement in light

conditions, which generally characterises spring, was accompanied by a rise in phytoplankton
biomass.

Microscopy data showed a net dominance of diatoms (Asterionella spp. and

Aulacoseira sp.) in May 2010, which as discussed earlier, was not reflected in the pigment data.
It was likely that the cold, cloudy weather with frequent spells of rain and blustery conditions
that prevailed in spring 2010, might explain the phytoplankton biomass and its community
composition. The weather conditions did not affect the biomass as much as it impacted on the
physiological status (e.g. Chla:C ratio) of the phytoplankton community (MacIntyre et al.,
2002).

It was likely that the phytoplankton taxa were adapted or adapting to low light

intensities either due to the weather (e.g. cloudiness and rain) or wind-induced turbidity and
poor underwater light climate.

Cryptophytes and diatoms are adaptable to limiting light

conditions, thereby an increase in their respective biomasses during this period (e.g. Langdon,
1988; Berges and Falkowski, 1998; Gervais, 1998; Felip and Catalan, 2000).
Further improvements in terms of light and relatively high temperatures by the end of the study
probably favoured the restoration of the photosynthetic capacity of the phytoplankton
community. This was shown by an increase in carotenoids such as Fucox and Zeax+Lut,
despite a relatively low phytoplankton biomass (Figure 5.10a). The vertical profiles evidenced
recuperation in terms of pigments (data not shown) and the appearance of new, unidentified
pigments as well.

5.4.3 Bacterioplankton
Bacterioplankton density
EPM is used conventionally for the enumeration of bacteria, while FC is a more contemporary
technique, now routinely used for rapid bacterial counts (e.g. Fuchs et al., 2000, Felip et al.,
2007). Most studies use either technique and fewer studies have used both, with EPM serving
to inter-calibrate the FC method. Although BEPM and BFC data (Figure 5.13) followed slightly
different trends with BFC being generally higher than BEPM, they were significantly correlated (r
= 0.597; p < 0.01). Discrepancies between BEPM and BFC in 90% of the samples did not exceed
40%, while only two samples differed by more than 100%.
Studies that have combined EPM and FC have revealed a significant correlation between BEPM
and BFC (e.g. Felip et al., 2007). Several studies report that BFC tends to be higher than BEPM
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(e.g. Lebaron et al., 1998; Gasol et al., 1999; Jochem, 2001); Felip et al. (2007) for instance,
reported the median of the ratio between the two estimates (BFC/BEPM) to be 1.27. The mean
and median FC/EPM ratios in this study only slightly exceeded 1.0 (mean: 1.08 ± 0.07; median:
1.04). While BFC in Loch Calder was overall, slightly higher than BEPM, the largest differences
(> 100%) between bacterial counts were both reported in November 2009. November 2009,
being characterised by rainy and windy weather conditions, increase in BFC might be
attributable to the re-suspension of a large number of low nucleic acid (LNA) bacteria, which
were not detected by EPM. It is interesting however, that a stormy event in late April 2010 did
not produce a similar response.
Differences in BEPM and BFC can be explained by several reasons:

Sample processing
During sample processing, a standard operating procedure (SOP) was prepared for each
technique and a number precautionary measures were adopted to avoid either loss of bacterial
cells or contamination. While FC was a straight-forward technique requiring little handling of
the gluteraldehyde-fixed samples, slide preparation for EPM involved numerous steps which
might have accounted for loss in bacterial cells. However, such loss was mitigated by rinsing
the filter funnel at least thrice with sterile Titripac® water (Merck, Germany), to recover any
bacterioplankton that might have attached to its wall. Furthermore, loss of bacteria by passage
through the 0.2 µm-pore-sized filters might also account for under-estimation in BEPM (e.g.
Jochem, 2001).

Stains
As reviewed in Chapter 1, bacterial counts may be influenced by the type and quality of stains
used (e.g. Porter and Feig, 1980; Caron, 1983; del Giorgio et al., 1996; Lebaron et al., 1998;
Gasol et al., 1999; Posch et al., 2001). During this study, slides prepared for EPM analysis
were stained with DAPI while SYBR Green I was used during FC. Both stains were selected
because of their suitability for the respective techniques they were each associated with (e.g.
Marie et al., 1997; 1999; Jochem, 2001; Felip et al., 2007). The work did not question the
reliability of BEPM and BFC data that could be compared and contrasted with that of other studies
employing the same techniques. However, as was shown here, disparities between the two
datasets may still exist.

196

Techniques
Differences between BEPM and BFC data may also be attributed to the relative sensitivities of the
techniques. EPM relies on the visual estimation of bacterial numbers and is therefore restricted
by limitations of the human eye, and by the observer’s own biases. Depending on the SOP
devised by the observer, whether he/she chooses to include very dim particles (e.g. viruses) and
/ or count only fluorescing white particles (i.e. high nucleic acid bacteria; HNA) may explain
partly the respective over- or under-estimations in EPM counts with respect to FC. Meanwhile,
FC is a rapid technique for counting single-celled bacteria, and might be limited by microbes
that aggregate to form long filaments or colonies, and lead to an under-estimation of the
bacterioplankton population size in the sample (e.g. Laplace-Builhé et al., 1993; Nebe-vonCaron et al., 2000).
During summer, when phytoplankton biomass was highest in Loch Calder, BFC was lower than
BEPM. Heterotrophic bacterial growth (Eiler et al., 2003) and bacterial abundance (Azam et al.,
1983; Vaqué et al., 1989; Engström et al., 2002) generally increase during periods of high
phytoplankton activity and abundance (Eiler, 2006), as supported by BEPM data in this study.
BFC data however, did not corroborate.
Algae and cyanobacteria can be intensively colonised by bacteria (e.g. Brunberg, 1999). It may
be speculated that relatively low BFC with respect to BEPM in Loch Calder during summer was
associated with the attachment of bacteria to surface of the filamentous cyanobacteria
Oscillatoria sp.. Besides their association with Microcystis spp. (Brunberg, 1999), bacterial
colonisations and biofilm formations have also been observed in filamentous cyanobacteria such
as Aphanizomenon sp. (Paerl, 1976), Anabaena flos aquae (e.g. Müller and Sengbusch, 1983),
Nodularia sp. (Salomon et al., 2003) and Oscillatoria spp. themselves (Paerl et al., 1989;
Nausch, 1996). Although several reviewers (e.g. Gasol and del Giorgio, 2000; Collier, 2000;
Dubelaar and Jonker, 2000) have highlighted the limitations of FC when processing
phytoplankton samples, under-estimation of BFC due to the adherence of heterotrophic bacteria
onto the surface of conspicuous phytoplankton has not been reported.

Bacterioplankton diversity
With a total of 58 OTUs, bacterioplankton diversity in Loch Calder was relatively high and
sometimes comparable to that of Swedish lakes. For instance, mesotrophic Lake Siggeforasjön
contained 32 taxa (Lindström, 1998), a total of 60 taxa were detected in 5 lakes of different
trophic status (Lindström, (2000; 2001), 33 and 63 taxa were recorded in Lake Örträsket and
Lake Stor-Stansjön and their respective inlets (Lindström and Bergström, 2004). Loch Calder
however comprised a slightly lower diversity than eutrophic sub-tropical Lake Donghu (Yu et
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al., 2008) where a minimum of 50 and average of 73 taxa were recorded from 20 samples. The
relevance and significance of the number and quality of DGGE bands (OTUs) have been
discussed in Chapter 4 and will not be dealt further in this chapter.
Bacterial density was significantly correlated to [DIN] (BEPM: r = -0.702, p < 0.01; BFC: r = 0.523, p < 0.05), as well as to biological factors such as [Chla] (BEPM: 0.779, p <0.01; BFC: r =
0.532, p < 0.01) and zooplankton density (BEPM: r = 0.621, p < 0.01; BFC: r = 0.417, p < 0.05).
However, no significant correlation was established between bacterial diversity and any of the
other parameters studied, probably because BCC at a particular time was attributable to an
interaction of several factors and not a single parameter. It is also very likely that the factors
triggering changes in diversity were species-specific, in which case, the statistical methodology
used here would not allow for any generalisations regarding the main causes of BCC changes in
Loch Calder to be made. Chapter 7 exploits this limitation in defining future work.

Temporal variation
Like bacterial density, bacterioplankton diversity was temporally variable. Two DGGE bands
occurred at the same positions in all the samples collected throughout the study and this
omnipresence was indicative of the relative stability in the BCC of Loch Calder, as suggested
by Lindström (1998) in Lake Siggeforasjön (Sweden). The highest bacterioplankton density
which occurred in summer (BEPM in Figure 5.13) concurred with a high bacterial diversity, with
OTU numbers averaging 29 per sample. As the bacterial population size decreased towards
autumn and winter 2009, the mean number of OTUs decreased only slightly (26 and 28
respectively) and the quality of bands deteriorated. Although this decrease in diversity was not
significant, autumn and winter were characterised by a large number of faint bands.
In Loch Calder, six distinct bacterioplankton communities established themselves between
summer 2009 to summer 2010 (Figure 5.14). Here, seasons were delimited on the basis of
astronomy (i.e. equinox and soltice) rather than meteorology (i.e. temperature). MDS showed
that BCC in samples from two consecutive meteorological seasons were often in the same
cluster (e.g. clusters 3, 5 and 6 in Figure 5.14b). This indicated that (i) conditions during those
sampling dates were favourable for the establishment of a similar BCC and (ii) transitional
periods within each season could be delimited on the basis of BCC.
Similar conditions occurring at different times of the year or within a season, favoured the
establishment of a bacterial community (e.g. de Figueiredo et al., 2007). MDS not only enabled
the visual distinction between BCC with respect to different seasons, but also allowed the
delimitation of the season itself. In fact, the clustering coincided well with the ecological
seasons for temperate regions of the Northern Hemisphere. Clusters 1 and 6 represented BCC
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in summer 2009 and 2010 respectively. Serotinal and estival BCC in 2009 formed a single
cluster (Cluster 1), while clusters 2 and 3 were representative of autumnal and hibernal BCC.
Interestingly, cluster 5 represented a pre-vernal BCC, which differentiated well from cluster 6
that grouped the vernal and estival BCC in 2010.
BCC in Loch Calder, being associable to ecological seasons inferred that planktic communities
were influenced by at least, temperature, sunlight (exposure time and intensity) and rainfall. It
would not be entirely incorrect to affirm that changes in BCC of Loch Calder were, like in many
freshwater lakes (e.g. Van der Gucht et al., 2001; Yannarell et al., 2003; Zwistler et al., 2003),
weather-driven. However, the speculation that BCC was a function of lake-specific conditions,
determined by several internal and external factors would be more appropriate.
The fact that BCC in Loch Calder for two consecutive summers shared a resemblance of only
about 87 % (Figure 5.15a) indicated temporal variability and probably asynchrony. If BCC was
determined by season sensu stricto, theoretically, the estival BCC in Loch Calder would be
expected to be the same (i.e. > 97 % similar) in 2009 and 2010. Nevertheless, clusters 1 and 6
were different, suggesting differences between the climatic conditions in summer 2009 and
2010 and/or varied in situ lake conditions.

With this 12 months-study covering the

estival/serotinal periods in 2009 and ending at the beginning of the estival period in 2010,
‘insufficient data’ may be used as a valid argument and justification for the difference in estival
BCCs. Unless an estival batch of samples in 2010 were analysed, any statement on synchrony
would be inappropriate (e.g. Crump and Hobbie, 2005; Kent et al., 2007), especially when the
trend of other parameters seemed to show a return to the summer 2009 conditions.
Paradoxically, the same argument can be used to refute the previous: despite the apparent cyclic
trend in parameters, the similarity in BCC was only 87 %.
Phytoplankton composition in Loch Calder was a distinguishing factor between summers 2009
and 2010 and this might have influenced BCC during those periods, as found in other studies
e.g. Lindström, 2000; Crump et al., 2003 and Pinhassi et al., 200).

Summer 2009 was

dominated by the filamentous cyanobacteria Oscillatoria sp., which was absent in 2010.
Meanwhile, summer 2010 was preceded by an increase in diatoms.

By replicating

phytoplankton shifts in the marine environment during their microcosm experiments, Pinhassi et
al. (2004) demonstrated concomitant changes in BCC. By inference, significant variations in
the phytoplankton community composition in Loch Calder, such as those in summers 2009 and
2010, might explain the change in BCC, although this difference might be less compared to a
marine environment where the significance of autochthonous [DOM] could expectedly be
higher (e.g. Hobbie et al., 1988). Besides being recipients of a relatively large fraction of
allochthonous DOM, a sustained supply of DOM also favours a measure of stability in
freshwater lakes (Hobbie, 1988; Lindström, 1998).

Although [DOC] was not monitored

throughout this study, its high concentration (range: 4.9 – 21.6 mg L-1) in selected samples
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collected in 2009 probably justified the omnipresence of at least two OTUs. The composition
of DOM is equally important for bacterial communities as major phylogenetic groups differ in
their utilisation of high and low molecular weight DOM (Weinbauer and Höfle, 1999; Cottrell
and Kirchman, 2000b; Covert and Moran, 2001; Kritzberg et al., 2006) as well as in their
enzyme activity (Kirchman et al., 2004). Van Hannen et al. (1999) showed that a change in
BCC might not be exclusively linked to the bioavailability of autochthonous carbon, but the
origin and composition (e.g. chemical composition of phytoplankton detritus) of that source was
determinant. For instance, detrital sources from green phytoplankton and cyanobacteria (Van
Hannen et al., 1999), and diatom blooms (Riemann et al., 2000) have been reported to trigger
changes in the bacterial community.
Turbulence and re-suspension are known to influence bacterial abundance and production (e.g.
Cortner et al., 2000; Conty et al., 2007; Wu et al., 2007). It is speculated that wind-induced
turbulences may also engender changes in BCC in Loch Calder. In early November (02.11.09),
BCC resembled other autumn samples (Cluster 2 in Figure 5.14b) by 86 %, after which the
community composition changed significantly to form the hibernal-cluster (Cluster 3 in Figure
5.14b). These changes were probably triggered by windy and rainy conditions prevailing during
autumn. A better example of a radical change in BCC was provided in late April 2010, in the
aftermath of a stormy event.

BCC was significantly different from and bore very little

resemblance (0 % similarity; Figure 5.14a) with any of the samples collected throughout this
study. It was interesting to note a 0% similarity despite the fact that the sample contained the
two OTUs shared by all the samples.

This poor resemblance with the rest of the

bacterioplankton community in Loch Calder was speculatively attributed to wind-induced
turbulence that led to the re-suspension of benthic bacteria, which were generally absent from
the water column. Cortner et al. (2000) indirectly related re-suspension with a change in BCC
by referring to the presence of larger bacteria and/or bacteria that may be attached to the
sediment surface. Despite the windy conditions in early November 2009 and late April 2010,
the differences in terms of TSP and bacterial density were outstanding. This might reflect the
difference in the re-suspended materials in the lake at the different periods. While suspensoids
in November were largely composed of inorganic materials such as clay and silt, it may be
speculated that those in April 2010 were rich in organic particles or detritus, as supported by a
high [Phaeba] (Figure 5.12a) .

This explains the presence of relatively large amounts of

proteins and RNA in the PCR extracts of April-DNA sample, transferred to polyacrylamide gels
during DGGE. It was likely that the relative opacity of the DNA sample lane in the DGGE gel
was attributable to the nature of the PCR extract and therefore the possibility that this might
have generated artefacts could not be totally excluded.

However, no changes in band

positioning were visible when the sample was re-run.
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5.5
•

Summary
This study measured the temporal variation of biotic factors, including phytoplankton and
bacterioplankton in Loch Calder using HPLC and PCR-DGGE respectively. Alongside, a
list of physicochemical data was compiled in an attempt to explain the variations in both
phytoplankton and bacterioplankton communities.

•

[DIN], [TP], [SRSi] and pH were influenced by rainfall; pH decreased whereas other
variables increased with an increase in rainfall. Based on its status in total phosphorus,
Loch Calder was classified as a mesotrophic system. The presence and persistence of key
indicator species such as Asterionella spp., Fragilaria sp., Tabellaria spp., Scenedesmus
spp. and Oscillatoria sp. amongst others, confirmed the lake’s meso- and/or eutrophic
status, while [Chla] was suggestive of oligotrophy.

•

Monitoring of the waters of Loch Calder revealed the dominance of two phytoplankton
groups: filamentous cyanobacteria Oscillatoria sp. in summer 2009 and a diatom
population in spring 2010. However, variations in phytoplankton biomass (microscopy)
were not necessarily reflected in the pigment data generated in the study.

•

Besides the major pigments such as Chla, Fucox, Zeax + Lut, β-Caro and Allox, the
variation of chlorophyll degradation products including Chlde a, Phaeta and Phaeba were
equally important in assessing the physiological status of phytoplankton community in
Loch Calder.

While [Chldea] was related to senescence, phaeopigment levels were

influenced by grazing activity and weather-driven changes. Furthermore, the presence of at
least three unidentified peaks were noted, one of which was suspected to be a pyrophaeopigment. While evidence gathered showed that some phytoplankton populations
photo-acclimatised and escaped photo-inhibition in summer 2009, the study also
highlighted that light was key to the establishment of a healthy and sustainable
phytoplankton community in Loch Calder.
•

Bacterial density determined using EPM (BEPM) and FC (BFC) were compared and their
differences explained with respect to sample processing, staining and the techniques
themselves.

•

The highest bacterial density was recorded during summer, when both, temperature and the
phytoplankton biomass, were high.

Bacterial diversity was found to be high and

sometimes comparable to some northern European lakes. The omnipresence of two bands
throughout the study in Loch Calder inferred some stability in the aquatic ecosystem.
Nevertheless, bacterial diversity was not significantly correlated with any of the parameters
studied.
•

Six bacterial clusters which represented the different ecological seasons were revealed
using UPGMA and MDS. Two major factors which were speculated as the drivers of
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change in BCC were phytoplankton composition and climatically-driven changes,
especially winds, which characterise Caithness.
Following the demonstration that HPLC and PCR-DGGE can be successfully applied during the
spatio-temporal study of Loch Rannoch (See Chapter 4), a temporal study of Loch Calder was
set up. Unlike the previous study, this chapter focussed on the fortnightly variations in pigment
data and bacterioplankton diversity at a single sampling station. The sampling was designed
with an aim to compare pigment and microscopy data. The sampling design also facilitated the
comparison between bacterioplankton counts using epifluorescence microscopy and flow
cytometry.

Furthermore, the OTU profiles generated from the application of PCR-DGGE

enabled the assessment of changes in bacterioplankton diversity over time.
There was sufficient correlation between pigment data and microscopy during the active
growing phase i.e. during summer and the beginning of autumn, to support the role of HPLC as
a potential tool in the assessment of the phytoplankton community composition. From midautumn 2009 onwards, the drastic change in pigment composition signalled physiological
changes that were most likely, attributable to poor light conditions.

The prominence of

chlorophyll degradation pigments in Loch Calder emphasised the significance of senescence, resuspension and grazing in the lake.

Pigment data evidenced that the major physiological

changes in Loch Calder were largely weather-driven and these changes were not always
reflected in phytoplankton biomass.

The combination of HPLC and microscopy revealed

provided a unique insight on the ecological changes in Loch Calder. The application of the
CHEMTAX program is expected to improve the assessment of the phytoplankton community
and facilitate a better comparison between pigment and microscopy.
In spite of the differences between BFC and BEPM that were attributed to sample processing,
specificity of stains used and the techniques themselves, both were significantly correlated. This
study reflected upon the need for caution when interpreting bacterioplankton density-data
generated using either technique. The similarity in the trends of both bacterioplankton density
and phytoplankton biomass inferred an inter-relationship; it is likely that the plankton
communities were influenced by the same parameters. While showing that bacterioplankton
diversity in Loch Calder was comparable to many other northern temperate lakes, this study also
indicated that temporal changes in diversity were weather-related, changing with the ecological
seasons. Multivariate statistics can be used to further analyse and determine the main drivers of
change in phytoplankton biomass and bacterioplankton densities.
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CHAPTER 6
Geospatial study of freshwater lakes of North Scotland.

Introduction
Phytoplankton composition and abundance have conventionally been assessed using
microscopy, the application of which has been reviewed by several authors (e.g.
Schlüter et al. 2000, 2006; Havskum et al., 2004).

The time-consuming and

complicated nature of the technique and associated methodologies have probed the
development of indirect methods relating to the use of a range of phytoplankton
pigments, the most popular being chlorophyll a. Today, chlorophyll a concentration
([Chla]) is routinely used as a proxy for total phytoplankton biomass.
Over the past two decades, faster techniques endowed with higher reproducibility, e.g.
high performance liquid chromatography (HPLC), have been optimised to explore a
larger suite of phytopigments including carotenoids, some of which are currently being
employed as diagnostic pigments or chemotaxonomic markers.

However,

phytopigment concentrations are known to be influenced by physico-chemical
conditions such as light and nutrients (e.g. Schlüter et al., 2000). Furthermore, the
translation of pigment concentrations into meaningful qualitative data remains a
challenge for many freshwater ecologists, given the relative lack of application of
HPLC in freshwaters with respect to the marine systems. While few detailed studies of
the phytoplankton communities in Scottish freshwater lakes exist, most of which were
carried out in the late 1970s and early 1980s, these were carried out by conventional
microscopy. Phytoplankton studies of Loch Leven and Loch Lomond are amongst the
latest limnological investigations. This work is the first to apply HPLC to a study the
phytoplankton communities in Scottish freshwater lakes.
Similarly, techniques used to study the bacterioplankton community have evolved over
the past five decades as evidenced by the growing use of epifluorescence microscopy,
flow cytometry, and the more contemporary PCR-DGGE.

Subsequently, the

development of genetic markers such as 16S rRNA gene has boosted research in
microbial diversity (Muyzer et al., 1993); presently, the combined use of PCR-DGGE
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and 16S rDNA in freshwater systems is growing in popularity.

Given that

bacterioplankton communities in freshwater Scottish lakes have rarely been assessed,
this study applied the techniques to gain information about their abundance and
biodiversity.
A large number of North Highland lochs and lochans appear to share similar catchment
features, e.g. large expanses of grassland and/or peat land.

However, their water

chemistry is diverse, probably affected by edaphic features attributable to the geology
and bedrock composition as well as anthropogenic land-use of their respective
catchment areas. Yet, these lakes have only been subject to very limited investigation.
Here, 20 freshwater lakes from the Scottish counties of Caithness and Sutherland were
studied and their phytoplankton- and bacterio-plankton community compositions
assessed by HPLC and PCR-DGGE respectively.

Besides generating important

background information, the study also provided the link for more focused future
exploration of the lake systems that might include the use of CHEMTAX program for
the study of phytopigment ratios with respect to [Chla], and sequencing of DNA collated
to identify the dominant bacterioplankton taxa.

6.1

Materials and method

6.1.1 Sampling
20 freshwater lakes located in Northern Scotland (Fig. 1; Table 1) were sampled
between July and September 2009. Alongside good accessibility, the suitability of a
sampling spot was based on the following criteria: (i) facing the direction of fetch, (ii)
absence of macrophyte belts, (iii) away from any inlet and (iv) preferably, near rocky
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Figure 6.1 Location and identification of 20 lakes surveyed in Northern Scotland in the counties of Caithness and Sutherland: 1. Long Loch, 2. Many lochs, 3. Loch
Naver, 4. Loch Loyal, 5. Loch Meadie, 6. Loch Hope, 7. Loch Croispol, 8. Loch Caladail, 9. Loch Borralie, 10. Loch Innis Na Ba Buidhe, 11. Loch Na Larach, 12. Loch
Aisir Mor, 13 Loch More, 14. Loch Stack, 15. Loch Na Fiacail, 16. Loch Na Claise Fearna, 17. Loch A' Bhagh Ghainmhich, 18. Loch A'Bhadaidh Daraich, 19. Loch An
Daimh Mor, 20. Loch A'Mhinidh.
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32.0
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14.0

20.8

7.6

17.0

16.4

18.1

12.8

15.5

33.1

30.5

4.6

C:L
ratio

Small lake surrounded by a rugged topography and grassland.

Watershed dominated by grassland and shrubs.

Watershed dominated by grassland.

Watershed dominated by grassland and shrubs.

Watershed dominated by grassland and shrubs.

Watershed dominated by grassland, and shrubs.

Catchment comprises trees, shrubs and grassland.

Catchment comprises trees, shrubs and grassland.

Acidic lake, catchment used as pastureland and comprises a boggy area.

Acidic lake, catchment under heather and peat cover.

Catchment compromising residential area and pasture land.

Marl lake, alkaline water; catchment dominated by pasture and grazing land.

Marl lake, alkaline water; catchment dominated by pasture and grazing land.

Marl lake, alkaline water; catchment dominated by pasture and grazing land.

Catchment dominated by trees, shrubs and grassland.

Catchment largely dominated by grassland.

Watershed under bog and grassland cover.

Watershed under bog and grassland cover.

Acidic lake, catchment dominated by peatland

Acidic lake; catchment dominated by peatland.

Characteristic features about lake and/ or its catchment.

Table 6.1 Location, catchment area details and features of 20 northern freshwater lakes surveyed in summer 2009. Lake and catchment areas were estimated using
ArcGIS (v 9.0/9.1), unless published data for the same were available.
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SEPA data (SEPA, 2008); *OS: Ordinance Survey; C:L = catchment area:lake area
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embankments. A clean bucket attached to a rope was cast from the shore to sample
water.

After careful mixing, about 4 L water was stored in acid-washed, opaque

polyethylene bottles and processed within 24 hours of sampling. 250 mL-subsamples
were also transferred from the bucket into acid-washed glass bottles and fixed with
Lugol’s solution (1% final concentration) in situ. These samples were kept in the dark
until the microscopic enumeration of phytoplankton using the Utermöhl sedimentation
technique and additional guidelines outlined in Olrik et al. (1998).

Additional

subsamples were collected for bacterial analysis by epifluorescence microscopy and
flow cytometry (See subsection below).

For the former, 25 mL samples were

immediately fixed with 1 % gluteraldehyde (final concentration; Sigma, UK) and stored
in sterile tubes (Sterilin, UK). Duplicate 4.5 mL cryo-tubes (Nunc, UK) were filled
with lakewater and preserved with 0.5 % gluteraldehyde (final concentration; Sigma,
UK). During field operations, the tubes were snap-frozen in liquid nitrogen (-196 °C)
and once in the laboratory, they were stored at -80 °C until analysis.

6.1.2 Analysis
Chemical analysis
pH of water samples was determined ex situ, using a pre-calibrated bench-top Jenway
3345 Ion meter (Jenway, UK). Nutrient analysis of nitrate- (NO3-; APHA, 1998),
ammonium- (NH4+; Chaney and Marbach, 1962) and total nitrogen (TN; APHA, 1998),
inorganic- (SRP; Murphy and Riley, 1962) and total phosphorus (TP; Menzel and
Corwin, 1975) and biogenic silica (SRSi)] were carried out within 72 hours of sample
collection.

Dissolved organic carbon concentration ([DOC]) was determined after

peroxodisulphate and UV digestion using a Skalar SanPlus continuous flow analyser
(UK). Water-samples (1 L) were filtered onto separate 47 mm-Whatman GF/F filters
that were stored at -80°C until analysis for total suspended particles (TSP; APHA,
1998) and HPLC respectively.
HPLC analysis
Pigments were extracted from the filters by ultra-sonication for at least 20 minutes in 5
mL 100% acetone using a method modified from Barlow et al. (1997). Each extract was
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filtered through a Pasteur pipette fitted with chemical grade cotton (Sigma, UK) plug to
remove any debris, and transferred into clean centrifuge tubes for evaporation. The
sonication procedure was conducted twice to maximise pigment extraction from each
filter. The extracts were then dried to about 0.5 mL in an evaporator (Turbovap®,
Zymark Corp, USA).

Derivatisation was achieved using diazomethane before

evaporation of the samples to complete dryness using nitrogen gas. Methylation of the
extract was expected to stabilise the carboxyl groups in pigments such as
chlorophyllides and improve their separation during HPLC.
500 µL of acetone (100 %) was added to reconstitute the extract, 100 µL of which was
dispensed into micro-inserts contained in 2 mL amber HPLC vials. Once loaded onto
the autosampler cooled at 10°C, the extracts were injected onto a 3 µm-Hypersil®
MOS-2 C-8 column (100 x 4.6 mm; 30°C) using a Dionex Ultimate 3000 series HPLC
system equipped with a Dionex Chromoleon software (Version 6.8). Separation was at
a flow rate of 0.85 mL/min and achieved using a binary mobile phase system with a
linear gradient (minutes; 100% methanol; % 0.1 M ammonium acetate): (0; 70; 30), (2;
85; 15), (12; 91, 9), (25; 97; 3), (27; 100; 0), (29; 100; 0), (29.1; 70; 30), (35; 70, 30).
The HPLC system was calibrated using commercial pigment standards from DHI Water
and the Environment, Hørsholm, Denmark). External standards included alloxanthin
(Allox), fucoxanthin (Fucox), diadinoxanthin (Diadinox), peridinin (Per), chlorophylls a
(Chla) and b (Chlb), zeaxanthin (Zeax), lutein (Lut), β, β – carotene (B-Caro), and
degradation products such as chlorophyllide a (Chldea), phaeophytin a (Pheata) and
phaeophorbide a (Phaeba). Peaks were identified and confirmed using a Dionex RF2000 fluorescence detector and a Waters 2996 Photo-diode array (PDA) detector by
comparing the absorption spectra of pigments in the samples with that of the pigment
standards.
PCR-DGGE
A subsample (250 mL) from each lake was filtered through 47 mm, 0.2 µm-pore-size
polycarbonate membrane filters (Millipore, UK) placed over 47 mm, GF/C glass-fibre
membranes (Whatman, UK). The polycarbonate filters were carefully folded using
sterile tweezers and stored in 2 mL sterile Eppendorf tubes (Fisher Scientific, UK),
which were labelled and frozen at -80 °C until further processing.
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PCR.
The V3 region of the bacterial 16S rRNA gene was amplified using the filter PCR or
direct PCR technique, as described in Kirchman et al. (2001). Using a sterile scalpel,
each polycarbonate membrane filter was cut into squares measuring approximately 1 to
2 mm2 and then inserted into labelled PCR reaction tubes. The PCR mixture was
slightly modified from that used by Kirchman et al. (2001) in that the final reaction
volume was halved to 50 µL, and the pair of eubacterial primers used was GC338f (5’CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG GAC TCC
TAC GGG AGG CAG CAG-3’) and 518r (5’-ATT ACC GCG GCT GCT GG-3’).
Reactions (50 µL volumes) contained 1x Fermentas (UK) PCR reaction buffer, 0.4 µM
of each primer (MWG-Eurofins, Germany), 2.5 mM magnesium chloride (Fermentas,
UK), 250 µM of each deoxynucleotide (Fermentas, UK), 300 ng µL-1 lyophilised bovine
serum albumin, (Sigma, UK), 0.025 U µL-1 Taq polymerase (Fermentas, UK), 33.75 µL
sterilised ultrapure water (Merck, Germany) and polycarbonate filter square. PCR was
performed using an iCycler (Bio-Rad, UK). Thermal cycling conditions included a
single initial cycle at 95 °C for 1 minute followed by 30 cycles, each comprising 1
minute at 95 °C, 1 minute at 56 °C and 1 minute at 72 °C, and a final elongation cycle
of 30 minutes at 72 °C, before a final hold at 18 °C, as described in Winter et al. (2001).
Successful amplification was verified by agarose gel electrophoresis. 5 µL of PCR
product was analysed on 1% (W/V) agarose gels, stained with ethidium bromide, and
compared with a molecular weight marker. The presence of bands was assessed using
Molecular Imager® Gel Doc™ XR (Bio-Rad, UK).
DGGE analysis.
DGGE was performed using a DCode™ Universal Mutation Detection System (BioRad, UK). PCR products were separated on a 1 mm-thick vertical polyacrylamide gel
(40% acrylamide: bis-acrylamide ratio of 37.5:1) comprising a linear gradient of the
denaturants, urea (BioRad, UK) and formamide (BioRad, UK; NBS, UK), that
increased from 20% at the top of the gel to 60% at the bottom. The determination of the
final volume of amplified DNA to be loaded onto the polyacrylamide gels was based on
the intensity of the bands visualised on 1% agarose (Fisher Scientific, UK) gels. As
standards, a mixture of DNA obtained from two freshwater Scottish lakes was used.
Four lanes, evenly distributed across each acrylamide gel, were dedicated to external
standards and run alongside the batch of samples for inter-gel standardisation.
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Throughout the chemical gradient, PCR products were separated according to their
melting temperatures by electrophoresis in 1X TAE buffer (BioRad, UK), starting with
a pre-run of 18 minutes at 20 V, followed by a 3 hour run at a constant voltage of 200
V. The gels were post-stained with 154X SYBR Green I (Sigma Aldrich, UK) for 30
mins and rinsed thrice with 0.5X TAE buffer. Image acquisition and the analysis of the
banding patterns in polyacrylamide gels was carried out using Molecular Imager® Gel
Doc™ XR (BioRad, UK) and all the images were saved in JPEG format. Any oversaturated pictures by over-exposure were discarded.
Data Processing
GelCompar® II software (Version 6.1) was used to process and analyse saved pictures
of all DGGE-gels. Images of all gels were processed in their original JPEG format,
with no background subtraction and the same settings were applied to all pictures.
Normalisation of lanes or the re-alignment of bands was achieved by assigning four
reference lanes per gel, with each reference lane consisting of a standard pattern
comprising ten bands. Each reference lane referred to the external standards used for
the inter-gel standardisation during DGGE.
Cluster analysis and multi-dimensional scaling (MDS) were conducted using
GelCompar® II software, to compare the densitometric profiles of fingerprint data.
Similarity-based cluster analysis enabled the visualisation of hierarchal relatedness
between entries or samples in a selected profile by grouping them in a dendrogram or
tree. The method used in creating these dendrograms was in two steps. Firstly, a
Pearson correlation was used to calculate a similarity matrix, based on which, cluster
analysis was conducted by applying an unweighted pair group method using arithmetic
averages (UPGMA).
GelCompar® II was also used to sort allocated band positions and assign classes to
create a band-matching table. Bands on all the gels were auto-searched, with no further
amendments made to the final image, i.e. bands were neither added nor deleted from the
original image. An active zone of 20 to 98% was delineated and densitometric profiles
were set to a minimum profiling of 0.5%, with a gray zone and minimum area of 1%
each, and a shoulder sensitivity of 0%.

The profiles were subjected to both, an

optimisation and tolerance of 1%, to ensure an acceptable band resolution threshold.
This standardised approach aimed at providing objective data fit for comparison.
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Epifluorescence microscopy
Subsamples (25 mL) of unfiltered lake water were preserved in 1% (V/V)
gluteraldehyde (Sigma, UK) and processed within 24 hours of sample collection. For
each sample, a set of four clean slides was prepared, including a blank and others
dedicated for counts of (i) bacteria, (ii) picocyanobacteria and (iii) nanoplankton
respectively. Respective samples were filtered through 0.2 or 0.8 µm-pore-sized, 25
mm, Nucleopore polycarbonate filters (Whatman, UK) (Table 6.2), each backed by a 25
mm-cellulose nitrate membrane (Whatman, UK).

Only bacteria and nanoplankton

samples were fixed with 25 µL 4’, 6’-diamidino-2-phenylindole (DAPI; Sigma, UK).
Since picocyanobacteria auto-fluoresce, DAPI was not added during their slide
preparation (Table 6.2).
Table 6.2 Slide preparation conditions for each plankton group.
Slide

Sample volume

Polycarbonate membrane

Pore size (µm)

a

Blank

5 mL

Black

0.2

a

Bacteria

5 mL

Black

0.2

Picocyanobacteria

5 mL

White

0.2

Nanoplankton

10 mL

White

0.8

b

c

a

DAPI final concentration: 5 µg mL-1; b No DAPI added; c DAPI final concentration: 2.5 µg mL-1.

The filter membranes were then fixed onto their respective slides and stored at -20 °C,
until examination under a Zeiss Axioskop 2 plus microscope (Zeiss, UK). At least 300
heterotrophic bacterial cells from 5 to 10 randomly chosen fields were counted under
UV illumination (365 nm) at a magnification of x1250.

Picocyanobacteria were

observed and counted under green light excitation (510 – 560 nm) while nanoflagellates
were examined in blue light (395 – 440 nm).
Flow cytometry
Heterotrophic bacteria (HB) and photosynthetic picophytoplankton (PPP) were also
enumerated by flow cytometry (FC). Frozen lake water samples that had been collected
in duplicates, were allowed to thaw in the dark at room temperature and were mixed
well before being subsampled for analysis. All samples were run twice. FC was
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conducted at the Scottish Association for Marine Science (SAMS) in Dunstaffnage,
Oban, where a FACSort flow cytometer (Becton Dickinson, UK), equipped with an
Argon-ion laser (488 nm emission), was used.
CaliBRITE™ beads (Becton Dickinson, UK) were used for adjustment of instrument
settings, set fluorescence compensation, and check instrument sensitivity.

The

reliability of cell counts was assured by performing bead calibrations prior to any
sample-batch run. Bead calibrations were carried out using a known concentration of
microspheres (0.5µm, Fluoresbite carboxylate microspheres, Polysciences Inc., UK) as
internal standard.
Heterotrophic bacteria (HB)
Bacterioplankton counts were carried out on SYBR® Green I-stained samples, SYBR®
Green I (Sigma, UK) being a 10000x nucleic acid gel stain. 100 µL aliquots of SYBR®
Green I and 300 mM potassium citrate (BDH, UK) were prepared. 500 µL of lake
water was stained with 1 µL of SYBR® Green I-potassium citrate mixture to a final
concentration of 0.2X SYBR® Green I. The stained samples were left to stand in the
dark for at least 20 minutes before the addition of 25 µL of bead stock solution. The
samples were finally analysed at a low flow rate (ca 10 µL per minute) for one minute.
Bacterioplankton (HB) populations and in some cases, subpopulations with high (HNA)
and low (LNA) nucleic acid content, were revealed in plots of side-scatter (SSC) versus
FL1-H (green fluorescence).
Photosynthetic picoplankton (PPP)
In contrast to HB, PPP counts were estimated from unstained samples. To 500 µL of
lake water, 10 µL of bead stock solution was added and the sample was run at a high
flow rate (ca 100 µL min-1) for one minute. PPP were detected by their signatures in a
plot of side scatter (SSC) versus FL2-H (yellow fluorescence) and cytograms of FL1-H
(green fluorescence) versus FL3-H (red fluorescence). FC data were initially screened
using Cell Quest software (Becton and Dickinson, UK) and further data analysis was
performed with WinMDI© (Version 2.9) free software.
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Inverted microscopy
The Lugol-stained samples (250 mL) were stored in the dark and acidified Lugol’s
solution was added whenever the samples showed fading in coloration. The samples
were examined using an Olympus inverted microscope (UK).

The Utermöhl

sedimentation technique (Utermöhl, 1958) involves the transfer of phytoplankton and
microzooplankton from well-mixed samples to cylindrical chambers of specific
volumes, in which they settle down by gravity and form a thin film over a slide that is
then examined by inverted microscopy. 10 mL and 25 mL-sedimentation chambers
were used and the samples were allowed to sediment for at least eight hours and 24
hours respectively in a dark moisture chamber.
The choice of a counting strategy depended on the size of dominant plankton and their
community densities in the different samples. Entire fields were examined for larger
planktonic species and smaller plankton were enumerated across a number of diagonals.
Phytoplankton data were presented as fresh weight (FW) biomass that was calculated
from the bio-volume of the counted species. Estimations of phytoplankton bio-volumes
were made using appropriate geometric formulae (Olrik et al., 1998; Hillebrand et al.,
1999; Sun and Liu, 2003) and conversion to carbon biomass was calculated, assuming a
phytoplankton density of 1 g cm-3 (Olrik et al., 1998 and references therein).
Enumeration of microzooplankton or any bigger zooplankton was reported as
abundance or density, i.e. number of individuals per litre.
Data Analysis
Descriptive statistics and regression analysis were conducted using MS Excel (2007).
SPSS (IBM, V19) was used to test the normality of the data, correlate (Pearson’s
correlation and Spearman rho).

6.2

Results

6.2.1 Water chemistry
pH in the 20 lakes ranged between 4.1 and 8.4 (Fig. 6.2) and were categorised as acidic
(pH ≤ 6), neutral (pH ~ 7) and alkaline (pH > 8). While most lakes were pH- neutral,
Dunnet lakes (Long Loch and Many Lochs), Loch Na Larach and Loch Aisir Mor were
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amongst acidic lakes and Durness lakes (Loch Croispol, Loch Caladail and Loch
Borralie) were alkaline in nature.
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Figure 6.2 The pH in the 20 Scottish freshwater lakes sampled during summer 2009.

TSP were below 2 mg L-1 in all lakes, with the exception of Loch Aisir Mor, which had
a concentration of 4.3 mg L-1 (Fig. 6.3). This may have been the result of the prevailing
windy conditions at Loch Aisir Mor that made sampling difficult and where the
shallowness of the lake might have contributed to the collection of re-suspended
sediment.
DOC content in the lakes ranged from 2.9 to 22 mg L-1 (Fig. 6.4). Two lakes (Loch
Croispol and Loch Borralie) showed [DOC] less than 4 mg L-1 while 40% contained
between 4 and 6 mg L-1. [DOC] in the remaining ten lakes exceeded 6 mg L-1, with the
highest level recorded in Many Lochs.

214

5

TSP (mg L-1)

4

3

2

1

0

Figure 6.3 Total suspended solids (TSP) in the 20 lakes in summer 2009.
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Figure 6.4 Dissolved organic carbon (DOC) in the 20 lakes sampled during summer 2009.
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[SRP] ranged from below the limit of detection (0.03 µM) to 79.8 µM (Loch Caladail;
Fig. 6.5). [SRP] in 35% of the lakes was below LOD and greater than 1 µM in over
40% of the lakes surveyed.
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Figure 6.5 Logarithmic scale of phosphorus content (mean ± standard deviation in µM) at the
near-shore stations of 20 freshwater lakes, sampled in summer 2009. The horizontal axis
represents the L.O.D. of both SRP and TP, i.e. at 0.03 µM and error bars represent standard
deviations of three readings per sample.

The nitrogen fractions followed similar trends; high [TN] were accompanied by high
[NO3-] and [NH4+] (Fig. 6.6).

Of the nitrogen fractions determined, [NH4+] was

generally lowest and below LOD (< 0.14 µM) in Loch Naver, Loch Loyal, Loch
Meadie and Loch More. [NO3-+NO2-] was below LOD (< 0.71 µM) in 40 % of the
lakes and above 1 µM in the remaining lakes, of which, Loch Caladail, Loch Na Larach
and Loch Aisir Mor exhibited concentrations exceeding 10 µM. The highest [DIN] and
[TN] were all recorded at Loch Caladail (NH4+: 26.4 ± 2.4 µM, [NO3- + NO2-]: 150.5 ±
0.3 µM and [TN]: 604 ± 17 µM).
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Figure 6.6 Nitrogen content (mean ± standard deviation in µM) at the near-shore stations of 20
freshwater lakes of Northern Scotland. The horizontal axes represent the LOD of each nitrogen
fraction
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[SRSi] in the lakes studied varied from 0.3 to 117 µM. While [SRSi] was lowest (0.3 ±
0.5 µM) in Loch Aisir Mor, the highest concentration (117 ± 5.6 µM) was recorded in
Loch Loyal (Fig. 6.7). 90% of the lakes had their [SRSi] below 40 µM, with 65 % of
the lakes containing less than 20 µM and 10 % (i.e. 2 lakes) with [SRSi] > 40 µM.
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Figure 6.7 Biogenic silica at the near-shore stations of 20 freshwater lakes, sampled during
summer 2009.

6.2.2 Phytoplankton community composition
The lake survey revealed the presence of six dominant phytoplankton groups: diatoms
(Class Bacillariophyceae), chrysophytes (Class Chrysophyceae), cryptophytes (Class
Cryptophyceae), dinoflagellates (Class Dinophyceae), cyanobacteria and chlorophytes
(Classes Chlorophyceae and Xanthophyceae combined). Identified phytoplankton taxa
are listed in Tables 6.3A and 6.3B.
Phytoplankton biomass varied between 42 µg L-1 FW (Loch More) to 7493 µg L-1 FW
(Loch Croispol; Fig 6.8a and 6.8b)
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Table 6.3A List of confirmed phytoplankton taxa observed in 20 freshwater lakes of the northern
Scottish Highlands in summer 2009.
Phytoplankton group
Species list (Numerical ID)
Cryptophyceae

Cryptomonas sp. (1), Rhodomonas sp. (2)

Chlorophyceae

Xanthidium sp. (1), Closterium sp. (2), Staurodesmus sp. (3), Botryococcus
sp. (4), Zygnema sp. (5), Sphaeorocystis sp. (6), Quadrigula sp. (7),
Euastrum sp. (8), Cosmarium sp. (9), Ankistrodesmus sp. (10), Mougeotia
sp. (11), Crucigenia sp. (12), Oocystis sp. (13), Staurastrum sp. (14),
Pediastrum sp. (15), Coelastrum sp. (16), Bulbochaeta sp. (17),
Coelosphaerium sp. (18), Dictyosphaerium sp. (19), Tetradriella sp. (20),
Desmidium sp. (21), Micrasterias sp. (22), Pandorina sp. (23), Pediastrum
boryanum (24), Desmidium sp. (25), Pediastrum tetras (26)

Chrysophyceae

Oochromonas sp. (1), Mallomonas sp. (2), Bitrichia sp. (3), Dinobryon sp.
(4), Dinobryon bavaricum (5), Dinobryon sertularia (6), Dinobryon sociale
(7), Dinobryon divergens (8), Chromulina sp. (9), Katablepharis sp. (10),
Kephyrion sp. (11), Steloxomonas sp. (12), Chrysochromulina sp. (13),
Uroglena sp. (14)

Bacillariophyceae

Diatoma sp. (1), Tabellaria sp. (2), Cyclotella sp. (3), Asterionella (4),
Urosolenia sp. (5), Cymbella sp. (6), Synedra sp. (7), Gyrosigma sp. (8),
Navicula sp. (9), Pinnularia (10), Aulacoseira sp. (11)

Cyanobacteria

Merismopedia sp. (1), Anabaena sp. (2), Chroococcus (3), Oscillatoria (4),
Nostoc sp. (5)

Dinophyceae

Peridinium sp. (1), Gymnodinium sp. (2), Ceratium sp. (3), Ceratium
hirudinella (4)

Euglenophyceae

Phacus sp. (1), Euglena sp. (2)
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Loch Innis Na Ba Buidhe

Loch Borralie

Loch Caladail

Loch Croispol

Loch Hope

Loch Meadie

Loch Loyal

Loch Naver

Many lochs

Long Loch

Lake name

1, 2

1, 2

1, 2

1, 2

1, 2

1, 2

1, 2

1, 2

1, 2

1, 2

1, 2

1, 2

Cryptophytes

2, 3, 4, 9, 10, 14, 18

1, 2, 3, 4, 8, 9, 14, 15, 16,
17, 20, 22, 23, 24, 25
3, 4, 9, 14

1, 2, 4, 8, 9, 11, 14

1, 3, 5, 14

9, 13, 15

4, 18, 19

4, 9,15, 23

3, 4, 6, 12, 13, 14

3, 4, 7, 9, 12

3, 4, 9, 10

6, 7, 8, 9, 10, 14

2, 5

1, 2, 3, 4

Chlorophytes

1, 4

1, 2, 3, 8, 11

1, 2, 12

1, 2

1, 2

1, 3

1, 2, 4

1, 2

1, 2, 3, 4

1, 2, 4, 14

1, 3, 4, 9

1, 3, 4, 10, 13

1, 2, 3, 4, 5, 6, 7, 9,
10
1, 4

1, 2

3

Chrysophytes

3, 4, 5

3, 6

3

2, 3

2, 3

2, 3

3

2, 3

2, 3, 4

3, 7, 8, 9

3

1, 4, 6

2, 3, 5, 11

2, 3, 4

1

1, 2, 3, 4, 5

2

2

3

3

1

1, 2, 4

1, 2

1

1

1, 2, 3

1, 2, 3

1

3

Table 6.3B Distribution of phytoplankton taxa in the 20 freshwater lakes of Northern highlands during summer 2009

Loch Na Larach

1, 2

5, 8, 26

1, 3, 4

10

1, 2

1

2, 3

1, 2
1

1, 2
1, 2

1, 2, 3
1, 2

2

Euglenophytes

Loch Aisir Mor

1, 2

2, 4, 5, 8, 9, 11, 13, 14

1, 2, 3, 4

2, 3, 6

Dinoflagellates

Loch More

1, 2

2, 4, 9, 11

1, 2, 3, 4

Cyanobacteria

Loch Stack

1, 2

3, 4, 9, 11

1, 3, 4

Diatoms

Loch Na Fiacail

1, 2

1, 2, 4

1

Loch Na Claise Fearna

1, 2

4, 8, 15

1

Loch A' Bhagh Ghainmhich

1, 2

1

Loch A'Bhadaidh Daraich

1, 2

1, 2

Loch An Daimh Mor

1, 2

Loch A'Mhinidh

220

(a)
2000

1750

Biomass (µgL-1 FW)

1500

7492

Dino
Cyano
Crypto
Chryso
Bacillario
Chloro

1250

1000

750

500

250

(b)

0

(b)
100%
90%
80%

70%
60%
50%
40%
30%
20%
10%
0%

Figure 6.8 Phytoplankton (a) biomass (µg L-1 FW) and (b) composition (%) at the near-shore
station of the 20 lakes of Northern Scotland.
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Pigment Profiles

Phorbins
[Chla] ranged from 100 ng L-1 (Loch More) to 2171 ng L-1 (Long Loch; Fig. 8A). Long
Loch also contained the highest [Phaeta] (271 ng L-1) whilst the pigment was not
detected in 30 % of the lakes surveyed. Although the levels of both, Phaeba and
Chldea, were low and often undetectable, the highest concentrations were recorded at
Loch Aisir Mor (69 ng L-1 and 21 ng L-1 respectively).

3.0

[Phyoplankton pigment] (µg L-1)

T[Chl a]

Phaet a

Chlde a

Phaeb a

2.0

1.0

0.0

Figure 6.9 Phorbins including chlorophyll a (T[Chla]), phaeophytin a (Phaet a), phaeophorbide a
(Phaeb a) and chlorophyllide a (Chlde a) in 20 lakes of Northern Scotland.
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Carotenoids
Concentrations of Per, Fucox, Diadinox, Allox, Zeax and Lut combined (T[Zeax+Lut]),
Chlb and B-Caro varied significantly from one lake to another (Fig. 8B). The highest
concentrations of the different carotenoids were as follows: Fucox (375 ng L-1; Loch
Croispol), Chlb (360 ng L-1; Loch Na Larach), Per (275 ng L-1; Loch Croispol), Allox
(202 ng L-1; Long Loch), T(Zeax+Lut) (197 ng L-1; Long Borralie), Diadinox (153 ng L1

; Loch Croispol) and β-Caro (98 ng L-1; Loch Borralie).

1.2

Per

Fucox

Diadinox

Allox

T[Zeax.+Lut]

Chl b

B-Caro

[Phytoplankton pigment] (µgL-1)

1.0

0.8

0.6

0.4

0.2

0.0

Figure 6.10 Carotenoids: peridinin (Per), fucoxanthin (Fucox), diadinoxanthin (Diadinox),
alloxanthin (Allox), zeaxanthin and lutein combined (T[Zeax+Lut]), chlorophyll b (Chl b) and βCarotene (B-Caro) in 20 lakes of Northern Scotland.
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6.2.3 Zooplankton density
The zooplankton density recorded during the survey of the 20 lakes ranged from 500 to
6840 individuals L-1 (Figure 6.11).

The data also showed that the zooplankton

community was largely composed of ciliates (74 to 100 %), with a net dominance of
ciliates (100 %) in Many Lochs, Loch Loyal, Loch Hope and Loch Na Fiacail. Ciliates
comprised Strombidium sp., Askenasia sp., Vorticella sp., Tintinidium sp. , Tintinnopsis
sp. amongst other unidentified species.
The largest rotifer population (500 ind. L-1) was found in Loch Caladail and the nearshore station of Loch Aisir Mor contained the largest composition of rotifers (40 %).
Identified rotifers included Trichocerca sp., Keratella cochlearis, Keratella sp.,
Gastropus sp. and Kellicotia longispina and Polyarthra sp.. Although the highest
composition of cladocerans (5 %) was recorded in Long Loch (Figure 6.11), the largest
population occurred in Loch A Mhinidh (100 ind. L-1). Cladocerans included Bosmina
sp. and copepods.
Cladoceran

Rotifer

Ciliate

Total

100%
90%

6000

70%
60%

4000

50%
40%
30%

2000

Number of individuals L -1

80%

20%
10%
0%

0

Figure 6.11 Zooplankton composition (%) and abundance (no of individuals per litre) at the near
station of 20 lakes of Northern Scotland. The filled diamonds indicate the total zooplankton
abundance, shown on the secondary vertical axis.
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Although the highest composition of cladocerans (5 %) was recorded in Long Loch
(Figure 6.11), the largest population occurred in Loch A Mhinidh (100 ind. L-1).
Cladocerans included Bosmina sp. and copepods.

6.2.4 Bacterioplankton
Bacteria density
Bacteria density, determined using both, EPM and FC, was denoted by BEPM and BFC
respectively. As illustrated in Fig 6.12, BEPM was in the range of 1.3 x 109 L-1 (Loch
Stack) to 4.8 x 109 L-1 (Loch Caladail) while BFC ranged between 0.95 x 109 L-1 (Loch
Caladail) and 3.07 x 109 L-1 (Loch Na Larach). It may be noted that the variance in BFC
was relatively high at Loch A’Bhadaidh Daraich, which had a relatively low BFC.

5.0

Bacterial abundance (x10 9 L-1)

EPM
4.0

FC

3.0

2.0

1.0

0.0

Figure 6.12 Bacterial densities (BEPM and BFC) at the near-shore station of 20 freshwater lakes of
Northern Scotland surveyed during summer 2009. BEPM and BFC (mean ± standard deviation) are
represented by white and black diamonds respectively.
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Bacterioplankton diversity
DGGE analysis of all water samples from the 20 lakes revealed a total of 60 different
OTUs. The number of OTUs per sample varied between 25 and 33, with Loch Hope (n
= 33), Loch Stack (n = 32) and Loch Na Fiacail (n = 32), containing over 30
bacterioplankton species.
UPGMA cluster analysis revealed the existence of at least five major microbial clusters
(Figure 6.13a). Of those clusters, three comprised either one or two samples. Cluster 1
comprised a single sample (Loch Hope). The two other microbial clusters included 2
samples each: cluster 2 comprised the Dunnet lakes i.e. Long Loch (Dun1) and Many
Lochs (Dun2) and cluster 4 comprised two Durness lakes, namely Loch Croispol (L5)
and Loch Caladail (L6). Analysis of the matrices revealed that Loch Na Claise Fearna
(L14), Loch A’Bhagh Ghainmhich (L15), and Loch A’Bhadaidh Daraich (L16) were
highly similar (> 97.0 %), whilst the least similarity (2.6 %) was shown between L4
(Loch Hope) and L8 (Loch Innis Na Ba Buidhe).
The MDS chart (Figure 6.13b) illustrated further the clustering among the 20 freshwater
lakes of Northern Scotland and Loch Rannoch and Loch Calder. A surface sample (0.5
m) collected from its shallow basin in summer 2008 was taken to be representative of
Loch Rannoch. Two samples (LC240809 and LC090909) were selected to represent
Loch Calder; Loch Calder was also sampled on the same dates that 18 of the 20
Northern lakes were surveyed i.e. between late August 2009 and early September 2009.
These two samples from Loch Calder allowed for a better comparison of the samples
with the rest of the North Highland lakes.
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Figure 6.13 (a) UPGMA cluster analysis of water samples from 20 freshwater lakes of Northern Scotland namely (Dun1) Long Loch, (Dun2) Many Lochs, (L1) Loch
Naver, (L2) Loch Loyal, (L3) Loch Meadie, (L4) Loch Hope, (L5) Loch Croispol, (L6) Loch Caladail, (L7) Loch Borralie, (L8) Loch Innis Na Ba Buidhe, (L9) Loch Na
Larach, (L10) Loch Aisir Mor, (L11) Loch More, (L12) Loch Stack, (L13) Loch Na Fiacail, (L14) Loch Na Claise Fearna, (L15) Loch A’Bhagh Ghainmhich, (L16) Loch
A’Bhadaidh Daraich, (L17) Loch An Daimh Mor, (L20) Loch A Mhinidh. Additional samples from Loch Calder (LC240809 and LC090909) and Loch Rannoch (S1), all
sampled during summer were included for comparison. (b) MDS using Dice similarities between the samples mentioned above. The dotted lines represent major clusters
whilst text-boxed numbers 1-5 correspond to the cluster number as indicated in dendrogram 6.13(a).
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6.3

Discussion

6.3.1 Lake types
Hydrochemistry in surface waters is largely determined by geology, and other
catchment characteristics such as topography (e.g. Kortelainen, 1993; D’Arcy and
Carignan, 1997), vegetation composition (e.g. Maberly et al., 2003), land-use (Galbraith
and Burns, 2007) and climate (e.g. Koinig et al., 1998; Rogora et al., 2003; Sobek et al.,
2003). Hydrological regime is an equally important determinant of water chemistry.
70 % of the lakes surveyed had surface areas < 1 km2, while remaining lakes ranged
between 2.1 and 6.5 km2 (Table 1). The large size ranges of the catchments brought the
catchment : lake area (C:L) ratios between 1.9 (Loch An Daimh Mor) and 75.8 (Loch
Stack). The coupling of land and water systems is a widely accepted concept. In the
absence of direct significant statistical correlation between C:L ratio and any of the
environmental variables measured, lake hydrochemistry was most probably influenced
by factors that were intricately linked to the catchment, e.g. geology and vegetation
composition.
pH distinguished the lakes located at Dunnet from those of Durness (Fig. 2). This
distinctness between Dunnet and Durness lakes stemmed from the geology of their
respective catchment areas. The bedrock composition at Dunnet consists of drifts of
sandstones of the Upper Old Red Sandstone and the soil comprises peat, peaty podzols
and gleys (MISR, 1984). By contrast, the geology in the Durness region is derived from
Ordocivian and Lewisian Gneiss and Durness Limestone (Roberts, 2007).
catchment geology in turn influences their vegetation composition.

Their

While the

catchments of the Dunnet lakes were composed of Atlantic heather moor and blanket
bog (MISR, 1984) that of Durness lakes largely comprised permanent grasslands used
for pastoral grazing. Furthermore, the altitude and proximity of the Durness lakes to the
sea contributed significantly towards their high conductivities and salinities. Butler
(2009) also touched on the potential impact of ‘oceanicity’, particularly on the
vegetation in the North Highlands.
The hydrochemistry in lakes with a circumneutral pH might be more dependent on the
vegetation composition. Maberly et al. (2002; 2003) who studied nutrient limitation in
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a group of small upland Scottish lakes, associated it with vegetation composition in the
catchment, stating that lake chemistry could be predicted from land cover maps. The
use of vegetation community composition like that made by Maberly et al. (2003) might
provide a better insight on the factors affecting the hydrochemistry in those lakes.

6.3.2 Phytoplankton community composition (PCC)
6.3.2.1 Dominant phytoplankton
This study is the first to report on the dominant phytoplankton taxa in the 20 Highland
lakes surveyed during summer 2009 (Table 6.2). Here, dominance of any particular
phytoplankton taxon was based on biomass rather than relative abundance, unless
specified otherwise.

The hydrochemical variations characterising the lakes were

reflected in their respective phytoplankton composition.

Alkaline lakes
The phytoplankton biomass in marl lakes (Durness group), was dominated by
dinoflagellate Ceratium hirudinella (Fig 6.8b), an indicator species for meso / eutrophic
systems (Rosén, 1981).

Owing to a conspicuous geometric shape and a large

biovolume, C. hirudinella also generated a significant biomass in neutral pH lakes such
as L. Hope, L. Innis Na Ba Buidhe, L. A’Bhadaidh Daraich and L. An Daimh Mor (Fig.
6.8a and b). Its predominance in the Durness lakes was probably favoured by the
naturally high conductivities in the water bodies (cf. Rosen, 1981).
These conditions may also have contributed to the high abundance of the chrysophyte
Dinobryon sp.. The latter, generally indicative of oligotrophy / mesotrophy (Rosén,
1981) yet dominated in hypertrophic L. Caladail (L8 in Figure 6.8a). Interestingly, the
Durness lakes are all clear lakes, and high water clarity is conducive to the growth of
Dinobryon sp. (e.g. Rosen, 1981; Caron et al., 1993).
Acidic lakes
Although both, Long Loch and Many Lochs contained a comparable cryptophyte
biomass, the dominant cryptophyte taxon in either lake was likely to differ; a smaller
species of Rhodomomas sp. (15 x 10 µm), suspected to be R. minuta, thrived in Long
Loch, while a larger cryptophyte (probably Cryptomonas sp.) dominated Many Lochs.
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The diatom, Urosolenia sp. (probably U. longiseta) comprised the dominant biomass in
Many Lochs. Rosén (1981) classified U. longiseta as an oligotrophic-mesotrophic
indicator species. Urosolenia sp. has not been associated with lakes with low pH
before, although its association with base-poor systems has been previously suggested
by Reynolds et al. (2002).
Amongst the green algae, desmids have been known to characterise bog lakes or lakes
with a low pH (Coesel 1983; 1996; 2001; Negro et al., 2003). This was also the case
for Long Loch that comprised a large population of Closterium sp. amongst other
desmids; Closterium sp. has also been commonly reported in bog lakes (e.g. Mataloni
and Tell, 1996; Mataloni, 1999; Štěpánková et al., 2008; Neustupa et al., 2009). The
presence of desmids including Staurodesmus sp. and Closterium sp. have also reported
in Loch Na Larach and Loch Aisir Mor, which were slightly acidic (pH ~ 6 in Figure
6.2). Closterium sp. is classified an indicator for eutrophy (Rosén, 1981), and this
concurred with the hydrochemistry in the lakes they were contained.
Zygnema sp. was another green alga, which contributed significantly towards the total
phytoplankton biomass in Many Lochs (Figure 6.8b). Green filamentous algae of the
likes of Zygnema sp. and Mougeotia sp. were reported to form dense mats during the
acidification of lakes and streams (Stokes, 1986; Hawes, 1989; Turner et al., 1991; Dora
et al., 2010). The significance of Mougeotia sp. in slightly acidic Loch Na Larach (pH
5.9), was also suggestive of wind-driven turbulence at the time of sampling, that caused
re-suspension of the benthic green alga.

Cyanobacteria
Cyanobacteria were only detected in lakes with a pH 6 and greater. Increase in pH
favoured the colonisation of the lakes by smaller coccoid cyanobacteria e.g.
Merismopedia sp., and Crucigenia sp.. While Anabaena sp. and Oscillatoria sp. were
more abundant at a circumneutral pH, Chroococcus sp. was a dominant cyanobacterial
taxon in alkaline lakes.
Rosén (1981) classified both, Merismopedia sp. (M. tenuissima) and Chroococcus sp.
(C. limneticus), as indicators of oligotrophy. Although Merismopedia sp. was not
limited to oligotrophic systems of the Highlands, this study concurred with works of
Lepistö and Rosentröm (1998) and Hörnström (2002), which reported its presence (e.g.
M. tenuissima and M. warmingiana) in waters with pH exceeding 5.5. Similarly, their
230

studies associated Anabaena sp. and Oscillatoria sp. with relatively higher pH.
However, there was a divergence with the distribution of Chroococcus sp. and this is
probably where determination of the species is essential. While Hörnström (1999)
associated Chroococcus sp. (C. limneticus) to acidic, oligotrophic waters, Lepistö and
Rosentröm (1998) and Moser and Weisse (2011) reported the taxon in eutrophic lakes
(pH 7.8). By its significance in Durness-lakes, Chroococcus sp. encountered in this
study was likely to be associated with eutrophy.
6.3.2.2 Pigment compositions
Chla was detected in all 20 lakes (Figure 6.9). However, no significant relationship (p
> 0.05) was established between phytoplankton biomass determined by microscopy, and
[Chla]. This lack of association, and despite sampling within short time-intervals,
highlighted the importance of the physiological state of phytoplankton at any given
point in time. On the other hand, there was a good agreement between phytoplankton
classes and their respective marker pigment concentrations, e.g. dinoflagellates and
[Per] (rs = 0.717; p < 0.01); cryptophytes and [Allox] (rs = 0.886; p < 0.01; chlorophytes
and [Chlb] (rs = 0.578; p < 0.01).

Fucox which is shared by both diatoms and

chrysophytes, revealed a significant correlation with the latter only (rs = 0.729; p <
0.01).
Reviewers of the use of pigments, including [Chla], to estimate phytoplankton biomass
have prescribed caution during interpretation of the data. The variability of either
[Chla] and/or marker pigment : Chla ratios can be attributed to changes in light and
nutrient limitation (Schlüter et al., 2000; 2006; Descy et al., 2009).

Light
In the absence of underwater light measurements, it is difficult to fully assess the
influence of light on the pigment ratios.

However, because of its role in UV

attenuation, [DOC] can be used as an indicator of water clarity (Morris et al., 1995;
Williamson et al., 1995; 1996; 1999; Arts et al., 2000; Gunn et al., 2001) and can
therefore serve as a proxy for in situ light climate.

231

Brown-water lakes
The acidic nature of Long Loch and Many Lochs was attributable to their geology and
high [DOC] (rs = -0.503; p < 0.05), owing to their high humic and fulvic contents (e.g.
Tranvik, 1988; Williamson et al., 1999). Despite its lower pH (pH 4.1), Many Lochs
contained a higher phytoplankton biomass (Figure 6.8a), but a lower [Chla] (Figure 6.9)
and [carotenoid] (Figure 6.10) compared to neighbouring Long Loch. Chla : C ratio
was ten-folds higher in Long Loch (8.13 x 10-3). The relatively low Chla : C ratio in
Many Lochs (0.81 x 10-3) might be associated with its high [DOC] and relatively poorer
light climate with respect to Long Loch.
As discussed in section 6.3.2.1, phytoplankton communities in both lakes were expected
to comprise taxa that adapted to the lake-specific characteristics. The significance of
Urosolenia sp. was based on its relative contribution to the total phytoplankton biomass,
owing to its high cellular biovolume. The results obtained during this study questioned
the notion of adaptability and success of a taxon in an ecosystem. If the success of a
taxon was measured in terms of biomass, then Urosolenia sp. was a winner, but
probably not from a functional perspective. Although it would be incorrect to assume
an equi-cellular production of marker pigment vis-à-vis [Chla] in any dominant
phytoplankton taxon (e.g. Chlb:Chla vs. Fucox : Chla, in the case of Zygnema sp. and
Urosolenia sp. respectively), the important contribution of minor pigment Chlb (0.09)
might suggest that Zygnema sp. had a more active role than Urosolenia sp. in Many
Lochs. The relative contribution of Chlb (0.08) in Long Loch also supported the
significance of green algae (i.e. Closterium sp.) in acidic environments with a relatively
poor underwater light-climate.
Further evidence on the significance of green algae in lakes with relatively low pH was
provided by Loch Na Larach (pH 5.9) and Loch Aisir Mor (pH 6.0). Loch Na Larach
which supported a large biomass of Mougeotia sp., presented a Chlb:Chla ratio of 0.95,
while that in Loch Asir Mor was 0.24.

Clear lakes
In contrast with acidic DOC-rich lakes, the alkaline Durness-lakes had relatively lower
[DOC], and consequently, clearer waters.

These lakes were characterised by the

dominance of dinoflagellates (Ceratium hirudinella) and chrysophytes, especially
Dinobryon sp.. It was noted that a significant presence of both phytoplankton groups
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(Figure 6.8a) was also detected in other lakes (e.g. L10, L18 and L19) with pH
fluctuating around 7 and [DOC] not exceeding 7 mg L-1.
The Durness lakes comprised phytoplankton that had a high cellular biovolume, e.g.
Ceratium sp. (0.7 – 7.1 µg L-1), and thus a high biomass.

Large-sized dominant

phytoplankton probably reflected low grazing pressure by zooplankton or fish in those
lakes. Although it can be argued that the acidic lakes also comprised large filamentous
green algae, it was remarked that those species (e.g. Zygnema sp. and Mougeotia sp.)
were commonly epilithic. Dinoflagellates and chrysophytes on the other hand, were
pelagic taxa that provided ecological information on the open waters in clearer lakes.
The major differences in phytoplankton composition, i.e. the dominance of
dinoflagellates and chrysophytes, were reflected in the pigment compositions.

By

containing the highest [Per] and [Fucox], pigment data from Loch Croispol
corroborated its dinoflagellate and chrysophyte biomasses respectively. However, as
discussed earlier, pigment concentrations and compositions were not always in
concordance with phytoplankton biomass.
The disproportional relationship between phytoplankton biomass (FW) and pigment
concentrations provided an insight on the eco-physiological status in the Highland
lakes. Despite the higher phytoplankton biomasses in clearer lakes (Figures 6.8a and
6.9), their [Chla] was low. As a light-harvesting pigment (LHP), [Chla] was expected
to increase with decreasing light conditions (e.g. Descy et al., 2009); this explained the
relatively high [Chla] in Dunnet lakes and lower [Chla] in the clearer Durness lakes.
Along with Chla, a similar trend was expected of other LHPs such as Per, Fucox, Chlb
and Allox, and therefore, the [Per] and [Fucox] were lower than anticipated, with
respect to its phytoplankton biomass.
Fucox:Chla in most lakes was generally between 0.14 and 0.21; the ratio was low in the
acidic brown-water lakes (0.01-0.04) and higher in the clearer lakes (0.29-0.98). This
result agreed with that of Descy et al. (2009), who noted a high Fucox:Chla in the
clearest lakes surveyed. Other studies have revealed decreasing Fucox:Chla ratios with
decreasing light climate (e.g. Wright and van den Enden, 2000; Lewitus et al., 2005).
By contrast, increases in Fucox:Chla with increasing depth were noted in both coastal
(Schlüter et al., 2000) and freshwater algae (Schlüter et al., 2006). The divergence in
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results was highly suggestive of intra-class variations as concluded by several studies
(Goericke and Montoya, 1998; Schlüter et al., 2000; 2006; Descy et al., 2009).
Although Fucox is shared by diatoms and chrysophytes, the significant correlation
between [Fucox] and chrysophytes was indicative of their dominance. Despite the
presence of large diatoms in Lochs Croispol and Caladail, the biomass and low density
of diatoms was unlikely to contribute to [Fucox]. The Urosolenia population in Many
Lochs provided a good example of how a large biomass comprising conspicuous
diatoms might not necessarily contribute to either [Chla] or [Fucox]. In fact, large
diatoms were reported to have a lower Chla:C ratio than smaller diatoms (Breton et al.,
2000; Havskum et al., 2004).
The Rhodomonas population in Long Loch generated a high biomass as well as high
[Chla] and [Allox].

Schlüter et al. (2006) reported that Allox:Chla ratio varied

considerably in freshwaters as well as in marine cultures (Schlüter et al., 2000), further
stating that this ratio increased by at least 100 % from low-light treatments to high-light
algal cells. Data recorded during this study revealed that Allox:Chla ratios were low,
varying from 0.00-0.20. These data, which were also highly variable, are probably
indicative of intra-class variation.
Despite the high cryptophyte biomass and [Allox] in Long Loch, Allox:Chla ratio was
low (0.09); when compared with Many Lochs however this ratio was higher. It is likely
that the light climate in Many Lochs was below the threshold recommended for an
efficient eco-physiological state, while the underwater light condition in Long Loch was
optimal, despite the still high [DOC]. On the other hand, in clearer lakes, exposure to
high light intensities might photo-inhibit phytoplankton and therefore solicit
mechanisms for photo-acclimation.

The phytoplankton taxa that benefitted from

mechanisms to mitigate those effects or avoid over-exposure were favoured. Schlüter et
al. (2006) reported that the dinoflagellate Ceratium hirudinella, along with chrysophyte
Dinobryon sp., which abound in the clear lakes, grew optimally under high light
intensities.

Photo-protection
The large variations noted in the Zeax:Chla ratios corroborated observations of Schlüter
et al. (2006) and Descy et al. (2009). In this study however, [Zeax] and [Lut] were
combined due to the lack of chromatographic resolution in some of the lake samples.
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Where these two carotenoids were distinguishable, at least eight lakes had their [Lut]
exceeding [Zeax]. Those lakes included Many Lochs, Long Loch and Loch Na Larach
(L11), in which 90 % of T[Zeax+Lut] (141 µg L-1) corresponded to [Lut].

This

indicated that Lut, like Chlb, was associable to the biomass of chlorophytes in the
Highland lakes. While the function of Lut was unclear according to Siefermann-Harms
(1987), a photosynthetic role as LHP was attributed to Lut by Descy et al. (2009).
Marker pigment:Chla ratios obtained in this study were generally lower than those
reported by Schlüter et al. (2000; 2006) and Descy et al. (2009), and Lut:Chla ratios
(0.01-0.34) were no exception, although the highest ratio was higher than that reported
by Descy et al. (2009), i.e. 0.12-0.21.
The highest [Zeax] (197 ng L-1) was recorded in Loch Borralie. Zeax is commonly used
as a marker pigment for cyanobacteria (Jeffrey et al., 1997; Schlüter et al., 2006;
Sarmento and Descy, 2008).

Interestingly, L. Borralie did not comprise a high

cyanobacterial biomass as determined by inverted microscopy, while the lake with the
largest cyanobacterial biomass (Loch Caladail) had a low Zeax:Chla ratio (0.07).
However, Loch Borralie presented the highest picocyanobacterial biomass (740 µg
(FW) L-1) determined by EPM; [Zeax] was a significant indicator for the detection of
cyanobacteria that were too small to be detected using inverted microscopy. Where the
peak of Zeax was distinct from that of Lut, the calculated Zeax:Chla ratios varied
between 0.01-0.48.

Like many accessory pigments such as β-Carot, Diad and

diatoxanthin, Zeax is also a photo-protective pigment (PPP) that protects the
phytoplankton from photo-oxidative destruction (Demmig-Adams and Adams, 1992;
Schlüter et al., 2006; Descy et al., 2009). High light intensities and / or nutrient
starvation stimulate an increase in the levels of PPPs, and a concomitant decrease in that
of LHPs (Latasa, 1995; Schlüter et al., 2000; 2006; Descy et al., 2009; Dubinsky and
Stambler, 2009).

Non-photochemical quenching (NPQ) of excited chlorophyll

molecules in chlorophytes (Siefermann-Harms, 1985) and higher plants (DemmigAdams, 1990) occurs by further reduction of violaxanthin to antheraxanthin, and
subsequently to Zeax. In diatoms, NPQ is enabled by the de-epoxidation of monoepoxide diatoxanthin to diatoxanthin (Yacobi, 2003).
Like Zeax, Diad and β-Carot are present in natural samples of phytoplankton. The
photo-protective attributes of Zeax, Diad and β-Carot made it harder to draw any
reliable conclusions on their principal functions in the Highland lakes. The relatively
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high [Zeax] along with other PPPs in L. Meadie and two of the Durness lakes (L.
Croispol and L. Borralie) were probably in response to excessive irradiance given the
clarity of the waters. The high concentrations of Zeax, Diad and β-Carot in the clearer
waters of the Highland lakes might be indicative of activation of xanthophyll cycles by
exposure to photo-inhibitory light.

Other factors
It was likely that pigment composition was influenced by nutrient limitation. However,
this relationship was unclear in the data generated from the Highland lakes. Of all the
lakes studied, 80 % were nitrogen-limited ([DIN] < 6.5 µM) and one (L. Aisir Mor) was
co-limited by both nitrogen and phosphorus ([DIN] < 13 µM) according to the
thresholds proposed by Marberly et al. (2002).

Furthermore, [SRP] was below

-

detection (0.03 µM) in 30 % of lakes, while NO3 was undetected in three lakes. On the
other hand, Loch Caladail was the lake with the highest nutrient concentrations.
Although the presence of indicator species in certain lakes was related to their nutrient
status, the latter was not determinant.

For instance, chrysophytes are generally

indicative of oligotrophic conditions (Søndergaard et al., 2003 in Schlüter et al., 2006).
Yet, chrysophytes were present in L. Caladail, which was hypereutrophic. Owing to its
nutrient status though, the presence of Ceratium hirudinella and the cyanobacteria,
Chroococcus sp. was justified. The presence of chrysophytes such as Dinobryon sp.
was plausible because they are also associated with clear waters and L. Caladail, despite
its relatively higher [DOC] compared with the other Durness lakes, was not a brownwater lake. The abundance of Dinobryon sp. was possibly associable to its ecological
or functional role in the systems, as will be elaborated in section 6.3.3.
The concentration of degradation pigments was highly variable. [Phaeta] was poorly
correlated with zooplankton density, while [Phaeba] and [Chldea], both indicators of
senescence (Head et al., 1994; Le Rouzic et al., 1995; Louda et al., 1998; 2002) were
relatively high in acidic lakes; Spearman rho revealed a negative association between
[Phaeba] and pH (rs = -0.544; p < 0.05). Non-parametric correlations revealed a
significant relationship between Phaeba and Phaeta with TSP (rs = 0.490, p < 0.05; rs =
0.509, p < 0.05 respectively). TSP was generally high during or following windy spells,
e.g. in L. Na Larach and L. Aisir Mor. It was speculated that increases in degradation
products might be the result of either re-suspension of sedimentary pigments.
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6.3.3 Bacterioplankton community
Bacterioplankton density
Bacterial densities were assessed using both, EPM and FC and BEPM and BFC were
significantly correlated (r = 0.491, p < 0.05). Potential causes of disparities between
BEPM and BFC have been discussed substantially in the previous chapter.

In this

particular study however, BEPM almost always exceeded BFC; exceptionally, BFC was 3.0
% higher in Loch Stack. The differences between BEPM and BFC ranged from 1.9 %
(Many Lochs) to 80.4 % (Loch Caladail). The relatively higher BEPM with respect to
BFC might be attributable to either an over-estimation of BEPM or an under-estimation of
BFC. For instance, an over-estimation of BEPM may occur from enumeration of dimparticles or viruses. However, given the precautionary measures taken during EPM
counts and the record of a consistently higher BEPM in all samples, the under-estimation
of BFC was presumed more plausible. This under-estimation can be explained by the
fact that all FC-samples were diluted with FACSflow solution prior to their injection.
Dilution was required because the detection of a significantly high number of events in
natural (undiluted) samples was likely to compromise accuracy of the methodology.
Sample dilution, which has been associated with lower counts in the number of
cytokines in human tears (Cook et al., 2001), have also been carefully avoided in other
studies, e.g. the flow cytometric analysis of milk proteins and colloids (Bunthof and
Abee, 2002). An under-estimation of BFC might therefore explain the high difference
encountered in Loch Caladail.

Furthermore, the presence of colonial bacteria can

enhance the under-estimation of bacterial counts (e.g. Laplace-Builhé et al., 1993;
Nebe-von-Caron et al., 2000).
Bacterioplankton diversity
The bacterioplankton diversity in the Highland lakes was probably comparable to that in
their Scandinavian counterparts (e.g. Lindström, 1998) with respect to their OTU
numbers. The BCC in lakes distinguishable by their pH, formed distinct clusters (2 and
4 in Figure 6.13). This indicated that lakes with distinct environmental characteristics
contained distinct bacterial communities, as exemplified by acid lakes, Long Loch and
Many Lochs, as well as alkaline Loch Croispol and Loch Caladail. Loch Borralie (pH
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8.3) however, showed less resemblance with the other Durness lakes, suggesting a
significant interplay of environmental variables other than pH.
The BCC in Loch Borralie was associated with larger Cluster 5 (Figure 6.13), which
comprised most lakes sampled in August 2009. Cluster 3 was also large containing all
lakes sampled in September 2009 (Figure 6.13). Although time of sampling might be
important, it was initially assumed that summer BCC in any lake was not significantly
affected by the sampling date. Although this hypothesis has not been tested during this
study, the cluster analysis of all samples highlighted those bacterial communities with a
distinct composition (Clusters 1, 2 and 4 in Figure 6.13) irrespective of the sampling
date.

pH
pH was a demarcating environmental variable in some Highland lakes, exerting
significant pressure on their respective bacterioplankton communities; the BCC in other
water bodies were probably characterised by the interaction of several factors. Van der
Gucht et al. (2001; 2005; 2007), de Figueiredo et al. (2007) and Leflaive et al. (2008)
have mainly investigated the influence of nutrients on BCC. While De Figueiredo et al.
(2007) focussed on nutrients, they also inferred an association between BCC and pH.
Similarly, Lindström et al. (2005) have also attributed the distribution of freshwater
bacterial groups to numerous factors, e.g. pH, temperature and lake water retention
time.
The intricate link between pH and [DOC] made it difficult to single out which of the
two had the most significant impact on BCC in lakes surveyed. Similarly, trophic status
and/or nutrient limitation were not associable with lake-pH; acid lakes were not
necessarily oligotrophic and alkaline lakes, eutrophic. pH, DOC and nutrient status
influenced the bacterial community structure but their relationships with bacteria was
not clear. Based on reports from Lindström et al. (2005) and De Figueiredo et al.
(2007), Verrucomicrobia would be predominant in oligotrophic lakes with low pH (pH
6.0 – 6.8). Lindström et al. (2005) further indicated that bacterioplankton belonging to
the phyla Actinobacteria and β-Proteobacteria dominated lakes with low pH (5.5 ≤ pH
≤ 6.3), with a notable presence of Polynucleobacter necessarius. Affirming that the
“typical” freshwater bacterioplankton groups were detected in acid-impacted
Adirondack lakes (USA), Percent et al. (2008) confirmed dominance of Actinobacteria
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and β-Proteobacteria, and absence of P. neccessarius.

Bacteroidetes and α–

Proteobacteria were expected to dominate alkaline lakes, like Loch Caladail that
exhibited high pH as well as a high trophic status (e.g. Eiler and Bertilsson, 2004; Van
der Gucht et al., 2005; De Figueiredo et al., 2006). Loch Borralie, characterised by
high pH and high conductivity, was demarcated by a significant picocyanobacterial
population. The latter might have accounted for its dissociation from the other Durness
lakes.

DOC
Long Loch and Many Lochs are neighbouring lakes. Besides their close proximity to
each other, the similarities in their vegetation composition might explain the
resemblance in BCC. However, the larger catchment area of Many Lochs (9.1 times)
with respect to that of Long Loch, led to a higher [DOC]. It was likely that the small
difference in BCC might stem from the amount of DOC, with Many Lochs having
almost twice the [DOC] as Long Loch.
Besides their high pH and high conductivities, the low [DOC] that characterised the
Durness-lakes accounted for their BCC. As in the case of the acid lakes, [DOC] might
be directly associable to the vegetation composition in their catchments, which in the
case of the Durness lakes, consisted largely of grassland. Differences in [DOC] have
been related to shifts in BCC (e.g. Eiler et al., 2003), with different microbial
communities present at high and low [DOC]. Eiler et al. (2003) reported that βProteobacteria and Cytophaga-flavobacter phyla were present at all [DOC] while αProteobacteria tended to dominate at low [DOC]. A relatively larger population of αProteobacteria would therefore be expected to thrive in the Durness- than in Dunnet
lakes.
As with concentration, the quality of DOM was equally important (e.g. Pérez and
Sommaruga, 2006; Docherty et al., 2006) for the determination of BCC in any lake.
Bioavailability of DOC depended on the proportion of labile and/or refractory DOM.
While the molecular size of DOM generally affects secondary production (Moran et al.,
1990; Ellis et al., 2000), the DOM-source is also expected to influence BCC (e.g.
Cottrell et al., 2000; Crump et al., 2003). The bacterioplankton density was high in the
Durness lakes. While the hypereutrophic status of Loch Caladail might partially explain
its high bacterial abundance, the quality of DOM in situ might be equally important.
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Genetic similarities between the BCC in Dunnet and Durness lakes ranged from 68.2 to
75.7 %. DOM in the Dunnet lakes was expected to be mainly of allochthonous origin,
and inferentially, was largely high MW DOM, refractory in nature. While part of the
DOC in Durness lakes was also expected to be derived allochthonously, it was
speculated that a larger proportion of DOC was of low MW and labile.
Molot et al. (2005) reported increased photo-oxidation rates in acidic waters and a
greater DOC loss. By inference, elevated concentrations of labile DOC in lakes with
relatively low pH, would expectedly lead to a concomitant increase in bacterial density.
While Long Loch and Loch Na Larach contained high bacterial densities, an
unexpectedly lower density was recorded in Many Lochs and Loch Aisir Mor. Despite
a high [DOC], the bacterioplankton populations in the latter lakes were probably limited
by light.
By deduction, photo-oxidation rates were lower in lakes with relatively high pH (Molot
et al., 2005; Pace et al., 2012), inferring that a lower concentration of labile DOC would
be expected in more alkaline lakes. Pace et al. (2012) reported that under high pH
conditions, initial light absorption and photo-bleaching increased, with a concomitant
shift in the size of DOM toward larger colloidal material. Unless the formation of
larger colloids provided an important source of substrate for bacterioplankton, relatively
high bacterial density in the Durness lakes were probably indicative of dominating
alternative processes, e.g. the supply of highly labile autochthonous DOC. Irrespective
of pH, the bioavailability of autochthonous DOC might play an essential role in the
determination of freshwater BCC. Phytoplankton community composition in either
lake-type can largely influence BCC (Pinhassi et al., 2004).

Therefore, it can be

speculated that phytoplankton composition in the Durness lakes generated
autochthonous DOC, conducive for the growth of bacterioplankton, especially under
low grazing pressure from ciliates.

The presence of a significant chrysophyte

population comprising largely Dinobryon sp. might justify the low bacterial density in
Loch Croispol as a result of high grazing from these mixotrophs.
Besides all the factors that demarcate the lakes surveyed from each other, the generation
of autochthonous DOC was an important variable that could potentially justify the
differences in BCC between acid and alkaline lakes. With the algal assemblage in lowand high-pH lakes being different, supported the speculation that phytoplankton
composition

was

important

in

determining

the

development

of

different
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bacterioplankton populations in waters with contrasting phytoplankton (Pinhassi et al.,
2004), owing to their own biochemical composition (van Hannen et al., 1999; Quigg et
al., 2003).

6.4
•

Summary
20 Scottish Highland freshwater lakes were surveyed for phytoplankton community
and pigment compositions, bacterioplankton density and diversity, along with a
range of physicochemical variables. The study, which aimed at exploiting the
applicability of HPLC and PCR-DGGE in a diverse range of lake samples, was the
first to report dominant phytoplankton taxa in the 20 lakes surveyed over summer
(Jul – Sept) 2009.

•

70 % of the lakes sampled had an area not exceeding 1 km2 but had highly variable
catchment areas. The geologic nature of the catchment and their relative bedrock
composition in terms of its limestone or sandstone content, accounted for the
respective alkalinity and acidity of the lakes. The acidic lakes at Dunnet and the
marl lakes at Durness were demarcated by their pH and [DOC], which may be
associable to their geologic and vegetation compositions respectively.

•

PCC in alkaline lakes was characterised by high biomasses of dinoflagellates and
chrysophytes whilst that in acidic lakes was marked by cryptophytes, diatom and
chlorophytes. The study revealed that more acidic lakes (pH ≤ 5.3) were devoid of
cyanobacteria, but that the latter were detectable in waters with pH 6 or greater.
Increase in pH favoured the colonisation of the lakes by smaller coccoid
cyanobacteria (e.g. Merismopedia sp.).

While filamentous cyanobacteria

(Anabaena sp. and Oscillatoria sp.) were more abundant at a circumneutral pH,
Chroococcus sp. was a dominant cyanobacterial taxon in alkaline lakes.
•

Although detected in all 20 lakes, [Chla] was not significantly related to their
respective phytoplankton biomasses determined by microscopy (p > 0.05).
However, there was a good agreement between the biomass of individual
phytoplankton groups and their pigment signatures.
In the absence of light measurements, [DOC] was used as a proxy to evaluate the
potential influences of light on the pigment concentrations in brown-water and clear
lakes.

Data inferred an intricate relationship between light and pigment
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concentration and divergence in some results was suggestive of intra-class
variations. The photo-protective attributes of Zeax, Diad, and β-Carot made it hard
to draw any reliable conclusions on their principal role in the Highland lakes.
However, the high [Zeax], [Diad] and [β-Carot] in the clearer waters might be
indicative of photo-protection, although the highest [Zeax] in Loch Borralie might
be associable with a high pico-cyanobacterial biomass.
•

BFC was almost always lower than BEPM and this can be related to the dilution of the
samples required for the sound processing during FC. DGGE results revealed high
bacterioplankton diversity in the Highland lakes, with distinct clusters forming in
lakes with distinguishable pH and DOC such as the acidic lakes at Dunnet and the
marl lakes in Durness. Although it was speculated that cluster formation in other
lakes was dependant on factors such as nutrients and their ratios, this was difficult
to prove. Similarly, the significance of vegetation composition on BCC, which
would be expected to determine both concentration and quality of allochthonous
DOM, was speculated to be important in all lakes.

This geospatial study explored the application of HPLC and PCR-DGGE to a diverse
range of lake types and assessed whether changes expected in PCC and BCC were
reflected in the data. Sufficient corroboration between large qualitative and quantitative
differences in PCC (microscopy data), and phytopigment data indicated that HPLC is a
potential tool in the assessment of compositional changes in phytoplankton. While the
differences in bacterioplankton DNA profiles created from fPCR-DGGE data were
expected, it was interesting to find clustering of bacterioplankton communities in lakes
with similar lake conditions, e.g. pH.
Throughout this chapter, the Dunnet and Durness lake-groups have showcased the most
distinctive results in biota. Further processing of the phytopigment data using the
CHEMTAX program will add value to the data produced so far. The data output from
application of CHEMTAX can then be directly compared with microscopy data and a
better-informed evaluation of the applicability of HPLC as a tool for assessing
phytoplankton communities in Scottish freshwater lakes can be made. Furthermore, the
integration of multivariate statistics, e.g. principle component analysis (PCA), will
enhance the presentation and interpretation of the data.

Both, CHEMTAX and

multivariate statistics will improve the quality of and complement the current research
work.
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Chapter 7
General discussion, summary and future work

7.1

Context

Since the implementation of the European Water Framework Directive in 2000, numerous
studies have been conducted by UK’s environmental agencies [e.g. Environmental Agency
(EA), Environmental and Heritage Service (EHS), Scottish Environmental Protection Agency
(SEPA), Scottish Natural Heritage (SNH) amongst others] in a bid to classify water types
specified in the legislation (See Chapter 1).

While the intercalibration process involving

representative working groups from different countries across Europe has already begun, other
exercises such as the review of environmental standards, and of pressures and impacts on water
bodies in UK, are expected to be complete by the end of 2012 and 2013 respectively.
According to the Water Framework Directive (WFD), agreed by all member states, a minimum
good ecological quality status should be reached in all surface waters by 2015 [Article 4 (1a) in
Directive, 2000].
Amongst the prime objectives of the WFD (See Annex II to Directive, 2000), were the
development of lake typology in each pre-established Ecoregion (Bennion, 2004; Acreman et
al., 2005) and ecological classification tools that would provide the best assessments of the
relationships between anthropogenic pressures and their indicator species.

7.1.1

Lake Typology

Assessment of lake typology is based on four main criteria: geology, depth, altitude and size
(UKTAG, 2003; Acreman et al., 2005). Five of the lakes sampled in this study were typified,
using data collated by Bennion (2004) during the survey of 219 British lakes (Table 7.1);
typology was assigned based on WFD guidelines, adapted by UK Technical Advisory Group
(UKTAG). Of the 219 lakes studied by Bennion (2004), 58 % were in Scotland. Acreman et
al. (2005) reported the geologic classification of lakes into 6 main alkalinity classes: Peat (P),
Low alkalinity (LA), Medium alkalinity (MA), High alkalinity (HA), Marl and Brackish (B).
46 % of the Scottish lakes (N = 58 lakes; Figure 7.1) were deep lakes (mean depth > 3 m) with
low alkalinity (LA), while P and B water types were rarer, with poor (one lake; Figure 7.1) or
no representation respectively.
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Table 7.1 Lake typology of five freshwater Scottish lakes and associated Squared chord distance
dissimilarity (SCDD) scores determined by Bennion (2004).
Lake Name

Geology

Depth

Squared Chord Distance Dissimilarity Score

Loch Rannoch

LA

Deep

0.253

Long Loch

LA

Deep

1.145

Loch Na Larach

LA

Deep

0.577

Loch Borralie

Marl

Deep

0.843

Loch Caladail

Marl

Shallow

0.996

LA: Low alkalinity; Depth: Shallow (Mean depth ≤ 3 m), Deep (Mean depth > 3 m)

Number of lakes

% SCDD < 0.475 (Lake type)

"% SCDD < 0.475 (Total)"

70

25

60

50
15

40

30

10

20

% Total lake number (N=126)

Number and % of lake type

20

5
10

0

Figure 7.1

58

17

4

9

24

13

1

LA, D

LA, Sh

HA, D

HA, Sh

Marl, D

Marl, Sh

P, Sh

0

Typology (LA: low alkalinity; HA: high alkalinity; Marl; P: Peaty; D: deep; Sh:

shallow) of 126 freshwater lakes across Scotland (Acreman et al., 2005). The number of lake-types
is boxed and the dotted line shows the percentage of each lake-type characterised by a squared
chord distance dissimilarity (SCDD) score less than 0.475. The solid line represents lakes with
SCDD < 0.475 and expressed as a percentage of the total number of lakes (i.e. N = 126).
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The survey of 20 North Highland freshwater lakes in Chapter 6 highlighted the significance of
geology, which in some cases, may be “determinant” when characterising a lake’s water
chemistry (e.g. pH) and microbial community.

The observations discussed in Chapter 6

concurred with the concluding remarks made in the report of Bennion (2004), who attempted to
identify reference lakes and evaluate paleolimnological approaches to define reference
conditions for UK ecotypes.
Paleo-ecological techniques used by Bennion et al. (2004; 2011) to facilitate the classification
of ecological status, appeared to be a very valuable tool; the foundation of the WFD relies on a
successful establishment of, and consensus on, reference conditions by every member state.
Bennion (2004) assessed the degree of floristic change in all samples using a squared chord
distance coefficient (SCDC), whose advantages have also been reported. The scores range from
0 to 2, whereby 0 indicates that two samples are exactly the same and 2 that they are completely
different. Here, the 5th percentile critical limit (i.e. SCDC 0.475) is used to define sites with low
floristic change. In her report (WFD08), Bennion (2004) stated that “the diatom classification
of the reference samples from 219 lakes shows good agreement with the GB Lake Typology
scheme, indicating that the latter has ecological relevance. Geology (reflecting alkalinity) and,
to a lesser extent, lake depth are important in explaining the diatom distributions.” (Bennion,
2004: p23).
While characterisation of the alkalinity in a catchment was obligatory, additional
aforementioned details were equally important for categorisation of lake typology. According
to guidance from the UKTAG (2003) and a typology review by Acreman et al. (2005), 18.2 %
of lakes surveyed throughout their study were large (5 – 100 km2), with an equal percentage
being very small (0.01 – 0.09 km2), while the majority of lakes (63.6 %) were small (0.1 – 4.9
km2) in size (Table 6.1).

7.1.2

Environmental standards

As stipulated in Annex V to the WFD (Directive, 2000), environmental standards include
biological, chemical and physicochemical, and hydromorphological quality elements, that are
essential for classifying the ecological status of a lake. This study focussed on the diagnostic
potential of phytoplankton. To account for its variation, several physicochemical parameters
were determined; physicochemical data were not exclusively used as metadata.
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Physicochemical standards
Several factors were associated with changes in both phytoplankton and bacterioplankton
communities. The recurrent themes throughout this study included geology, light climate and
DOC, and their importance is underlined in Chapter 6. Interestingly, these three factors are
related.

The differences between the acidic Dunnet lakes and marl Durness lakes were

accounted for by geology and [DOC].

For instance, a catchment comprising moorland

generates peaty soil, which during rainfall is drained into a lake as allochthonous DOC. [DOC]
influences underwater light climate (Williamson et al., 1999); the penetration of light through
the water column is impeded at higher [DOC], thereby affecting autotrophic production (See
Figure 7.2).
Geology
(P, LA, MA, HA, Marl, B)
Allochthonous

DOC

Mixotrophy

Autochthonous

Heterotrophy

Light climate

Bacterioplankton

Mixotrophy and
Phytoplankton

remineralisation

Figure 7.2 Simplified illustration of the inter-relationships between geology, [DOC] and light, and
the microbial community in a typical Scottish freshwater lake. (P: Peat; LA: low alkalinity; MA:
medium alkalinity; HA: high alkalinity; B: brackish).

UKTAG lists transparency, thermal conditions, oxygenation conditions, salinity, acidification
status and nutrient conditions as physicochemical quality elements (UKTAG 2006; 2007a); they
further recommended the use of suspended solids, temperature, dissolved oxygen concentration,
conductivity, acid neutralising capacity (ANC) and [TP] respectively, as indicators for the
environmental standards.

DOC is not suggested as a potential environmental standard.
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However, Monteith and Simpson (2007) did reflect upon the fact that the role of dissolved
organic acids was accounted for during the determination of ANC.
Since a majority of Scottish freshwater lakes profiled as LA (Bennion, 2004; i.e. mean annual
alkalinity < 10 mg L-1), one might imply that Scottish lakes are at a potentially higher risk of
being impacted by acidification. Human-induced acidification is undoubtedly a significant
pressure, making the demarcation between naturally acidic and acidified lakes is very important.
Monitoring of acidification status is based on ANC readings (i.e. ANC exceeding 40 micro
equivalents L-1 (µEq L-1) for “High” and above 20 µEq L-1 as “Good” quality for lakes) and the
estimation of its deviation from reference conditions, i.e. the ecological quality ratio (EQR), can
promote and improve water resource management. While attempting to develop a tool for
assessing the ecological status of acidified lakes, Monteith and Simpson (2007) classified few of
the lakes that had been surveyed during this study; while Loch Calder, Loch Loyal and Loch
Stack have been rated as ‘High-Good’, the ecological status in Loch Hope was classified as
“Poor-Bad”.
The significant correlation between DOC and pH (rs = -0.503; p < 0.05) was identified in
Chapter 6. Because geology was expected to effect largely on lake pH, it could be inferred that
pH and ANC shared a positive association; acidic lakes would be expected to be of P or LA
types, while those with higher pH (pH > 7) would have either HA or marl typologies. While
ANC is generally accepted to be a good measure of acidification, its use as an indicator of biotic
health has often been questioned, especially with reference to fish populations (Fölster et al.,
2007), which showed a better correlation with pH. The biological quality elements (BQEs)
associated with ANC in lakes are diatoms and macroinvertebrates (Directive 2000; Monteith
and Simpson, 2007).
The relationship between [DOC] and light climate has consistently been referred to as a driver
of plankton community changes in the Scottish freshwater lakes such as Loch Rannoch and
similar brown-water lakes. Transparency was prescribed as a quality element that was to be
determined from total suspended particles (TSP). While they both influence underwater light
regime (Bracchini et al., 2011), turbidity and DOC have different bearings on the plankton
community based on their optical properties and their inherent ability to reflect and absorb
incident light. The role of DOC as a carbon source for plankton will be discussed in a later
section.
The significance of DOC in the humic lakes across the North of Scotland suggests that it should
be considered as a quality element. Like Scotland, countries of Northern Europe (e.g. Sweden
and Finland) have large numbers of naturally humic or brown-water lakes, whose ecological
structure and function are not only characterised by, but are dependent on the quality and
quantity of DOM. Interactions of DOC with nutrients and trace metals such as copper (Cu),
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Iron (Fe) and aluminium (Al) make it an important parameter to monitor (e.g. Porcal et al.,
2009); the natural highly organic, metal-binding sediments have been blamed for high heavy
metal pollution (e.g. lead - Pb, arsenic -As, mercury – Hg and cadmium – Cd) and organic
pollution associated with high aryl hydrocarbon receptor ligand activity correlated with high
polycyclic aromatic hydrocarbons in sediments of Scottish mountain lakes (Catalan et al.,
2009). Recent increases in [DOC] in the waters of Europe and North America have prompted
more attention on the drivers of DOC exports to aquatic systems (e.g. Evans et al., 2005; 2006;
Porcal et al., 2009; Jennings et al., 2010), especially now when climate change is a central
theme of debate and discussion.

Biological quality elements (BQE)
Phytoplankton were the BQE at the centre of this study.

Phytoplankton have been

recommended by the WFD (Directive, 2000) as an indicator of nutrient enrichment and
acidification status. Their assessment has been conducted using different methods and tools,
including the use of [Chla] and percentage nuisance cyanobacteria (UKTAG, 2008) and
microscopy, combined with [Chla] and [TP] (Carvalho et al., 2006a; 2007).
During this study, PCC was assessed using microscopy and HPLC.

By implication, the

availability of phytoplankton composition and [Chla] data could be used for the assessment of
ecological status in Scottish lakes studied, should reference conditions for the lake types be
published.

Indeed, uncertainties prevailing over the use of [Chla] and phytoplankton

composition (e.g. Calvalho et al., 2007; 2009) have hampered any significant progress.
Carvalho et al. (2008) reported that [Chla] varied with lake type and geographical region, and
was naturally highest in low-latitude, very shallow, high alkalinity and humic lake types and
naturally lowest in clear, deep, low alkalinity lakes. Interestingly, the authors refer to ‘lake
transparency’ that is not specifically cited as a typology parameter. This supports the argument
made in the previous section, which highlights the significance of DOC in some lakes. While
high nutrient levels (i.e. TP) have been suggested as the main drivers of concomitant increases
in [Chla] in humic lakes (Cardoso et al., 2007), studies such as that of Münster et al. and Arvola
et al. (1999 in Carvalho et al., 2008) have provided a different view. The survey of 20 Scottish
lakes in Chapter 6 showed a variable response of [Chla] too. [Chla] was higher in the acidic
brown-water Dunnet lakes and lower in the clearer and highly alkaline/marl Durness lakes
(Figure 6.8a); this was in spite of opposite trends in their respective phytoplankton biomasses
(Figure 6.9). At the same time, [Chla] in other DOC-rich lakes (e.g. Loch Na Fiacail and Loch
Aisir Mor) were low. This shows that [Chla] might be used reliably in some lakes only, making
the case for site-specific reference conditions stronger.
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Following their SNIFFER reports WF38 and WF80, Carvalho et al. (2006a and 2007
respectively) have revealed gaps in research that would need to be filled, before the
phytoplankton classification tools championed in these reports are validated. Notably, Carvalho
et al. (2006a; 2007) refer to parameters, e.g. [Chla], without specifying the technique or
methodology used for their determination. Given its inherent precision and accuracy, it is likely
that HPLC-generated [Chla] data might not match that gathered by any other technique. [Chla]
determined using HPLC has been reported to be lower than that determined by
spectrophotometry or fluorometry (Meyns et al., 1994; Descy et al., 2005). In the absence of
any concurrent spectrophotometric data, which are commonly used for determining [Chla], the
data could not be directly compared. However, further work aiming at finding a relationship
between HPLC and spectrophotometric data might be very helpful.
Of all member states agreeing to the implementation of the WFD, only the working group
representing Denmark has included HPLC as a technique for the determination of [Chla]
(Cardoso et al., 2005). Besides an agreement on the methods used to determine phytoplankton
biomass, the consensus over reference conditions over the use of either [Chla] or phytoplankton
composition is also awaited amidst the challenges reviewed by Carvalho et al. (2008; 2009).
This might explain why very few studies (e.g. Lepistö et al., 2004) have used compliant
methodologies in line with the WFD for the assessment of ecological status; it was noteworthy
that Lepistö et al. (2004) used expert judgement for the classification of their lakes into five
main groups.

Phytoplankton composition
Recurrent themes highlighted from the last three chapters included similarities in the
phytoplankton composition in the different lakes and the significance of light when treating
pigment profiles in the lake water. The dominant phytoplankton groups in Loch Rannoch and
Loch Calder included diatoms (Bacillariophyceae), chrysophytes (Chrysophyceae) and
cryptophytes (Cryptophyceae), alongside cyanobacteria (Oscillatoria sp.) in the latter lake.
This study has adopted an a priori approach (cf. van der Bund and Solimini, 2007) towards the
assessment of lake function. Although the ecological status in some of the lakes have been
temporarily assessed (e.g. High status: Loch Calder, Loch Naver, Loch Hope, Loch Meadie;
Good status: Loch Stack) using a posteriori approach, it must be noted that given the
discrepancies in the Phytoplankton Index of Eutrophication (PIE) methodology (Dodkins et al.,
2005) used by Carvalho et al. (2007), their status still requires confirmation. The use of
multivariate metrics has largely contributed to explain significant variance in phytoplankton
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composition and their use is expected to contribute in understanding better and/or supporting the
observed variation and variability of the different environmental parameters determined
throughout the course of the study. Furthermore, no attempt was made in this study to classify
the phytoplankton community into functional groups, described in Reynolds et al. (2002).
Bearing with the useful points made by Padisák et al. (2009), the use of assemblage index
referred to in Padisák et al. (2006) could be applied in future work.
Changes in light conditions could explain variations in phytoplankton and pigment
compositions in all the Scottish lakes investigated. While underwater light climate is expected
to depend on the number of sunshine hours as well as the solar intensity, [DOC] played an
equally important role (Figure 7.2). Therefore, [DOC] has often been used as a proxy for light
throughout this work; it has been consistently been employed to gauge the influence of light on
the phytoplankton community. This was especially useful when attempting to interpret the
changes in pigment levels in the lakes. The differentiation between LHPs and PPPs was in
some instances, informative on the ecological physiology of a particular taxon e.g.
cyanobacterial population and corresponding variations in [Zeax] in Loch Calder over summer
2009. However, in order to benefit the most from the HPLC data gathered in this study, the
application of CHEMTAX (Mackey et al., 1996) is recommended (See section 7.4).

Bacterioplankton
Bacterioplankton was not listed amongst the BQEs stated in the WFD. However, given the
importance of DOC in Scottish lakes and by inference, the significance of the microbial loop
(e.g. Azam et al., 1983; Fenchel, 2008) in humic-rich aquatic ecosystems (e.g. Riemann and
Christoffersen, 1993; Cotner et al., 2002), an investigation into the number and diversity of
bacterioplankton was justifiable.
High inputs of autochthonous DOC and concomitantly high bacterial densities generally
characterise a mixotrophic system (e.g. Jones, 1992). Phagotrophic mixotrophy was conferred
mainly to chrysophytes and dinoflagellates. Cryptomonas sp. have been classified as obligatory
phototrophs by Jones (2000) whereas Palsson et al. (2004) identified them as mixotrophs.
Because mixotrophic cryptophytes have been reported in other lake systems (e.g. Roberts and
Laybourn-Parry, 1999), but the cryptophytes in this study have also exhibited autotrophic traits
when examined using EPM, they were classified as potential mixotrophs.
Although highly speculative, it is likely that Loch Rannoch is a net heterotrophic system like
Loch Lomond (Bass et al., 2010). The state of mixotrophy in Loch Rannoch was most probably
sustained by its consistently low trophic status, with a relatively higher proportion of obligate
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autotrophs in summer (Figure 7.3a). The variations in mixotroph biomass (Figure 7.3b) and
bacterioplankton densities (e.g. BEPM in Figure 5.13) in Loch Calder might be suggestive of two
scenarios. (1) In summer and spring, optimal light, temperature and nutrient conditions led to
the increased growth of both, bacterioplankton and phytoplankton. The exponential growth of
bacterioplankton was facilitated by low grazing pressure by mixotrophs, probable because the
latter were at a competitive disadvantage with respect to blooms of nitrogen-fixing Oscillatoria
sp. (summer 2009) and a diatom assemblage capable of growing under low light and nutrient
conditions (spring 2010). (2) The decrease in light and temperature over autumn and winter
was accompanied by high rainfall and an inferential increase allochthonous DOM. The relative
increase in contribution of mixotrophs was induced by a significant decrease in photosynthetic
capability by autotrophs (Figure 7.3b).

Although the mixotrophy might explain a low

bacterioplankton density, the influence of dilution caused by increased surface drainage and rain
cannot be excluded.
Like Scottish lakes, several lakes in northern Europe are also recipient of relatively large
amounts of DOC (e.g. Jansson et al., 1999; 2000; Drakare et al., 2002; Eiler et al., 2003; Hunt
et al., 2010). PCR-DGGE data revealed that the bacterioplankton diversity in the Scottish lakes
(determined by the number of dominant OTUs), was comparable to many Scandinavian lakes
(See discussion in Chapter 5). Bacterioplankton densities in the Scottish lakes studied were also
in the range recorded in other European water bodies (e.g. Carlsson et al., 1995; Conty et al.,
2007), although bacterial density was at least ten folds higher than in Loch Ness (e.g. LaybournParry et al., 1994). While the numbers compare and it is reassuring to observe similarities in
the number of dominant taxa, it is unlikely that bacterioplankton taxa are similar. The size and
composition of catchment areas, for instance the forest- and peat-derived allochthonous DOM
dominating in Scandinavia and Scotland respectively, are expected to generate differences in
bacterioplankton diversity.
Bacterioplankton contribute to the overall biodiversity of any aquatic system; knowledge about
the bacterioplankton community and its interaction with other biotic and abiotic factors in the
lake can only be useful when trying to understand the functioning of the ecosystem as a whole.
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Figure 7.3

Relative contributions of autotrophs, potential mixotrophs and mixotrophs to

percentage of total phytoplankton biomass in (a) Loch Rannoch (D: Deep, S: Shallow, Sp: Spring,
Su: Summer, Au: Autumn, Wi: Winter) and (b) Loch Calder.
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7.2

Challenges

7.2.1

Weather

The unpredictability of the weather is a major deterrent most field-ecologists face and the
Scottish weather posed a significant challenge for this study. Fieldwork was largely dependent
on weather conditions prevailing on the sampling date and weather affected sampling, whether
on a boat or from the shore.
As far as possible, the sampling programme, especially for the temporal study at Loch Calder,
was respected to ensure the generation of a statistically sound dataset in terms of distribution
over time. Judgement about the weather was subjective to health and safety issues and sample
representation. For instance, while sampling could still be undertaken during rainy weather, the
combination of rain and strong winds was deemed inappropriate for sampling.
While fieldwork was important, it was essential to ensure the health and safety of all personnel
involved in the sampling operations. Practicability of the roads to get to the sampling site was
an important criterion, strongly influenced by weather conditions. The involvement of a boat,
like in the case of Loch Rannoch required additional care; exposure to wind and rainy
conditions were accountable for several postponements at Loch Rannoch.
It was equally important to ensure that the sample was representative of the changing lake water
conditions, attributable to both intrinsic and extrinsic factors, e.g. weather. Sampling was not
undertaken when a lake was under ice-cover or during very windy conditions. These conditions
compromised the sampling schedule, especially in the case of near-shore sampling at Loch
Calder, where the casting of the bucket is hindered.

7.2.2

Logistics

The logistics required to conduct the sampling were another potential challenge, e.g. sampling
at Loch Rannoch involved a significant amount of equipment, chemicals and consumables that
needed to be transported to and from Loch Rannoch (Pitlochry) and the laboratory (Thurso).
When sampling was postponed, the major difficulty was the re-organisation of logistics,
including transport, dry ice and personnel. Logistical considerations meant that fieldwork at
Loch Rannoch was limited to once each season.
Water sampling has been addressed by the WFD, which recommends either an integral
sampling from the centre of the lake or sampling the outflow. While the availability of a boat
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was facilitated by FRS (Pitlochry) during the sampling at Loch Rannoch, its absence defined the
sampling strategy adopted at Loch Calder and during the lake survey, i.e. near-shore sampling.
In fact, meanwhile being the best alternative, near-shore sampling also enabled the
standardisation of the method by which water was sampled at all Highland freshwater lakes.
An assessment of spatial variability in [Chla] by Carvalho et al. (2007) was conducted on
samples from the open waters, edge, and outflow of 12 different lakes across UK. This study
revealed that while the difference in location was not significant, the interaction between lake
and location was. Friedman’s test on the percentage coefficients of variation (CV) also showed
that the outflows had the least variable [Chla] in comparison with the open water or edge
locations. However, the concentration at the outflows can be significantly different (p > 0.05)
from the rest of the lake. In the light of these findings, the near-shore samples are assumed
equally acceptable.

7.3

Summary and conclusion

Throughout this project, the application of chemotaxonomy and a unique bacterial genetic
marker (16S rRNA gene) was explored using HPLC and PCR-DGGE respectively. The HPLC
methodology was adapted from Gibb et al. (2001) while PCR-DGGE was applied using the
filter PCR method modified from Kirchman et al. (2000), with thermo-cycling conditions
adapted from Winter et al. (2007). The development and optimisation of the PCR-DGGE
methodology was presented in Chapter 3.
In the subsequent chapters, a range of lakes were studied; some lakes subjected to a more
thorough investigation than others. The morphometry of Loch Rannoch, an elongated, deep
lake (See Chapter 4), was key to the elaboration of a spatio-temporal sampling programme that
(i) was achievable within a year (2008-2009) and, (ii) provided a clear picture of the plankton
community structure and how it changed over the study period. Surface waters along the
longitudinal transect of Loch Rannoch were monitored alongside three sets of vertical profiles
conducted once seasonally, i.e. in spring, summer, autumn and winter 2008. During this study,
it was established that Loch Rannoch stratified over summer. Loch Rannoch was oligotrophic
bordering ultra-oligotrophy, which probably largely accounted for its low phytoplankton
biomass. The HPLC and PCR-DGGE data generated despite the low phytoplankton biomass
and relatively low water volumes sampled, were evidence of the success of both techniques.
This work was the first temporal study of Loch Calder, a small and shallow mesotrophic lake
(Chapter 5). While sampling load was reduced to at least one near-shore sample per visit, the
sampling frequency consisted of fortnightly visits during the period 2009-2010. HPLC data,
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supported by microscopy, demonstrated the temporal variations in phytoplankton composition
and biomass in 2009; microscopy data revealed two major peaks in phytoplankton: a
cyanobacterial bloom in summer 2009 and a diatom bloom in spring 2010. Eco-physiological
changes in the phytoplankton community were also highlighted; the concomitance of high
[Zeax] with high cyanobacterial biomass illustrated the significance of PPPs during summer.
Variations in phaeopigments composition were also associable to changes in grazing,
senescence and weather-driven turbulences in the water column. Meanwhile, PCR-DGGE data
showed shifts in BCC, which appeared to coincide with transitions in ecological seasons.
A geospatial study of 20 freshwater lakes in Northern Scotland (Chapter 6), which consisted of
one-off samplings during summer 2009, aimed at exploring the application of HPLC and PCRDGGE to a more diverse range of lake types that were largely defined by their relative
differences in pH, DOC and [nutrient]s. The study assessed whether changes expected in PCC
and BCC were reflected in the data.

Indeed, the differences in PCC were large, both

qualitatively and quantitatively, and these were congruent with HPLC data. Some corroboration
was also noted with PCR-DGGE data, hat revealed clustering of bacterioplankton communities
in lake with similar conditions, e.g. pH. In fact, the lakes characterised by their differences in
pH (e.g. Dunnet vs. Durness lakes) were distinguishable by their plankton communities and
although other environmental variables were also expected to influence the communities, these
relationships were not clear.
During this study, physicochemical and biological quality elements were investigated and the
latter were assessed using techniques such as HPLC, PCR-DGGE, EPM and FC and the more
conventional, microscopy. While emphasising the standardisation of environmental standards
for the classification of waters across Europe, the WFD (Directive, 2000) that champions an
integral approach to water management, does not prescribe any techniques for water monitoring.
The choice of techniques or tools is open to the water agencies, leaving some scope for method
development and the inclusion of effective techniques that could potentially reduce sample
processing time, without compromising the quality of the results.
The data presented in this thesis supplement the database of existing information compiled on
Scottish freshwater lakes by different water agencies.

Besides, having provided useful

background information on the limnology of some lakes, the pioneering nature of this work lays
the foundation for further research that can be geared to the undertaking of more specific goals.
The scope for future work is elaborated in Section 7.4.
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7.4

Future work

The large amount of useful data collated throughout this study needs to be processed further for
the research to reach its full potential. Faced with a time constraint, several aspects of the
project were sidelined to ensure the presentation of background and primary data gathered from
Loch Rannoch, Loch Calder and the 20 Highland freshwater lakes. The list of further works
also includes areas upon which the present work has speculated and where the need for
investigation was felt.

Chemotaxonomy

CHEMTAX
The use of CHEMTAX has been hailed a promising tool for the determination of Chla biomass
of individual phytoplankton groups from pigment concentrations in any aquatic ecosystem (e.g.
Schlüter et al., 2000; 2006; Descy et al., 2000; 2005; 2009; Havskum et al., 2004; Buchacca et
al., 2005; Lauridsen et al., 2011). The CHEMTAX program uses factor analysis and the
steepest descent algorithm to find the best fit to the data based on suggested pigment/Chla ratios
present in several phytoplankton groups (Mackey et al., 1996; Schlüter et al., 2000). Despite
the advantages associated with HPLC-CHEMTAX (See Chapter 1), few freshwater studies have
applied the method. The main deterrent is in relation to the ratios between accessory pigments
and [Chla] that are indispensable for the elaboration of an input ratio matrix. Pigment ratios are
available for a selective number of freshwater algal species (e.g. Schlüter et al., 2000; 2006;
Lauridsen et al., 2011), forcing ecologists to adapt marine pigment to Chla ratios into input
matrices for freshwater systems. Amidst scanty literature on HPLC-CHEMTAX in freshwaters,
the works of Schlüter et al. (2000; 2006) and Lauridsen et al. (2011) in eutrophic and
oligotrophic systems respectively, stand out as pioneering examples in generating accurate
biomass estimations of different phytoplankton groups from pigment data.
This study (Chapters 4, 5 and 6) focussed on pigment data, the interpretation of which was
based on actual [pigment]s and selected pigment to Chla ratios. The establishment of an
appropriate input matrix prior to the running of the CHEMTAX program is expected to be
challenging. However, once the matrix is finalised, it could be used as a template for other
Northern Scottish lake systems. Execution of the CHEMTAX program allows the integration of
pigment data to [Chla] that is later converted to phytoplankton biomass. The latter can then be
compared with microscopy data, which in some instances can be useful for inter-calibration
purposes. After optimisation of the procedure, HPLC-CHEMTAX could be used to assess the
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phytoplankton biomass in the freshwater Scottish lakes studies and adapted for future
monitoring programmes.

Light Harvesting Pigments (LHPs) vs. Photo-Protective Pigments (PPPs)
The study of pigment compositions especially over summers, has highlighted the need for
further work on the relationships between light and the phytoplankton community. Studies on
the variations and variability of LHPs and PPPs may improve the understanding of
phytoplankton eco-physiology in Scottish lakes. Examples of a few hypothetical studies that
may be developed include:
(i)

Can [DOC] be a proxy for light in Scottish lakes?

(ii)

High [DOC] leads to decrease in phytoplankton biomass and a concomitant increase in
cellular pigment concentration;

(iii)

Significance of [Zeax] and β-carotene as PPPs in Loch Calder.

Phaeopigments
This study revealed a prominence of phaeopigments in Loch Calder. Further investigation into
their variation, with emphasis on the flux of chlorophyll derivatives in Loch Calder would
contribute to understanding lake function with respect to grazing, senescence and wind-driven
re-suspension of sedimentary pigments (Figure 5.15).

Unidentified pigments
Twelve pigments have been investigated during this study and the identification of other
pigments such as But-Fucox and Hex-Fucox were derived by checking their respective response
factors with respect to that of Fucox. Detection of unidentified minor pigments was relatively
common. On fewer occasions however, major peaks could not be properly identified based on
their absorption spectrum and retention time.

These samples are still available to further

analysis using LC-MS. Identification of those pigments is expected to shed more light on the
pigment composition as well as on ongoing processes in the lake.

Flow cytometry (FC) and epifluorescence microscopy (EPM)
FC data presented in this work related to bacterioplankton density (BFC) only, although
additional data on the densities of nanoplankton and picocyanobacteria were also produced.
Likewise, EPM was used to assess bacterial (BEPM), picocyanobacterial and nanoplankton
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(phototrophic, PNAN and heterotrophic, HNAN) densities.

However, no data relating to

phytoplankton determined using either FC or EPM, were presented in this thesis.
Data generated using FC and EPM provide different information that can be used in various
ways.
(i)

A comparative study between the two methodologies and their advantages in relation to
the assessment of the phytoplankton communities can be undertaken. In fact, the FC data
is intended to be published at a later stage following further processing of the raw FC data
using WinMDI (Version 2.9).

(ii)

The distinction between PNAN and HNAN adds value to the current phytoplankton
dataset, by enabling the interpretation of data in the light of the functional roles of the
phytoplankton.

In systems where allochthonous DOM can be expected to play a

significant role, such data may be useful to understand lake function.
Few reviews exist on the use of FC for the enumeration of phytoplankton (e.g. Peeters et al.,
1989; Collier, 2000; Vives-Rego et al., 2000; Gasol and del Giorgio, 2000), but its application
for counting relatively larger nanoplankton (e.g. > 10 µm), which generally abound in
freshwater systems, is not routinely carried out. The application of FC for the enumeration of
freshwater phytoplankton requires validation and probably the combination of cell sorting
techniques. The development of an appropriate technique used to monitor the abundance of
freshwater nanoplankton is expected to be a stand-alone project that would involve the inclusion
of algal cultures for the validation of both, the technique and methodology.

DOC
Williamson et al. (1999) amongst others, has reviewed the role of DOC in freshwater lakes.
DOC has been closely associated with processes dominating the Scottish freshwater systems.
Although its influence on the underwater light climate has been highlighted earlier in this
section, the significance of DOC as a food source for bacterioplankton is equally compelling.
The role of the microbial loop in the lakes and its interaction with DOC are hypothesised to be
fundamental in the functioning of Scottish lakes, therefore, the necessity to study the fluxes,
budgets and transformational pathways of carbon in aquatic ecosystems, which can be as
complex as Loch Rannoch in terms of its basin morphology (Chapter 4) or simpler systems with
a relatively homogenous catchment such as the acidic lakes Long Loch and Many Lochs, which
are also closed-systems. Studies can be contrasted with clearer lakes such as the Durness lakes,
where the bulk of the DOC is hypothesised to be of autochthonous nature.
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The study of DOC in Scottish lakes might eventually be linked to more global issues such as
climate change. The elaboration of carbon pathways and validation of carbon budgets in typical
Scottish lakes may be adapted to model and predict potential effects of anticipated increases in
[DOC] associated with climate change.

Nutrient stoichiometry
The nutrient levels determined in this study have been used primarily as metadata. Although
the concept of nutrient limitation has been touched upon, the assessment of lake trophy and
limitation requires additional support. Study of nutrient limitation can be of significant value.
While phosphorus limitation is commonly accepted to be widespread, this study revealed that
lakes can be nitrogen-limited or have episodes during which inorganic nitrogen is below
detection limits (See Chapter 5). Studies such as Maberly et al. (2002) have also supported
nitrogen limitation in Scottish lakes. For lakes in Northern Scotland, this might be attributed to
larger proportions of their individual catchment areas comprising nitrogen-poor vegetation,
geology and relatively lower anthropogenic activities in this part of the country.
The fate and changes in both PCC and BCC of Loch Rannoch have been associated with
variations in inorganic nitrogen fractions including NH4+ and NO3-. Incubation and labelling
studies can be set to investigate the hypothesis that an increase in [NH4+] and [NO3-] can entail
in increases in phytoplankton biomass and bacterial diversity.

Bacterioplankton diversity
The PCR-DGGE technique used in this work has been adapted from Kirchman et al. (2000) and
modified to maximise the chances for successful amplification of bacterial DNA (Chapter 3).
The reliability of the method and results is not being questioned.

However, additional

precautionary steps as well as proper validation involving the use of more replicates are
recommended.
The sequencing of DNA bands excised throughout this study would provide significant
information on dominant bacterioplankton taxa in all lakes studied.

Identification of

bacterioplankton would in turn shed more light on the community structure and the functional
roles of a specific BCC at any given point in time.

Ecological status
The WFD requires the determination of reference conditions for all lake types in order to assess
their ecological status. While the assessment of chemical status is relatively straight-forward,
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the evaluation of phytoplankton as a biological quality element for eutrophication in UK lakes
has not been finalised.
Paleolimnology has been an effective tool in the assessment of reference conditions in lakes
(e.g. Bennion et al., 2001; 2004). However, there is still a gap with regards to marl lakes, where
paleolimnology has been challenged owing to the higher levels of diatom desintegration in the
sediment cores sampled. Further studies would be expected to focus on the elaboration of
phytoplankton classification tools to assess both, reference conditions and ecological status.
With uncertainties associated with the use of [Chla] and phytoplankton composition, there is a
wide scope for innovative research.

Statistical analyses
A significant amount of time has been spent analysing and generating reliable data. Throughout
this project, raw data have been subjected to descriptive statistics and correlation analyses using
either Pearson’s or Spearman’s rank correlation. The use of multivariate statistics is expected to
improve the current interpretation. Further processing using component analysis (e.g. PCA,
CCA, RDA, etc.) may facilitate the rapid identification of those environmental factors that act
as drivers of ecological change or variation noted in the lake systems.
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APPENDIX

A.1

Reagents used in microbial study.

Note that all reagents used in the preparation of the reagents were from Fisher Scientific (UK)
unless stated otherwise.

A.1.1

0.5 M EDTA

For 100 mL:
•

18.6 g EDTA

•

DDW

•

NaOH to adjust pH to 8

•

The solution is then autoclaved at 120 °C for 15 minutes.

A.1.2

1 M Tris

For 100 mL:
•

12.114 g Tris

•

DDW

•

HCl to adjust pH to 7.5 – 8

•

The solution is then autoclaved at 120 °C for 15 minutes.

A.1.3

TE

For 100 mL:
•

1 mL of 1 M Tris

•

0.2 mL of 0.5 M EDTA

•

Sterile Titripac® water (Merck, UK)
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A.1.4

5 M NaCl

For 100 mL
•

29.5 g NaCl

•

DDW

A.1.5

CTAB

For 100 mL:
•

10 mL of 1 M Tris

•

4.0 mL of 0.5 M EDTA

•

8.0 g NaCl or 26.8 mL of 5 M NaCl

•

2.0 g CTAB

•

Add sterile water (Titripac®, Merck, UK) to make up to 100 mL and then incubate for 30
minutes at 75 °C.

A.1.6

10 % SDS

For 100 mL:
•

10 g SDS

•

Sterile Titripac® water (Merck, UK)

A.1.7

50X TAE for electrophoresis of AG

For 100 mL:
•

24.2 g Tris

•

5.71 mL Acetic acid

•

10 mL 0.5M EDTA

•

DDW

262

A.1.8

1X TAE (Electrophoresis of AG)

For 100 mL:
•

2 mL of 50X TAE

•

98 mL DDW

A.1.9

Dyes

AG-loading dye
For 100 mL:
•

15 g Ficoll

•

0.06 g Xylene Cyanol

•

1.0 mL of 1 M Tris [pH 8]

•

10 mL of 0.5 M EDTA

DGGE-loading dye
For 100 mL:
•

20 mL of 0.5 M EDTA

•

40 g Sucrose

•

0.05 g Bromophenol Blue

•

5.0 mL of 10 % (W/V) SDS

•

Add Titripac® water (Merck, UK) and incubate at 75 °C for 30 minutes.

DGGE dye solution
For 100 mL:
•

1.0 g Bromophenol Blue

•

1.0 g Xylene cyanol

•

100 mL 1X TAE
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A.2

Preparation of 1 % agarose gel (AG)

1. Weigh 0.4 g agarose into a 250 mL-conical flask.
2. Add 42 mL of 1X TAE (See section A.1.8)
3. Microwave twice for 30 seconds each.
4. Swirl the flask to ensure that the agarose has dissolved. If the presence of particles is
detected, microwave for another 10 seconds till a clear solution is obtained.
5.

Add 3 µL of EtBr (10 mg/mL) to the agarose solution and swirl gently.

6. Pour the agarose solution into the 50 mL-gel casting tray and ensure that no air bubbles are
formed in this process.
7. Place combs and leave the gel to set.
8. Remove combs before use.

A.3

Loading of samples onto 1 % AG

Each batch of samples is loaded together with a standard or DNA ruler. For the electrophoresis
of genomic DNA, 1 Kb DNA standard is used, while 100 bp DNA ruler is used when working
with amplified DNA such as 16S rDNA.
1.

Prepare 1 % AG (Section A.2) and transfer it into the Sub-Cell®GT Agarose Gel
Electrophoresis System (Bio-Rad, UK), or electrophoretic chamber containing 1X TAE
buffer (Section A.1.8).

2.

Thaw all samples and DNA standard.

3.

Spin (Eppendorf-MiniSpin, UK) thawed standard and loading dye for AG (Section 9.1.2)
for 5 seconds and place on a rack.

4.

Add 1 µL of AG-loading dye to 3 µL of standard DNA.

5.

Load 3 µL of dyed standard before loading any samples.

6.

To 5 µL of sample, 1 µL of loading dye is added and mixed using the pipette tip on
parafilm.

7.

Transfer 5 µL of the dyed sample to its respective well.

8.

Load 3 µL of standard DNA after the last sample if the number of sample is large.

9.

After loading of all samples, add enough 1X TAE buffer to cover the gel surface.

10. Place the lid of the electrophoretic chamber on, ensuring that the position of the gel with
respect to the electrodes is correct.
11. Turn on the power supply (BioRad, UK) and run the electrophoresis at 85V for 25 minutes.
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12. On completion, switch the power supply off and transfer the gel to the trans-illuminator
(GelDoc™ XR – BioRad, UK) for image acquisition.

A.4

Denaturing gradient gel electrophoresis (DGGE)

DGGE of 16S rDNA amplicons was carried out using DCode™ Universal Mutational Detection
System (BioRad, UK).

A.4.1

Initial set up

The first phase involved the assembly of glass plates and spacers onto the holder and the
preparation of acrylamide gels. Once swiped with ethanol, glass plates have to be handled with
great care and inspected for cracks and chips before assembly. This is especially important to
prevent any leaks after gel pouring. During assembly, it was ensured that the spacers were
perpendicular to the base and tightly held by the clamps, but not too tight to prevent cracks in
later stages. After the initial set up is complete, the gels can be prepared and poured.

A.4.2

Preparation and casting of gels

The set up was designed to accommodate a 16 cm by 16 cm gel of 1 mm thickness or a total
volume of 30 mL. The gel used comprised 8 % polyacrylamide and the denaturant gradient was
narrowed to a range of 20 – 60 % after an optimisation experiment (See Chapter 3).
Generally, 100 mL of polyacrylamide with a 100 % denaturant concentration would comprise
40 mL formamide and 4.2 g of urea.

Accordingly, denaturant solutions of the desired

concentrations were prepared (Table A.2). To generate a gradient, equal volumes (15 mL) of
the lowest (e.g. Solution A) and highest (e.g. Solution B) concentration of the denaturant were
combined using a gradient mixer.
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Table A.1 Composition of a typical 8% denaturing polyacrylamide gel (15 mL).
Reagent

Amount

Supplier

40% Acrylamide/Bis-acrylamide (37.5

3 mL

BioRad, UK

50 X TAE

0.3 mL

BioRad, UK

Formamide (Deionised)

0.06 mL / 1 % gradient

BioRad, UK; NBS, UK.

Urea

0.063 g / 1 % gradient

BioRad, UK

DDW

to 15 mL

: 1)

1.

Filter each solution of denaturant concentration through 0.2 µm-sterile syringe filter
(Sartorius, UK) and place over crushed ice.

2.

Add 300 µL of DGGE dye solution (Refer to section A.1.9) to tube containing the higher
concentration of denaturant.

3.

Arrange the gradient mixer, stirrer, peristaltic pump and the assembled glass-plate set-up.

4.

Connect the gradient mixer to the peristaltic pump using a rubber-tubing fitted with a
needle, which would be used to transfer the denaturing gel to the gel cast.

5.

Prepare 10 % (W/V) ammonium persulphate (APS) (i.e. 40 µg APS in 400 µL DDW).

6.

To each denaturant solution (15 mL), add 60 µL 10% APS and 9 µL TEMED and swirl
gently.

7.

Pour the denaturant solutions into the gradient mixer, with the higher concentration of
denaturant into the well closer to the pump.

8.

Switch on the stirrer.

9.

Open the valves on the gradient mixer.

10. Turn on the peristaltic pump to 60 rpm.
11. Place the needle between the glass plates, leaning the needle against on the plates to ensure
a steady flow of the solution. The needle is preferably positioned in the centre of the glassplate.
12. Place the comb on the outer face of the glass-plate to judge when casting is to be withheld.
A distance of a least 5 mm below of the comb’s wells is generally preferred.
13. Add butanol over the surface of the gel solution and leave overnight at 4 °C for
polymerisation of the gel.
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14. If more than one gel is cast, all equipment (gradient mixer, rubber-tubing, needle) should
be washed with DDW and purged at least thrice and dried before use.

A.4.3

Loading of samples and preparation of gel

15. Discard butanol layer and rinse thrice with DDW.
16. Use blotting paper to dry the inner surface of the glass plates.
17. Prepare 15 mL of 10 % acrylamide collecting gel:
3.75 mL of 40% Acrylamide/ Bis-acrylamide, 37.5:1 (BioRad, UK)
0.3 mL of 50X TAE (BioRad, UK)
Adjust to 15 mL with DDW.
18. Add 90 µL of 10 % APS followed by 15 µL TEMED to the collecting gel.
19. Cast the gel over the denaturing gel and insert the combs, making sure that no air bubbles
are formed during the process.
20. After polymerisation, remove the combs and cut away any excess gel.
21. Adapt the gel assembly to the core. The latter can hold a maximum of two DGGE gels in a
single run.
22. Place the core into the electrophoretic/buffer chamber containing 7 litres of 0.5X TAE
buffer (BioRad, UK), pre-heated to 60 °C.
23. Use the peristaltic pump, rubber tubing and needle to fill and wash the wells of the
denaturing gel with the buffer to remove any unpolymerised gel material.
24. To the thawed amplified 16S rDNA samples, add DGGE loading dye (Section A.1.9) in a
ratio of 1:3 (e.g. to 40 µL sample, add 10 µL dye).
25. Load standards and samples using a clean syringe (Hamilton, UK).

A.4.4

Electrophoresis and image analysis

26. Once loading is complete, place the DCode lid back over the buffer chamber and heat the
buffer to 60 °C.
27. When a temperature of 60 °C is reached, switch on the pump in order to aliment an upper
chamber with buffer.
28. Connect the power supply to the DCode and pre-run electrophoresis at 20 V for 15
minutes.
29. Run DGGE at 200 V for 180 minutes.
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30. After electrophoresis, disassemble the core and stain the gel with SYBR Green I nucleic
acid stain (Sigma-Aldrich, UK) at a final concentration of 154X for 30 minutes.
31. De-stain with 0.5X TAE (BioRad, UK).
32. Carry out image analysis using Molecular Imager® GelDoc™ XR (BioRad, UK).

A.5

Preparation of external standards

External standards are particularly useful during normalisation of gels, i.e. when the bands
require re-alignment based on a reference or the standard, during data processing. The external
standards were prepared from a 30 – 60 % gel (Figure 3.12, Chapter 3), which contained OTUs
from Loch Rannoch and Loch Calder.

Excision of bands
Bands to be excised were selected according to (i) their intensity (ii) their position on the gel
and (iii) their position with respect to other bands (Figure A.1)

Figure A.1 DGGE gel (30-60%) of 16S rDNA amplicons sampled from Loch Rannoch and
Loch Calder showed the position of excised bands collected to prepare standards used
later as reference lanes for the normalisation of lanes during data analyis.
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Faint bands were excised first as band intensities tend to fade with time. Since the standards
would be used for normalisation of lanes, the bands were chosen according to their relative
positions on the gel; they were required to be representative of the upper, middle and lower
regions of the gel.

Furthermore, bands were selected when they were positioned at an

acceptable distance from each other in order to prevent the excision of undesired ones.
Health and safety precautions during this procedure included the use of a UV-proof shield and
gloves. It was ensured that forearms were protected from any UV rays. The excised bands
were transferred into sterile and clearly labelled tubes before addition of 50 µL of autoclaved
Titripac® water (Merck, UK). Care was taken to ensure that the excised gel was completely
immersed in the water. The tubes were placed in the fridge overnight before being stored at -20
°C.

Preparation of standards
The external standard was prepared using bands that were distinct and representative of the top,
middle and bottom part of the gel. Hence, it was not necessary to run all the bands excised.
The samples were thawed and diluted ten-folds (10-1). Volumes of the diluted samples, as
stated in Table 9.2 were dispensed into a sterile 2 mL Eppendorf tube. The respective volumes
were determined according to the bands' relative intensities on the gel (Figure 3.12).
A mastermix was prepared according Table 3.4 (See Chapter 3). 45 µL-aliquots of mastermix
were dispensed into PCR tubes to which, 5 µL of combined standard solution from Table 9.2
was added. A batch of 20 standard samples were amplified using the standard thermal cycle
conditions (Section 2.3.2.2). On completion of PCR, the yield of amplified 16S rRNA genes
was checked by loading 5 µL of the sample on a 1% agarose gel.
All the standards that yielded amplicons were stored in the freezer (-20 °C) until further use.
Generally, once the standards were screened after amplification, a note of the estimated loading
volume onto the next gel (DGGE) was made.
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Table A.2 Positions of bands excised from figure 3.13 according to their lane numbers and
rank (from the top to bottom). Volumes of 10-1 dilution of the original concentration used
to prepare the standard solution are also given.
Vial no.

Lane number)

Rank from top

Aliquot (µL) from 10-1 dilution

1

4

1

12

2

4

2

3

4

3

10

4

6

5

8

1

10

6

8

2

16

7

9

1

16

8

9

2

10

9

15

1

30

10

15

2

11

19

1

12

19

2

Notes
Due to the inappropriateness of the denaturing gel gradient, the upper region of the gel was
poorly represented since no bands were excised from the “compressed zone” (Figure A.1).
Visualisation of the external standards after DGGE was subsequently conducted revealed the
presence of unexpected bands in this upper region that were suspected to have originated from
serendipitous contamination. These bands were not detected in actual samples. Being present
exclusively in standard or reference lanes, these bands were included during normalisation of
lanes during data processing. Therefore, although top-most bands were retrieved from other
gels, they were not included in the combined standard mixture during successive preparations.

270

REFERENCES
Acinas, S. G., Rodríguez-Valera, F., and Pedrós-Alió, C. (1997) Spatial and temporal variation
in marine bacterioplankton diversity as shown by RFLP fingerprinting of PCR amplified
16S rDNA. FEMS Microbiol. Ecol. 24: 27-40.
Acreman, M. C., Dunbar, M. J., Hannaford, J., Black, A. R., Rowan, J. S., Bragg, O. M. (2005)
Development of environmental standards (Water Resources). Stage 2: Typology Review.
Final report to SNIFFER (Project WFD48), Edinburgh, UK.
Adams C.E., D. Fraser, F.A. Huntingford, R.B. Greer, C.M. Askew and A.F Walker (1998)
Trophic polymorphism amongst Arctic charr from Loch Rannoch, Scotland. J. Fisheries
Biol. 52/6: 1259-1271.
Allgaier, M., and Grossart, H. P. (2006) Diversity and seasonal dynamics of Actinobacteria
populations in four lakes in Northeastern Germany. Appl. Environ. Microbiol. 72: 34893497.
Allott, T. E. H., Harriman, R., and Battarbee, R. W. (1992) Reversibility of lake acidification
at the Round Loch of Glenhead, Galloway, Scotland. Environ. Pollut. 77: 219-225.
Alonso-Sáez, L., Balagué, V., Sà, E. L., Sánchez, O., Gonsález, J. M., Pinhassi, J., Massana, R.,
Pernthaler, J., Perdrós-Alió, C., and Gasol, J. M. (2007) Seasonality in bacterial diversity
in north-west Mediterranean coastal waters: assessment through clone libraries,
fingerprinting and FISH. FEMS Microbiol. Ecol. 60: 98-112.
Altmann, D., Stief, P., Amann, R., De Beer, D., and Schramm, A. (2003) In situ distribution
and activity of nitrifying bacteria in freshwater sediment. Environ. Microbiol. 5: 798-803.
Amann, R., Ludwig, W., and Schleifer, K. H. (1995) Phyogenetic identification and in situ
detection of microbial cells without cultivation. Microbiol. Rev. 59: 143-169.
Amann, R., Fuchs, B. M., and Behrens, S. (2001) The identification of microorganisms by
fluorescence in situ hybridisation. Curr. Opin. Biotech. 12: 231-236.
American Public Health Association (APHA) (1998) Standard methods for the examination of
water and wastewater. 20th Ed. A.P.H.A. New York.
Aminot, A., and Rey, F. (2000) Standard procedure for the determination of chlorophyll a by
spectroscopic methods. International Council for the Exploration of the Sea. Copenhagen,
Denmark.
Andersen, R. A., Bidigare, R. R., Keller, M. D., and Latasa, M. (1996) A comparison of HPLC
pigment signatures and electron microscopic observations for oligotrophic waters of the
North Atlantic and Pacific Oceans. Deep-Sea Res. 43: 517-537.

271

Anneville, O., Souissi, S., Ibanez, F., Girot, V., Druart, J. C., and Angeli, N. (2002) Temporal
mapping of phytoplankton assemblages in Lake Geneva: Annual and interannual changes in
their patterns. Limnol. Oceanogr. 47(5): 1355-1366.
Anneville, O., Souissi, S., Gammeter, S., and Straile, D. (2004) Seasonal and inter-annual
scales of variability in phytoplankton assemblages: comparison of phytoplankton dynamics
in three peri-alpine lakes over a period of 28 years. Freshw. Biol. 49: 98-115.
Anneville, O., Gammeter, S., and Straile, D.

(2005)

Phosphorus decrease and climate

variability: mediators of synchrony and phytoplankton changes among European peri-alpine
lakes. Freshw. Biol. 50: 1731-1746.
APHA, (2000) – Refer to American Public Health Association
Armengol, J., Caputo, L., Comerma, M., Feijoó, C., García, J. C., Marcé, R., Navarro, E., and
Ordoňez, J. (2003) Sau reservoir’s light climate: relationships between Secchi depth and
light extinction coefficient. Limnetica 22 (1-2): 195-201.
Arts, M. T., Robarts, R. D., Kasai, F., Waiser, M. J., Tumber, V. P; Plante, A. J., Rai, H., and
De Lange, H. J. (2000) The attenuation of ultraviolet radiation in high DOC waters of
wetlands and lakes on the Northern Great Plains. Limnol. Oceanogr. 45(2): 292-299.
Azam, F., Fenchel, T., Field J. G, Gray, J. S., Meyer-Reil, R. A., and Thingstad, F. (1983) The
ecological role of water column microbes in the sea. Mar. Ecol. Prog. Ser. 10: 257-263.
BADC, British Atmospheric Data Centre (2010) BADC Data Extractor [online]. Available
from:
<www.badc.rl.ac.uk> [05 May 2011].
Bailey-Watts, A. E. (1986) Seasonal variation in size spectra of phytoplankton assemblages in
Loch Leven, Scotland. Hydrobiol. 138: 25-38.
Bass, A. M., Waldron, S., Preston, T., and Adams, C. E. (2010) Net pelagic heterotrophy in
mesotrophic and oligotrophic basins of a large, temperate lake Hydrobiol. 652: 363-375.
Banaszak, A. T., Santos, M. G. B, LaJeunesse, T. C., and Lesser, M. P. (2006) The distribution
of mycosporine-like amino acids (MAAs) and the phylogenetic identity of symbiotic
dinoflagellates in cnidarian hosts from the Mexican Caribbean. J. Exp. Mar. Biol. 337:
131-141.
Barlow, R. G., Cummings, D. G., and Gibb, S. W. (1997) Improved resolution of mono- and
divinyl chlorophylls a and b and zeaxanthin and lutein in phytoplankton extracts using
reverse phase C-8 HPLC. Mar. Ecol. Prog. Ser. 161: 303-307.
Beardall, J., and Moris, I.

(1976)

The concept of light intensity adaptation in marine

phytoplankton: some experiments with Phaeodactylum tricornutum. Mar. Biol. 37: 377387.

272

Beebee, T., and Rowe, T. (2005) An introduction to molecular ecology. Oxford Univ. Press,
New York. 346 pp.
Bel’kova, N. L., Parfenova, V. V., Kostornova, T. Y., Denisova, L. Y., Zaichikov, E. F. (2003)
Microbial biodiversity in the water of Lake Baikal. Microbiol. 72: 203-212.
Bennion, H, Fluin, J., and Simpson, G. L. (2004) Assessing eutrophication and reference
conditions for Scottsih lochs using subfossil diatoms. J. Applied Ecology (41): 124-138.
Bennion, H.

(2004)

Identification of reference lakes and evaluation of paleoecological

approaches to define reference conditions for UK (England, Scotland and Northern
Ireland) ecotypes. Final report to SNIFFER (Project WFD08), Edinburgh, UK
Bennion, H., and Battarbee, R. (2007) The European Union Water Framework Directive:
opportunities for paleolimnology. J. Paleolimnol. 38: 285-295.
Bennion, H., Simpson, G. L., Anderson, N. J., Clarke, G., Dong, X., Hobaek, A., Guilizzoni, P.,
Marchetto, A., Sayer, C. D., Thies, H., and Tolotti, M. (2011) Defining ecological and
chemical reference conditions and restoration targets for nine European lakes.

J.

Paleolimnol. 45: 415-431.
Bennion, H., and Simpson, G. L. (2011) The use of diatom records to establish reference
conditions for UK lakes subject to eutrophication. J. Paleolimnol. 45: 469-488.
Bernard, L., Schafer, H., Joux, F., Courties, C., Muyzer, G., and Lebaron, P. (2000) Genetic
diversity of total, active and culturable marine bacteria in coastal seawater.

Aquat.

Microb.Ecol. 23: 1-11.
Bertilsson, S., and Tranvik, L. J. (2000) Photochemical transformations of dissolved organic
matter in lakes. Limnol. Oceanogr. 45(4): 753-762.
Best, G. A., and Traill, I.

(1994)

The physico-chemical limnology of Loch Lomond.

Hydrobiol. 290: 29-37.
Bidigare, R. R., Frank, T. J., Zastrow, C., and Brooks, J. M. (1986) The distribution of algal
chlorophylls and their degradation products in the Southern Ocean. Deep-Sea Res. 33(7):
923-937.
Bidigare, R. R., Schofield, O., and Prézelin, B. B. (1989) Influence of zeaxanthin on quantum
yield of Synechococcus clone WH7803 (DC2). Mar. Ecol. Prog. Ser. 56: 177-188.
Bianchi, T. S., Bauer, J. E., Druffel, E. R. M., and Lambert, C. D. (1998) Pyrophaeophorbide-a
as a tracer of suspended particulate organic matter from the NE Pacific continental margin.
Deep-Sea Research II 45: 715-731.
Bianchi, T. S., Rolff, C., Widbom, B., and Elmgren, R. (2002) Phytoplankton Pigments in
Baltic Sea Seston and Sediments: Seasonal Variability, Fluxes, and Transformations.
Estuarine, Coastal and Shelf Science 55: 369-383.

273

Biegala, I. C., Not, F., Vaulot, D., and Simon, N.

(2003)

Quantitative assessment of

picoeukaryotes in the natural environment by using taxon-specific oligonucleotide probes in
association with tyramide signal amplification-fluorescence in situ hybridization and flow
cytometry. Appl. Environ. Microbiol. 69(10): 5519–5529.
Bock, E, and Wagner, M. (2006) Oxidation of inorganic nitrogen compounds as an energy
source. In: Dworkin M et al. (eds) The prokaryoytes: an evolving electronic resource for
the microbiological community. Springer, Berlin Heidelberg New York, 457-495.
Bracchini, L., Datillo, A. M., Hull, V., Loiselle, S. A., Tognazzi, A., and Rossi, C. (2009)
Modelling Upwelling Irradiance using Secchi disk depth in lake ecosystems. J. Limnol.
68(1): 83-91.
Bracchini, L., Dattilo, A. M., Falcucci, M., Hull, V., Tognazzi, A., Rossi, C., and Loiselle, S. A.
(2011) Competition for spectral irradiance between epilimnetic optically active dissolved
and suspended matter and phytoplankton in the metalimnion. Consequences for limnology
and chemistry. Photochem. Photobiol. Sci. 10: 1000-1013.
Bratbak, G., and Dundas, J. (1984) Bacteria dry matter content and biomass estimations. Appl.
Environ. Microbiol. 48: 755-757.
Breton, E., Brunet, C., Brylinski, J. M., and Sautour, B. (2000) Annual variations of algal
biomass in the Eastern English Channel estimated by pigment signatures and microscopic
counts. J. Plank. Res. 22: 1423-1440.
Broberg, A. (2002) Water and sediment analyses. 3rd Ed. Uppsala, Sweden.
Brümmer, I. H., Fehr, W., and Wagner-Dobler, I. (2000) Biofilm community structure in
polluted rivers: abundance of dominant phylogenetic groups over a complete annual cycle.
Appl. Environ. Microbiol. 66: 3078-3082.
Brunberg, A. -K.

(1999)

Contribution of bacteria in the mucilage of Microcystis spp.

(Cyanobacteria) to benthic and pelagic bacterial production in a hypertrophic lake. FEMS
Microbiol. Ecol. 29: 13-22.
Brunberg, A. K., Nilsson, E., and Blomqvist, P.

(2002)

Characteristics of oligotrophic

hardwater lakes in a postglacial land-rise area in mid-Sweden. Freshw. Biol. 47: 1451–1462.
Brutemark, A., Rengefors, K., and Anderson, N. J. (2005) An experimental investigation of
phytoplankton nutrient limitation in two contrasting low arctic lakes.

Pol. Biol. DOI

10.1007/s00300-005-0079-0.
Buchaca, T., Felip, M., and Catalan, J. (2005) A comparison of HPLC pigment analyses and
biovolume estimates of phytoplankton groups in an oligotrophic lake. J.Plank. Res. 27(1):
91-101.

274

Bunthof, C. J. and Abee, T. (2002) Development of a flow cytometric method to analyze
subpopulations of bacteria in probiotic products and diary starters.

Appl. Environ.

Microbiol. 68(6): 2934-2942.
Butler, K. (2009) Wild flowers of the North Highlands of Scotland. Edinbugh: Burlinn Ltd..
Calieri, C. (2008) Picophytoplankton in freshwater ecosystems: the importance of small-sized
phototrophs. Freshw. Rev. 1: 1-28.
Cardoso, A. C., Solimini A.G. and Premazzi G. (2005) Report on Harmonisation of freshwater
biological methods. EUR 21769. Ispra (VA), Italy.
Cardoso, A. C, Solimini, A., Premazzi, G., Carvalho, L., Lyche-Solheim, A., and Rekolainen, S.
(2007) Phosphorus reference concentrations in European lakes. Hydrobiol. 584: 3-12
Carlsson, P., Granéli, E., Tester, P., and Boni, L.

(1995)

Influences of riverine humic

substances on bacteria, protozoa, phytoplankton, and copepods in a coastal plankton
community. Mar. Ecol. Prog. Ser. 127: 213-221.
Caron, D.A.

(1983)

Technique for enumeration of heterotrophic and phototrophic

nanoplankton, using epifluorescence microscopy, and comparison with other procedures.
Appl. Environ. Microbiol. 46(2): 491-498.
Caron, D.A., Sanders, R.W., Lim, E.L., Marrasé, C., Amaral, L.A., Whitney, S., Aoki, R.B. and
Porter K. (1993) Light-dependent phagotrophy in the freshwater mixotrophic chrysophyte
Dinobryon cylindricum. Microb. Ecol. 25: 93-111.
Carpenter, S. R., Cole, J. J., Kitchell, J. F., and Pace, M. L. (1998) Impact of dissolved organic
carbon, phosphorus, and grazing on phytoplankton biomass and production in experimental
lakes. Limnol. Oceanogr. 43: 73–80.
Catalan J., C.J. Curtis, M. Kernan (2009) Remote mountain lake ecosystems: regionalisation
and ecological status. Freshw. Biol. 54: 2419-2432.
Carvalho, L., Phillips, G., Maberly, S. and Clarke, R. (2006a). Chlorophyll and Phosphorus
Classifications for UK Lakes. Final Report to SNIFFER (Project WFD38), Edinburgh, UK.
Carvalho, L., Dodkins, I., Carse, F., Dudley, B., and Maberly, S. (2006b) Phytoplankton
classification tool for UK lakes. Final report to SNIFFER (Project WFD38), Edinburgh,
UK.
Carvalho, L., Dudley, B., Dodkins, I., Clarke, R., Jones, I., Thackeray, S., and Maberly, S.
(2007) Phytoplankton classification tool (Phase 2). Final report to SNIFFER (Project
WFD80), Edinburgh, UK.
Carvalho, L., Solimini, A., Philips, G., van den Berg, M., Pietiläinen, O-P., Solheim, A. L.,
Poikane, S., and Mischke, U. (2008) Chlorophyll reference conditions for European lake
types used for intercalibration of ecological status. Aquat. Ecol. 42: 203-211.

275

Carvalho, L., Solimini, A. G., Philips, G., Pietiläinen O-P., Moe, J., Cardoso, A. C., Solheim, A.
L., Ott, I., Søndergaard, M., Tartari G., and Rekolainen, S. (2009) Site-specific chlorophyll
reference conditions for lakes in Northern and Western Europe. Hydrobiol. 633: 59-66.
Chaney, A. L., and Marbach, E. P. (1962) Modified reagents for the determination of urea and
ammonia . Clin. Chem. 8(2): 130-132.
Cilia, V., Lafay, B., and Christen, R. (1996) Sequence heterogeneities among 16S ribosomal
RNA sequences, and their phylogenetic analyses at the species level. Mol. Biol. Evol. 13:
451-461.
Coesel, P. F. M. (1983) The significance of desmids as indicators of the tropic status of
freshwaters. Schweiz. Z. Hydrol. 45(2): 388-393.
Coesel, P. F. M. (1996) Biogeography of desmids. Hydrobiol. 336: 41-53.
Coesel, P. F. M. (2001) A method for quantifying conservation value in lentic freshwater
habitats using desmids as indicator organisms. Biodivers. Conserv. 10: 177-187.
Collier, J. L. (2000) Flow cytometry and the single cell in phycology. J. Phycol. 36: 628-644.
Collos, Y., Husseini-Ratrema, J., Bec, B., Vaquer, A., Hoai, T. L., Rougier, C., Pons, V., and
Souchu, P. (2005) Pheopigment dynamics, zooplankton grazing rates and the autumnal
ammonium peak in a Mediterranean lagoon. Hydrobiol. 550: 83-93.
Conty, A., García-Criado, F., and Bécares, E. (2007) Changes in bacterial and ciliate densities
with trophic status in Mediterranean shallow lakes. Hydrobiol. 584: 327-335.
Cook, E. B., Stahl, J. L., Lowe, L., Chen, R., Morgan, E., Wilson, J., Varro, R., Chan, A.,
Graziano, F. M., and Barney, N. P. (2001) Simultaneous measurement of six cytokines in a
single sample of human tears using microparticle-based flow cytometry: allergics vs. nonallergics. J. Immunol. Methods 254: 109-118.
Cornell University (2005) Marine microbial processes [online]. Available from:
<http://www.geo.cornell.edu/eas/education/course/descr/EAS154/Outlines/microbial_proces
ses.pdf> [19 January 2009].
Corrêa, G. M., Bellé, L. P., Bajerski, L., Borgmann, S. H. M., and Cardoso, S. G. (2007)
Development and validation of a reversed-phase HPLC method for the determination of
Deflazacort in pharmaceutical dosage forms. Chromotographia 65 (9/10): 591-594.
Cotner, J. B., Johengen, T. H., and Biddanda, B. A. (2000) Intense winter heterotrophic
production stimulated by benthic resuspension. Limnol. Oceanogr. 45: 1672-1676.
Cotner, J. B., and Bidanda, B. A. (2002) Small players, large role: Microbial influence on
biogeochemical processes in pelagic aquatic ecosystems. Ecosystems 5: 105-121.
Cottrell, M. T., and Kirchman, D. L.

(2000)

Community composition of marine

bacterioplankton determined by 16S rRNA gene clone libraries and fluorescence in situ
hybrisation. Appl. Environ. Microbiol. 66(12): 5116-5122.

276

Cottrell, M. T., and Kirchman, D. L. (2000b) Natural assemblages of marine proteobacteria
and member of the Cytophaga-Flavobacter cluster consuming low- and high-molecular
weight dissolved organic matter. Appl. Environ. Microbiol. 66: 1692-1697.
Cottrell, M. T., and Kirchman, D. L. (2003) Contribution of major bacterial groups to bacterial
biomass production (thymidine and leucine incorporation) in the Delaware estuary. Limnol.
Oceanogr. 48: 168-178.
Covert, J. S., and Moran, M. A. (2001) Molecular characterization of estuarine bacterial
communities that use high- and low molecular weight fractions of dissolved organic carbon.
Aquat. Microb. Ecol. 25: 127-139.
Crump, B. C., Armbrust, E. V., and Baross, J. A. (1999) Phylogenetic analysis of particleattached and free-living bacterial communities in the Columbia River, its estuary, and its
adjacent coastal ocean. Appl. Environ. Microbiol. 65: 3192-3204.
Crump, B. C., Kling, G. W., Bahr, M., and Hobbie, J. E. (2003) Bacterioplankton community
shifts in an arctic lake correlate with seasonal changes in organic matter source. Appl.
Environ. Microbiol. 69: 2253-2268.
Crump, B. C., and Hobbie, J. E.

(2005)

Synchrony and seasonality in bacterioplankton

communities of two temperate rivers. Limnol. Oceanogr. 50(6): 1718-1729.
D’Arcy, P., and Carignan, R. (1997) Influence of catchment topography on water chemistry in
southeastern Quebec Shield lakes. Can. J. Fish. Aquat. Sci. 54: 2215-2227.
Dawson, J. J. C., Soulsby, C., Tetzlaff, D., Hrachowitz, M., Dunn, S. M., and Malcolm, I. A.
(2008) Influence of hydrology and seasonality on DOC exports from three contrasting
upland catchments. Biogeochem. 90: 93-113.
De Figueiredo, D. R., Pereira, M. J., Moura, A., Silva, L., Bárrios, S., Fonseca, F., Henriques, I.,
and Correia, A. (2007) Bacterial community composition over a dry winter in meso- and
eutrophic Portuguese water bodies. FEMS Microbiol. Ecol. 59: 638-650.
De Giorgi, C., Sialer M. F., and Lamberti, F. (1994) Formalin-induced infidelity in PCRamplified DNA fragments. Mol. Cell Probes 8: 459-462.
De Wever, A., Muylaert, K., van de Gucht, K., Pirlot, S., Cocquyt, C., Descy, J-P., Plisnier, PD., and Vyerman, W. (2005) Bacterial community composition in Lake Tanganyika:
vertical and horizontal heterogeneity. Appl. Environ. Microbiol. 71(9): 5029-5037.
del Giorgio, P. A., Bird, D. F., Prairie, Y. T., and Planas, D.

(1996)

Flow cytometric

determination of bacterial abundance in lake plankton with the green nucleic acid SYTO 13.
Limnol. Oceanogr. 41(4): 783-789.
Demmig-Adams, B.

(1990) Carotenoids and photoprotection in plants: A role for the

xanthophyll zeaxanthin. Biochim Biophys. Acta 1020: 1-24.

277

Demmig-Adams, B, and Adams III W. W. (1990) The carotenoid zeaxanthin and 'high-energystate quenching' of chlorophyll fluorescence. Photosynth Res. 25: 187-197.
Demmig-Adams, B, Adams III W. W., Czygan, F-C, Schreiber, U., and Lange, O. L. (1990)
Differences in the capacity for radiationless energy dissipation in the photochemical
apparatus of green and blue-green algal lichens associated with differences in the carotenoid
composition. Planta 180: 582-589.
Demmig-Adams, B., and Adams, W. W. (1992) Photoprotection and other responses of plants
to high light stress. Ann. Rev. Plant Physiol. Plant Mol. Biol. 43: 599-626.
Denisova, L. Y., Bel’kova, N. L., Tulokhonov, I. I., and Zaichikov, E. F. (1999) Bacterial
diversity at various depths in the southern part of the Lake Baikal as revealed by 16S rDNA
sequencing. Microbiol. 69: 2253-2268.
Descy, J-P, Higgins, H. W., Mackey, D. J., Hurley, J. P., and Frost, T. M. (2000) Pigment
ratios and phytoplankton assessment in northern Wisconsin Lakes. J. Phycol. 36: 274-286.
Descy, J.-P., Hardy, M. -A., Sténuite, S., Pirlot, S., Leporcq, B., Kimirei, I., Sekadende, B.,
Mwaitega, S. R., and Sinyenza, D.

(2005)

Phytoplankton pigments and community

composition in Lake Tanganyika. Freshw. Biol. 50: 668-684.
Descy, J-P., Sarmento, H., and Higgins, H. W. (2009) Variability of phytoplankton pigment
ratios across aquatic environments. Eur. J. Phycol. 44(3): 319-330.
Directive (2000) Directive 2000/60/EC of the European Parliament and the of the council of
23 October 2000 establishing a framework for community action in the field of water
policy. Official Journal of the European Communities L 327: 1-172.
Dodkins, I., Ripley, B., and Hale, P. (2005) An application of canonical correspondence
analysis for developing ecological quality assessment metrics for river macrophytes.
Freshw. Biol. 50: 891-904.
Dominik, K., and Höfle, M. G. (2002) Changes in bacterioplankton community structure and
activity with depth in a eutrophic lake as revealed by 5S rRNA analysis. Appl. Environ.
Microbiol. 68(7): 3606-3613.
Dora, S. L., Maiti, S. K., Tiwary R. K., and Anshumali (2010) Algae as an indicator of river
water pollution. The Bioscan 2: 413-422.
Dorigo, U., Fontvieille, D., and Humbert, J-F. (2006) Spatial variability in the abundance and
composition of the free-living bacterioplankton community in the pelagic zone of Lake
Bourget (France). FEMS Microbiol. Ecol. 58: 109-119.
Dos Santos, A. C. A, Calijuri, M. C., Moraes, E. M., Adorno, M. A. T., Falco, P. B., Carvalho,
D. P., Deberdt, G. L. B., and Benassi, S. F. (2003) Composition of three methods for
chlorophyll determination: spectrophotometry and fluorometry in samples containing

278

pigment mixtures and spectrophotometry in samples with separate pigment through high
performance liquid chromatography. Acta Limnol. Bras. 15(3): 7-18.
Drakare, S., Blomqvist, P., Bergström, A. –K., and Jansson, M. (2002) Primary composition in
relation to DOC input and bacterioplankton production in humic Lake Östrasket. Freshw.
Biol. 47: 41-52.
Driscoll, C. T., Fuller, R. D., and Schecher, W. D. (1989) The role of organic acids in the
acidification of surface waters in the eastern U.S. Water Air Soil Pollut. 43: 21–40.
Dubelaar, G. B. J., and Jonker, R. R. (2000) Flow cytometry as a tool for the study of
phytoplankton. Scientia Marina 64/2: 135-156.
Dubinsky, Z., and Stambler, N.

(2009)

Photoacclimation processes in phytoplankton:

mechanisms, consequences and applications. Aquat. Microbiol. Ecol. 56: 163-176.
Dumur, D. (2003) A review of methods to determine production and biomass of pelagic
microbiota in freshwaters and a study of the phytoplankton community in Lake
Eckarfjärden, Sweden. Scripta Limnologica Upsaliensis 2003 B: 1
Egholm, M., Buchardt, O., Christensen, L., Behrens, C., Freier, S. M., Driver, D. A., Berg, R.
H., Kim, S. K., Norden, B., and Nielsen, P. E. (1993) PNA hybridises to complementary
oligonucleotides obeying to Watson-Crick hydrogen-bonding rules. Nature 365: 566-568.
Eiler, A., Langenheder, S., Bertilson, S., and Tranvik, L. (2003) Heterotrophic bacterial growth
efficiency and community structure at different natural organic carbon concentrations.
Appl. Environ. Microbiol. 69: 3701-3709.
Eiler, A., and Bertilsson, S.

(2004)

Composition of freshwater bacterial communities

associated with cyanobacterial blooms in four Swedish lakes. Environ. Microbiol. 6: 12281243.
Eiler, A. (2006) The niches of bacterial populations in productive waters – Examples from
coastal waters and four eutrophic lakes.

Acta Universitatis Upsaliensis; Digital

comprehensive summaries of Uppsala Dissertations from the Faculty of Science and
Technology 254, 68 pp.. Uppsala, ISBN 91-554-6760-1.
Eiler, A., and Bertilsson, S. (2007) Flavobacteria blooms in four eutrophic lakes: Linking
population dynamics of freshwater bacterioplankton to resource availability. Appl. Environ.
Microbiol. 73(11): 3511-3518.
Elliot, J. A., Irish A. E., and Reynolds, C. S. (2002) Predicting the spatial dominance of
phytoplankton in a light limited and incompletely mixed eutrophic water column using the
PROTECH model. Freshw. Biol. 47: 433-440.
Elliot, J. A., and May, L. (2008) The sensitivity of phytoplankton in Loch Leven (U.K.) to
changes to nutrient load and water temperature. Freshw. Biol. 53: 32-41.

279

Ellis, BD, Butterfield, P., Jones, W. L., McFeters, G. A., and Camper, A. K. (2000) Effects of
carbon source, carbon concentration, and chlorination on growth related parameters of
heterotrophic biofilm bacteria. Microb. Ecol. 38: 330–347.
Engström-Öst, J., Koski, M., Schmidt, K., Viitasalo, M., Jónasdóttir, S. H., Kokkonen, M.,
Repka, S., and Sivonen, K.

(2002)

Effects of toxic cyanobacteria on a plankton

assemblage: community development during decay of Nodularia spumigena. Mar. Ecol.
Prog. Ser. 232: 1-14.
Épshtein, N. A. (2004) Structure of chemical compounds, methods of analysis and process
control – Validation of HPLC techniques for pharmaceutical analysis. Pharmaceutical
Chemistry Journal 38/4: 212-228.
Espejo, R.T., Feijoo, C. J., Romero, J., and Vasquez, M. (1998) PAGE separation of the
heteroduplex formed between PCR amplified 16S ribosomal RNA genes allows estimation
of phylogenetic relatedness between isolates and assessment of bacterial diversity.
Microbiol. 144: 1611-1617.
Estrada, M., Henriksen, P., Gasol, J. M., Casamayor, E. O., and Pedrós-Alió, C.

(2004)

Diversity of planktonic photoautotrophic microorganisms along a salinity gradient as
depicted by microscopy, flow cytometry, pigment analysis and DNA-based methods. FEMS
Microbiol. Ecol. 49: 281-293.
Evans, C. D., Monteith D. T., and Cooper, D. M. (2005) Long-term increases in surface water
dissolved organic carbon: observations, possible causes and environmental impacts.
Environ. Pollut. 137: 55–71.
Evans, C. D., Chapman, P. J., Clark, J. M., Monteith, D. T., and Cresser, M. S. (2006)
Alternative explanations for rising dissolved organic carbon export from organic soils.
Global Change Biol. 12: 2044–2053.
Evens, T. J., Kirkpatrick, G. J., Millie, D. F., Chapman, D. J., and Schofield, O. M. E. (2001)
Photophysiological responses of the toxic red-tide Gymnodinium breve (Dinophyceae)
under natural light. J. Plank. Res. 23(11): 1177-1193.
Everitt, D. A., Wright, S. W., Volkman J. K., Thomas D. P. and Lindstrom E. J. (1990)
Phytoplankton community compositions in the western equatorial Pacific determined from
chlorophyll and carotenoid pigment distributions. Deep-Sea Res., 37: 975–997.
Felip, M., Pace, M. L., and Cole, J. J. (1996) Regulation of planktonic bacterial growth rates:
effects of temperature and resources. Microb. Ecol. 31: 15-28.
Felip, M., Andreatta, S., Sommaruga, R., Straškrabová, V., and Catalan, J. (2007) Suitability
of flow cytometry for estimating bacterial biovolume in natural plankton samples:
comparison with microscopy data. Appl. Environ. Microbiol. 73(14): 4508-4514.

280

Fenchel, T. (2008) The microbial loop – 25 years later. J. Experimental Mar. Biol. Ecol. 366:
99-103
Ferrier, R. C., and Edwards, A. C. (2002) Sustainability of Scottish water quality in the early
21st Century. The Science of the total Environment 294: 57-71.
Ferris, M. J., de Waal, E. C., and Uitterlinden, A. G. (1993) Profiling of complex microbial
populations by denaturing gradient gel electrophoresis analysis

of polymerase chain

reaction-amplified genes coding for 16S rRNA. Appl. Environ. Microbiol. 59: 695-700.
Fietz, S., and Nicklisch, A.

(2004)

An HPLC analysis of the summer phytoplankton

assemblage in Lake Baikal. Freshw. Biol. 49: 332-345.
Figueiredo, D. R., Pereira, M. J., Moura, A., Silva, L., Bárrios, S., Fonseca, F., Henriques, I.,
and Correia, A. (2007) Bacterial community composition over a dry winter in meso- and
eutrophic Portuguese water bodies. FEMS Microbiol. Ecol. 59: 638-650.
Fisher, M. M., Klug, J. L., Lauster, G., Newton, M., and Triplett, E. W. (2000) Effects of
resources and trophic interactions on freshwater bacterioplankton diversity. Microb. Ecol.
40: 125-138.
Flower, R. J., Cameron, N.G., Rose, N., Fritz, S. C., Harriman, R., and Stevenson, A. C. (1990)
Post-1970 water chemistry changes and paleolimnology of several acidified upland lakes in
the U.K.. Phil. Trans. Royal Soc. Lond. B, Biol. Sci. 327: 427-433.
Fölster, J., Andrén, C., Bishop, K., Buffan, I., Cory, N., Goedkoop, W., Holmgren, K., Johnson,
R., Laudon, H., and Wilander, A. (2007) A novel environmental quality criterion for
acidification in Swedish lakes – An application of studies on the relationship between biota
and water chemistry. Water Air Pollut. Focus 7: 331-338.
Fozzard, I., Doughty, R., Ferrier, R. C., Leatherland, T., and Owen, R. (1999) A quality
classification for management of Scottish standing waters. Hydrobiol. 395/396: 433-453.
Fraser, D., Huntingford, F. A., and Adams, C. E. (2008) Foraging specialisms, prey size and
life-history patterns: a test of predictions using sympatric polymorphic Arctic charr
(Salvelinus alpines). Ecology of Freshwater Fish 17: 1-9.
Fuchs, B. M., Zubkov, M. V., Sahm, K., Burkill, P. H., and Amann, R. (2000) Changes in
community composition during dilution cultures of marine bacterioplankton as assessed by
flow cytometric and molecular biological techniques. Environ.Microbiol. 2: 191 – 201.
Fundel, B., Stich, H. -B., Schmid, H., and Maier, G. (1998) Can phaeopigments be used as
markers for Daphnia grazing in Lake Constance? J. Plank. Res. 20(8): 1449-1462.
Galbraith, L. M., and Burns, C. W. (2007) Linking land-use, water body type and water quality
in southern New Zealand. Landscape Ecol. 22: 231-241.

281

Garrido, J. L., and Zapata, M. (1993) High performance liquid chromatographic separation of
chlorophylls c3, c1, c2 and a and of carotenoids of chromophyte algae on a polymeric
octadecyl silica column. Chromatographia 35: 543-547.
Gasol, J. M., Zweifel, U. L., Peters, F., Furhman, J. A., and Hagström, A. (1999) Significance
of size and nucleic acid content heterogeneity as measured by flow cytometry in natural
planktonic bacteria. Appl. Environ. Microbiol. 65: 4475-4483.
Gasol, J. M., and del Giorgio, P. A.

(2000)

Using flow cytometry for counting natural

planktonic bacteria and understanding the structure of planktonic bacterial communities.
Scientia Marina 64(2): 197-224.
Gervais, F. (1997) Diel vertical migration of Cryptomonas and Chromatium in the deep
chlorophyll maximum of a eutrophic lake. J. Plank. Res. 19(5): 533-550.
Gervais, F. (1998) Ecology of cryptophytes coexisting near a freshwater chemocline. Freshw.
Ecol. 39: 61-78.
Gibb, S. W., Cummings, D. G., Irigoien, X., Barlow R. G., Fauzi, R., and Mantoura, C. (2001)
Phytoplankton pigment chemotaxonomy of the northeastern Atlantic. Deep-Sea Res. 48:
795-823.
Gieskes, W. W. C. and Kraay, G. W.

(1983)

Dominance of Cryptophyceae during the

phytoplankton spring bloom in the Central North Sea detected by HPLC analysis of
pigments. Mar. Biol. 75: 179–185.
Giovannoni, S. J., Britschgi, T. B., Moyer, C. L., and Field, K. G. (1990) Genetic diversity in
Sargasso Sea bacterioplankton. Nature 345: 60-3.
Glöckner, F. O., Amann, R., Alfleider, A., Pernthaler, L., Psenner, R., Trebesius, K., and Field,
K. G.

(1996)

An in situ hybridisation protocol for detection and identification of

planktonic bacteria. Sys. Appl. Microbiol. 19: 403-406.
Glöckner, F. O., Fuchs, B. M., and Amann, R. (1999) Bacterioplankton composition in lakes
and oceans: a first comparison based on fluorescence in situ hybridisation. Appl. Environ.
Microbiol. 65: 3721-3726.
Glöckner, F. O., Zaichikov, E., Bel’kova, N., Denisova, L., Pernthaler, J., Pernthaler, A., and
Amann, R. (2000) Comparative 16S rRNA analysis of lake bacterioplankton reveals
globally distributed phylogenetic clusters including an abundant group of actinobacteria.
Appl. Environ. Microbiol. 66: 5053-5065.
Godfrey, J. D., Thorne, A. E., and Youngson, A. F. (2011) Hydroacoustic surveys of five
Scottish lochs. Scottish Marine and Freshwater Science Report. Vol 2 No 7; 24 pp.
Godfrey, J. D., and Thorne, A. E (2011) Variation in the results of hydroacoustic surveys of
Scottish lochs: the importance of season, diurnal timing and fish species assemblage.
Scottish Marine and Freshwater Science Report. Vol 2 No 8; 30 pp.

282

Goericke, R.

(1998)

Response of phytoplankton community structure and taxon-specific

growth rates to seasonally varying physical forcing in the Sargasso Sea off Bermuda.
Limnol. Oceanogr. 43: 921-935.
Goericke, R., and Montoya, J. P. (1998) Estimating the contribution of microalgal taxa to
chlorophyll a in the field – variations of pigment ratios under nutrient- and light-limited
growth. Mar. Ecol. Prog. Ser. 169: 97-112.
Gordon, H. R. A., and Wouters, W. (1978) Some relationships between Secchi depth and
inherent optical properties of natural waters. Appl. Optics 17: 3341-3343.
Goss, R., and Jakob, T.

(2010)

Regulation and function of xanthophyll cycle-dependent

photoprotection in algae. Photosynth. Res. 106: 103-122.
Gossauer, A., and Engel, N.

(1996)

Chlorophyll catabolism – structures, mechanisms,

conversions. J. Photochem. Photobiol. 32: 141-151.
Gough, H. L., and Stahl, D.A. (2003) Optimisation of direct cell counting in sediment. J.
Microbiol. Methods 52: 39-46.
Gulati, R. D., Bronkhorst, M., and Van Donk, E. (2001) Feeding in Daphnia galeata on
Oscillatoria limnetica and on detritus derived from it. J. Plank. Res. 23(7): 708-718.
Gunn, I. D. M., Bailey-Watts, A. E., and Lyle, A. A. (1994) Assessment of eutrophication in
Loch Lomond by desk analysis. Hydrobiol. 290: 51-52.
Gunn, J. M., Snucins, E., Yan, N. D., and Arts, M. T. (2001) Use of water clarity to monitor
the effects of climate change and other stressors on oligotrophic lakes. Environ. Monit.
Assess. 67: 69-88.
Habib, O. A., Tippett, R., and Murphy, K. J. (1997) Seasonal changes in phytoplankton
community structure in relation to physico-chemical factors in Loch Lomond, Scotland.
Hydrobiol. 350: 63-79.
Häder, D. -P., Kumar, H. D., Smith, R. C., and Worrest, R. C. (2007) Effects of solar UV
radiation on aquatic ecosystems and interactions with climate change.

Photochem.

Photobiol. Sci. 6: 267-285.
Hahn, M. W. and Höfle, M. G. (2001) Grazing of protozoa and its effects on populations of
aquatic bacteria. FEMS Microbiol. 35: 113-121.
Håkanson, L., and Boulion, V.V. (2001) Regularities in primary production, Secchi depth and
fish yield and a new system to define trophic and humic state indices for lake ecosystems.
Internat. Rev. Hydrobiol. 86: 23-62.
Hallegraeff, G. M.

(1977)

Pigment diversity in fresh water phytoplankton. 2. Summer

succession in 3 Dutch Lakes with different trophic characteristics. Int. Rev. Gesamten.
Hydrobiol. 62: 19-39.

283

Halsey, L A., Vitti, D. H., and Trew, D. O. (1997) Influence of peatlands on the acidity of
lakes in North-eastern Alberta, Canada. Water, Air, and Soil Pollution 96: 17–38.
Harper, D. M. (1986) The effects of artificial enrichment upon the planktonic and benthic
communities in a mesotrophic to hypertrophic loch series in lowland Scotland. Hydrobiol.
137: 9-19.
Hastings, R. C, Saunders, J. R., Hall, G. H., Pickup, R. W., and McCarthy, A. J. (1998)
Application of molecular biological techniques to a seasonal study of ammonia oxidation in
a eutrophic freshwater lake. Appl. Environ. Microbiol. 64: 3674–3682.
Haukka, K., Heikkinen, E., Kairesalo, T., Karjalainen, H., and Sivonen, K. (2005) Effects of
humic material in bacterioplankton community composition in boreal lakes and mesocosms.
Environ. Microbiol. 7: 620-630.
Havskum, H., Schlüter, L., Scharek, R., Berdalet, E., and Jacquet, S.

(2004)

Routine

quantification of phytoplankton groups – microscopy or pigment analyses. Mar. Ecol.
Prog. Ser. 273: 31-42.
Hawes, I. (1989) Filamentous green algae in freshwater streams on Signy Island, Antarctica.
Hydrobiol. 172: 1-18.
Head, E. J., and Harris, L. R.

(1992)

Chlorophyll and carotenoid transformation and

destruction by Calanus spp. Grazing on diatoms. Mar. Ecol. Progr. Ser. 86: 229-238.
Head, E. J., and Harris, L. R. (1994) Feeding selectivity by copepods grazing in natural
mixtures of phytoplankton determined by HPLC analysis of pigments. Mar. Ecol. Progr.
Ser. 110: 75-83.
Head, E. J. H., Hargrave, B. T., and Subba Rao, D. V. (1994) Accumulation of a pheophorbide
a-like pigment in sediment traps during late stages of a spring bloom: A product of dying
algae? Limnol. Oceanogr. 39(1): 176-181
Head, E. J., and Harris, L. R. (1996) Chlorophyll destruction by Calanus spp. Grazing on
phytoplankton: kinetics, effects of ingestion rate and feeding history, and a mechanistic
interpretation. Mar. Ecol. Progr. Ser. 135: 223-235.
Hering, D., Borja, A., Carstensen, J., Carvalho, L., Elliot, M., Feld, C. K., Heiskanen, A. –K.,
Johnson, R. K., Moe, J., Pont, D., Solheim, A. L., van de Bund, W. (2010) The European
Water Framework Directive at the age of 10: A critical review of the achievements with
recommendation for the future. Science of the Total Environment 408: 4007-4019.
Hewson, I., and Fuhrman, J. A. (2004) Richness and diversity of bacterioplankton species
along an estuarine gradient in Moreton Bay, Australia. Appl. Environ. Microbiol. 70 (6):
3425-3433.
Hillebrand, H., Dürselen, C. -D., Kirschtel, D., Pollingher, U., and Zohary, T.

(1999)

Biovolume calculation for pelagic and benthic microalgae. J. Phycol. 35: 403-424.

284

Hobbie, J. E. (1988) A comparison of the ecology of planktonic bacteria in fresh and salt
water. Limnol. Oceanogr. 33: 750-764.
Holm-Hansen, O., Lorenzen, C. J., Holmes R. W., and Strickland, J. D .H.

(1965)

Fluorometric determination of chlorophyll. J. Conseil. 301: 3-15.
Hörnström, E. (1998) Long-term phytoplankton changes in acid and limed lakes in SW
Sweden. Hydrobiol. 394: 93-102.
Hörnström, E. (2002) Phytoplankton in 63 limes lakes in comparison with the distribution in
500 untreated lakes with varying pH. Hydrobiol. 470: 115-126.
Hörtensteiner, S. (1999) Chlorophyll breakdown in higher plants and algae. Cellular and
Molecular Life Sciences 56: 330-347.
Hughes, J. B., Hellmann, J. J., Rocketts, T. H., and Bohannan, B. J. M. (2001) Counting the
uncountable: statistical approaches to estimating microbial diversity.

Appl. Environ.

Microbiol. 67: 4399-4406.
Hunt, D. E., Ortega-Retuerta, E., and Nelson, C. E. (2010) Connections between bacteria and
organic matter in aquatic ecosystems: Linking microscale ecology to global carbon cycling.
In Eco-DAS VIII Symposium Proceedings, USA, 110-128.
Huszar, V. L. M., Silva, L. H., Domingos, P., Marinho, M., and Melo, S. (1998) Phytoplankton
species composition is more sensitive than OECD criteria to the trophic status of three
Brazilian tropical lakes. Hydrobiol. 369/370: 59-71.
Hutchinson, G. E. (1967) Treatise on Limnology. II. Introduction to lake biology and
limnoplankton. John Wiley & Sons, New York. 660 pp.
Irigoien, X., Meyer, B., Harris, R., and Harbour, D. (2004) Using HPLC pigment analysis to
investigate phytoplankton taxonomy: the importance of knowing your species. Helgol. Mar.
Res.58: 77-82.
Irvine, K.

(2004)

Classifying ecological status under the European Water Framework

Directive: the need for monitoring to account for natural variability. Aquat. Conserv. Mar.
Freshw. Ecosys. 14: 107-112.
Ishizaka, J., Kiyosawa, H., Kazunori, I., Ishikawa, K., and Takahashi, M. (1994) Meridional
distribution and carbon biomass of autotrophic picoplankton in Central North Pacific Ocean
during late northern summer 1990. Deep-Sea Res. 41: 1745-1766.
Istvánovics, V., Honti, M., Osztoics, A., Shafik, H. M., Padisák, J., Yacobi, Y., and Eckert, W.
(2005) Continuous monitoring of phytoplankton dynamics in Lake Balaton (Hungary)
using on-line delayed fluorescence excitation spectroscopy. Freshw. Biol. 50: 1950-1970.
Iwamoto, T., and Nasu, M. (2001) Review: Current bioremediation practice and perspective.
J. Biosc. Bioeng. 92: 1-8.

285

Jansson, M., Blomqvist, P., Jonsson, A., and Bergström, A. -K. (1996) Nutrient limitation of
bacterioplankton, autotrophic and mixotrophic phytoplankton , and heterotrophic
nanoflagellates in Lake Örträsket. Limnol. Oceanogr. 41(7): 1552-1559.
James, T.W., and Jope, C. (1978) Visualisation by fluorescence of chloroplast DNA in higher
plants by means of the DNA-specific probe 4, 6-diamidino-phenylindole. J. Cell Biol. 79:
623-630.
Jansson, M., Bergström, A. –K., Blomqvist, P., Isaksson, A., and Jonsson, A. (1999) Impact of
allochthonous organic carbon in microbial food web carbon dynamics and structure in Lake
Östrasket. Arch. für Hydrobiol. 144: 409-428.
Jansson, M., Bergström, A. -K., Blomqvist, P., and Drakare, S. (2000) Allochthonous organic
carbon and phytoplankton/bacterioplankton production relationships in lakes. Ecol. 81(11):
3250-3255.
Jansson, M., Bergström, A. -K., Drakare, S., and Blomqvist, P. (2001) Nutrient limitation of
bacterioplankton and phytoplankton in humic lakes in northern Sweden. Freshw. Biol. 46:
653-666.
Jeffrey, S. W.

(1974)

Profiles of photosynthetic pigments in the ocean using thin layer

chromatography. Mar. Biol. 26: 101-110.
Jeffrey, S. W. and Humphrey, G. F. (1975) New spectrophotometric equations for determining
chlorophylls a, b, c1 and c2 in higher plants, algae and natural phytoplankton. Biochem.
Physiol. Pflanzen 167: 191-194.
Jeffrey, S. W. (1976) A report of green algal pigments in the Central North Pacific Ocean.
Mar. Biol. 37: 33-37.
Jeffrey, S. W.

(1981)

An improved thin-layer chromatographic technique for marine

phytoplankton pigments. Limnol. Oceanogr. 26(1): 191-197.
Jeffrey, S. W., and Hallegraeff, G. M. (1987) Chlorophyllase distribution in ten classes of
phytoplankton: a problem for chlorophyll analysis. Mar. Ecol. Prog. Ser. 35: 293-304.
Jeffrey, S. W. (1997) Chlorophyll and carotenoid extinction coefficients. In: Jeffrey, S. W.,
Mantoura, R. F. C., and Wright, S.W. (Eds) Phytoplankton pigments in oceanography.
UNESCO – Monographs on oceanographic methods, Paris, France. 595-615.
Jeffrey, S. W., Mantoura, R. F. C., and Wright, S.W. (1997) Phytoplankton pigments in
oceanography. SCOR-UNESCO, Paris, France.
Jennings, E., Järvinen, M., Allott, N., Arvola, L., Moore, K., Naden, P., Aonghusa, C. N.,
Nõges, T., and Weyhenmeyer, G. A. (2010) Impacts of climate on the flux of dissolved
organic carbon from catchments. In: The impact of climate change on European lakes,
Aquatic Ecology Series 4. Ed. by D.G. George. Springer, 199-219.

286

Jeppesen, E., Jensen, J. P., Søndergaard, M., and Lauridsen, T. L. (2005) Response of fish and
plankton to nutrient loading reduction in eight shallow Danish lakes with special emphasis
on seasonal dynamics. Freshw. Biol. 50: 1616-1627.
Jochem, F. J. (2001) Morphology and DNA content of bacterioplankton in the northern Gulf of
Mexico: analysis by epifluorescence microscopy and flow cytometry. Aquat. Microb. Ecol.
25: 179–194.
Jones, R. I. (1992) The influence of humic substances on lacustrine food chains. Hydrobiol.
229: 73-91.
Jones, R. I., Grey, J., Sleep, D., and Quarmby, C. (1998) An assessment, using stable isotopes,
of the importance of allochthonous organic carbon to the pelagic food web in Loch Ness.
Proc. R. Soc. Lond. B. 265: 105-110.
Jones, R. I. (2000) Mixotrophy in planktonic protists: an overview. Freshw Biol. 45: 219–226.
Joshi, A. K., Baichwal, V., and Ames, G. F. L. (1991) Rapid polymerase chain-reaction
amplification using intact bacterial cells. Biotechniques 10: 42 – 44.
Kent, A. D., Yannarell, A. C., Rusak, J. A., Triplett, E. W., and McMahon, K. D. (2007)
Synchrony in aquatic microbial community dynamics. The ISME Journal 1: 38-47.
Karayanni, H., Christaki, U., van Wambeke, F., and Dalby, A. P. (2004) Evaluation of double
formalin-Lugol’s fixation in assessing number and biomass of ciliates: an example of
estimations at mesoscale in NE Atlantic. J. Microbiol. Methods 56: 349-358.
Kirchman, D. L., Yu, L., Fuchs, B. M., and Amann, R.

(2001)

Structure of bacterial

communities in aquatic systems as revealed by filter PCR. 26: 13 – 22.
Kirchman, D. L. (2002) The ecology of Cytophaga-Flavobacteria in aquatic environments.
FEMS Microbiol.Ecol. 39: 91-100.
Kirchman, D. L., Dittel, A. I., Findlay, S. E. G., and Fischer, D. (2004) Changes in bacterial
activity and community structure in response to dissolved organic matter in the Hudson
River, New York. Aquat. Microb. Ecol. 35: 243-257.
Kirk, J. T. O

(1984)

Dependence of relationship between inherent and apparent optical

properties of water on solar altitude. Limnol. Oceanogr. 29: 350-356.
Kirk, J. T. O. (1994) Light and photosynthesis in aquatic ecosystems. 2ndEd. Cambridge
Univ. Press, UK.
Kisand, V., Cuardos, R., and Wikner, J. (2002) Phylogeny of culturable estuarine bacteria
catabolizing riverine organic matter in the Northern Baltic Sea. Appl. Environ. Microbiol.
68: 379-388.
Klappenbach, J. L., Dunbar, J. M., and Schmidt, T. M. (2000) rRNA operon copy numbers
reflects ecological strategies of bacteria. Appl. Environ. Microbiol. 66: 1328-1333.

287

Koenings, J. P., and Edmundson, J. A. (1991) Secchi disk and photometer estimates of light
regimes in Alaskan lakes: The effects of yellow substance and turbidity. Limnol. Oceanogr.
36(1): 91-105.
Köhler, J., Hilt, S., Adrian, R., Nicklisch, A., Koderski, H. P., and Walz, N. (2005) Long-term
responses of a shallow, moderately flushed lake to reduced external phosphorus and
nitrogen loading. Freshw. Biol. 50: 1639-1650.
Koike, I., Shigemitsu, H., Kasuki, T., and Kazuhiro, K.

(1990)

Role of sub-micrometre

particles in the ocean. Nature 345: 242-244.
Koinig, K. A., Schmidt, R., Sommaruga-Wograth, S., Tessadri, R., and Psenner, R. (1998)
Climate change as the primary cause for pH shifts in high alpine lake. Water Air Soil Poll.
104: 167-180.
Kolmonen, E., Sivonen, K., Rapala, J., and Haukka, K. (2004) Diversity of cyanobacteria and
heterotrophic bacteria in cyanobacterial blooms in Lake Joutikas, Finland. Aquat. Microb.
Ecol. 36: 201-211.
Koops, H. P, and Pommerening-Röser, A. (2001) Distribution and ecophysiology of the
nitrifying bacteria emphasizing cultured species. FEMS Microbiol. Ecol. 37: 1–9.
Kortelainen, P. (1993) Content of total organic carbon in Finnish lakes and its relationship to
catchment characteristics. Can. J. Fish. Aquat. Sci. 50(7): 1477-1483.
Kratz, T. K., Webster, K. E., Bowser, C. J., Magnuson, J. J., and Benson, B. J. (1997) The
influence of landscape position on lakes in northern Wisconsin. Freshw. Biol. 37: 209-217.
Kratzer, S., Håkansson, B., and Sahlin, C. (2003) Assessing secchi and photic zone depth in
the Baltic Sea from satellite data. Ambio 32(8): 577 – 585.
Kritzberg, E. S, Cole J. J., Pace, M. L., Grane´li, W., and Bade, D. L. (2004) Autochthonous
versus allochthonous carbon sources of bacteria: results from whole-lake

13

C addition

experiments. Limnol. Oceanogr. 49(2): 588–596
Kritzberg, E. S., Langenheder, S., and Lindström, E. S. (2006) Influence of dissolved organic
matter source on lake bacterioplankton structure and function – implications for seasonal
dynamics of community composition. FEMS Microbiol. Ecol. 56: 406-417.
Langan, S. J., and Soulsby, C. (2001) The environmental context for water quality variation in
Scotland. The Science of the total Environment 265: 7-14.
Langdon, C.

(1988)

On the causes of interspecific differences in the growth-irradiance

relationship for phytoplankton. II. A general review. J. Plank. Res.10(6): 1291-1312.
LaPierre, J. D., and Edmundson, J. A. (2000) Limnology of two lake systems of Katmai
National Part and Preserve, Alaska: II Light penetration and Secchi depth. Hydrobiol. 418:
209-216.

288

Laplace-Builhé, C., Hahne, K., Hunger, W., Tirilly, Y., and Drocourt, J. L. (1993) Application
of flow cytometry to rapid microbial analysis in food and drinks industries Biol. Cell 78:
123-128.
Latassa, M. (1995) Pigment composition of Heterocapsa sp. and Thalassiosira weissflogii
growing in batch cultures under different irradiances. Scientia Marina; 59: 25-37.
Lauridsen, T. L., Schlüter, L., and Johansson, S. (2011) Determining algal assemblages in
oligotrophic

lakes

and

streams: comparing

information

from

newly

developed

pigment/chlorophyll a rations with direct microscopy. Freshw. Biol. 56: 1638-1651.
Laybourn-Parry, J., Walton, M., Young, J., Jones, R. I., and Shine, A.

(1994)

Proto-

zooplankton and bacterioplankton in a large oligotrophic lake – Loch Ness, Scotland. J.
Plank. Res. 16: 1655-1670.
Laybourn-Parry, J., and Bayliss, P. (1996) Seasonal dynamics of the plankton community in
Lake Druzhby, Princess Elizabeth Land, Eastern Antarctica. Freshw. Biol. 35: 57-67.
Laybourn-Parry, J., and Walton, M. (1998) Seasonal heterotrophic flagellate and bacterial
plankton dynamics in a large oligotrophic lake – Loch Ness, Scotland. Freshw. Biol. 39: 18.
Leavitt, P. R. and Carpenter, S.R. (1990) Regulation of pigment sedimentation by photooxidation and herbivore grazing. Can. J. Fish. Aquat. Sci. 47: 1166-1176.
Lebaron, P., Parthuisot, N., and Catala, P. (1998) Comparison of blue nucleic acid dyes for
flow cytometric enumeration of bacteria in aquatic systems. Appl. Environ. Microbiol.
64(5): 1725–1730.
Lee, S. H., Malone, C., and Kemp, P. F. (1993) Use of multiple 16S rRNA-targeted fluorescent
probes to increase signal strength and measure cellular RNA from natural planktonic
bacteria. Mar. Ecol. Prog. Ser. 101: 193-201.
Lee, H. W. Lee, S., Lee, J., Park, J., Choi, E., and Park, Y. K.

(2002)

Molecular

characterization of microbial community in nitrate-removing activated sludge.

FEMS

Microbiol. Ecol. 41: 85-94.
Leflaive, J., Danger, M., Lacroix, G., Lyautey, E., Oumarou, C., and Ten-Hage, L. (2008)
Nutrient effects on the genetic and functional diversity of aquatic bacterial communities.
FEMS Microbiol. Ecol. 66(2): 379-390.
Lepistö, L., and Rosentröm, U. (1998) The most typical taxa in four boreal lakes. Hydrobiol.
360/370: 89-97.
Lepistö, L., Holopainen, A-L., and Vuoristo, H. (2004) Type-specific and indicator taxa of
phytoplankton as a quality criterion for assessing the ecological status of Finnish boreal
lakes. Limnologica 34: 236-248.

289

Le Rouzik, B., Bertru, G., and Brient, L. (1995) HPLC analysis of chlorophyll a breakdown
products to interpret microalgae dynamics in a shallow bay. Hydrobiol. 302: 71-80.
Lewitus, A. J., White, D. L., Tymowski, R. G., Gyssey, M. E., Hymel, S. N., and Noble, P. A.
(2005)

Adapting the CHEMTAX method for assessing phytoplankton taxonomic

composition in southern U.S. estuaries. Estuaries 28: 160-172.
Lind, O. T. (1986) The effect of non-algal turbidity on the relationship of Secchi depth to
chlorophyll a. Hydrobiol. 140: 27-35.
Lindahl, V., and Bakken, L. R. (1995) Evaluation of methods for extraction of bacteria from
soil. FEMS Microbiol. Ecol. 16: 135-142.
Lindström, E. S. (1998) Bacterioplankton community composition in a boreal forest lake.
FEMS Microbiol. Ecol. 27: 163-174.
Lindström, E. S (2000) Bacterioplankton community composition in five lakes differing in
trophic status and humic content. Microb. Ecol. 40: 104-113.
Lindström, E. S.

(2001)

Investigating influential factors on bacterioplankton community

composition: Results from a field study of five mesotrophic lakes. Microb. Ecol. 42: 598605.
Lindström, E. S., and Leskinen, E. (2002) Do neighbouring lakes share common taxa of
bacterioplankton?

Comparison of 16S rDNA fingerprints and sequences from three

geographic regions. Microb. Ecol. 44: 1-9.
Lindström, E. S., and Bergström, A -K. (2004) Influence of inlet bacteria on bacterioplankton
assemblage composition in lakes of different hydraulic retention time. Limnol. Oceanogr.
49(1): 125-136.
Lindström, E. S., Vrede, K., and Leskinen, E.

(2004)

Response of a member of the

Verrucomicrobia, among the dominating bacteria in a hypolimnion, to increased
phosphorus availability. J. Plank. Res. 26(2): 241-246.
Lindström, E. S., Kamst-Van Agterveld, M. P., Zwart, G. (2005) Distribution of typical
freshwater groups is associated with pH, temperature, and lake water retention time. Appl.
Environ. Microbiol. 71(12): 8201- 8206.
Llewellyn, C. A., Fishwick, J. R., and Blackford, J. C. (2005) Phytoplankton community
assemblage in the English Channel; a comparison using chlorophyll a derived from HPLCCHEMTAX and carbon derived from microscopy cell counts. J. Plank. Res. 27: 103-119.
Loferer-Kröβbacher, M., Klima, J., and Psenner, R. (1998) Determination of bacterial cell dry
mass by transmission electron microscopy and densitometric image analysis. Appl. Environ.
Microbiol. 64 (2): 688-694.

290

Loferer-Kröβbacher, M., Witzel, K., P., and Psenner, R. (1999) DNA content of aquatic
bacteria measured by densitometric image analysis. Arch. Hydrobiol. Spec. Issues Adv.
Limnol. 54: 185-198.
López-Archilla, A. I., Gérard, E., Moreira, D., and López-Garćia, P. (2004) Macrofilamentous
microbial communities in the metal-rich and acidic River Tinto, Spain. FEMS Microbiol.
Lett. 235: 221-228.
Lorenzen, C. J. (1967) Determination of chlorophyll and pheopigments: spectrophotometric
equations. Limnol. Oceanogr. 12: 343-346.
Louda, J. W., Li, J., Liu, L., Winfree, N., and Baker, E. W. (1998) Chlorophyll-a degradation
during cellular senescence and death. Org. Geochem. 29(5-7): 1233-1251.
Louda, J. W., Liu, L.L., and Baker, E. W. (2002) Senescence- and death-related alteration of
chlorophylls and carotenoids in marine phytoplankton. Organic Geochemistry 33: 16351653.
Maberly, S. C., King, L., Dent, M. M., Jones, R. I., and Gibson, C. E. (2002) Nutrient
limitation of phytoplankton and periphyton growth in upland lakes. Freshw. Biol. 47: 21362152.
Maberly, S. C., King, L., Gibson, C. E., May, L., Jones, R. I., Dent, M. M., Jordan, C. (2003)
Linking nutrient limitation and water chemistry in upland lakes to catchment characteristics.
Hydrobiol. 506-509: 83-91.
Mackey, M. D., Mackey, D. J., Higgins, H. W., and Wright, S. W. (1996) CHEMTAX – a
program for estimating class abundances from chemical markers: application to HPLC
measurements of phytoplankton. Mar. Ecol. Prog. Ser. 144: 265-283.
Madgwick, J. C. (1965) Quantitative chromatography of algal chlorophylls on thin layers of
glucose. Deep-Sea Res. 12: 233-236.
Madgwick, G., Jones, I. D., Thackeray, S. J., Elliot, J. A., Miller, H. J. (2006) Phytoplankton
communities and antecedent conditions: high resolution sampling in Esthwaite water.
Freshw. Biol. 51: 1798-1810.
Marañón, E. (2009) Phytoplankton Size Structure. In Encyclopedia of Ocean Sciences, ed. by
Steele, J. H., Turekian, K. K. and Thorpe S. A. Elsevier, 4249-4256.
Marie, D., F. Partensky, S. Jacquet, and D. Vaulot (1997) Enumeration and cell cycle analysis
of natural populations of marine picoplankton by flow cytometry using the nucleic acid
stain SYBR Green I. Appl. Environ. Microbiol. 63:186-193.
Martínez-Alonso, M., Méndez-Álvarez, S., Ramírez-Moreno, S., González-Toril, E., Amils, R.,
and Gaju, N. (2008) Spatial heterogeneity of bacterial populations in monomictic Lake
Estanya (Huesca, Spain). Microb. Ecol. 55: 737-750.

291

Mataloni, G., and Tell, G. (1996) Comparative analysis of the phytoplankton communities of a
peat fog from Tierra del Fuego (Argentina). Hydrobiol. 325: 101-112.
Mataloni, G. (1999) Ecological studies on algal communities from Tierra del Fuego peat bogs.
Hydrobiol. 391: 157-171.
Maulood, B. K., and Boney, A. D. (1980) Seasonal and ecological study of the phytoplankton
of Loch Lomond. Hydrobiol. 71: 239-259.
Maulood, B. K., and Boney, A. D. (1981a) Phytoplankton ecology of the Lake Menteith,
Scotland. Hydrobiol. 79: 179-186.
Maulood, B. K., and Boney, A. D. (1981b) Phytoplankton ecology of the Loch Ard, Scotland.
Hydrobiol. 83: 485-490.
Maulood, B. K., and Boney, A. D.

(1982)

Phytoplankton ecology of the Loch Achray,

Scotland. Hydrobiol. 96: 211-216.
Menzel, D. H., and Corwin, N. (1965) The measurement of total phosphorus in seawater based
on the liberation of organically bound fractions by persulphate oxidation. Limnol. Oceanogr.
10: 280 – 282.
Meyns, S., Illi, R., and Ribi, B. (1994) Comparison of chlorophyll a analysis by HPLC and
spectrophotometry: where do the differences come from? Archiv für Hydrobiologie 132:
129-139.
MISR (1984) Organisation and Methods of the 1:25000 soil survey of Scotland. The Macaulay
Institute for Soil Research – Aberdeen, 1984.
Moline M. A., and Prézelin, B. B. (1996) Long-term monitoring and analyses of physical
factors regulating variability in coastal Antarctic phytoplankton biomass, in situ
productivity and taxonomic composition over subseasonal, seasonal and interannual time
scales. Mar. Ecol.Prog. Ser. 145: 143-160.
Monigh, M., and Castaldo, S. (2005) Effects of fixatives on ciliates as related to cell size. J.
Plank. Res. 27(8): 845-849.
Monteith, D., and Simpson, G. L. (2007) Macroinvertebrate classification diagnostic tool
development. Final report to SNIFFER (Project report WFD60), Edinburgh UK
Moran, M. A., and Hodson R. E. (1990)

Bacterial production on humic and nonhumic

components of dissolved organic carbon. Limnol. Oceanogr. 35(8): 1744–1756.
Moran, A. A., and Zepp, R. G. (1997) Role of photoreactions in the formation of biologically
labile compounds from dissolved organic matter. Limnol. Oceanogr. 42(6): 1307-1316.
Morgan, N. C. (1970) Changes in the fauna and flora of a nutrient enriched lake. Hydrobiol.
35: 545-553.
Morris, C., E., Bardin, M., Berge, O., Frey-Klett, P., Fromin, N., Girardin, H., Guinebretière, M.
–H., Lebaron, P., Thiéry, J. M., and Troussellier, M.

(2002)

Microbial biodiversity:

292

approaches to experimental design and hypothesis testing in primary scientific literature
from 1975 to 1999. Microbiol. Mol. Biol. Rev. 66(4): 592-616.
Murphy, J., and Riley, J. P. (1962) A modified single solution method for the determination of
phosphate in natural waters. Analytica Chim. Acta 27: 31-36.
Molot, L. A., Hudson, J. J., Dillon, P. J., and Miller, S. A. (2005) Effect of pH on photooxidation of dissolved organic carbon by hydroxyl radicals in a coloured softwater stream.
Aquat. Sci. 67: 189-195.
Morris, D. P., Zagarese, H., Williamson, C. E., Balseiro, E. G., Hargreaves, B. R., Modenutti,
B., Moeller, R., and Queimalinos, C. (1995) The attenuation of solar UV radiation in lakes
and the role of dissolved organic carbon. Limnol. Oceanogr. 40: 1381-1391.
Morris, D. P., and Hargreaves, B. R.

(1997)

The role of photochemical degradation of

dissolved organic carbon in regulating tge UV transparency of three lakes on the Ponoca
Plateau. Limnol. Oceanogr. 42: 239-249.
Moser, M., and Weisse, T. (2011) The most acidified Austrian lake in comparison to a
neutralized mining lake. Limnologica 41: 303-315.
Müller, U., and Sengbusch, P. V. (1983) Interactions of species in an Anabaena flos-aquae
association from the PluBsee (East-Holstein, Federal Republic of Germany). Oecologia 58:
215-219.
Muylaert, K., van de Gucht, K., Vloemans, N., De Meester, L., Gillis, M., and Vyerman, W.
(2002) Relationship between bacterial community composition and bottom-up versus topdown variables in four eutrophic shallow lakes. Appl. Environ. Microbiol. 68(10): 47404750.
Muyzer, G., and Smalla, K. (1998) Application of denaturing gradient gel electrophoresis
(DGGE) and temperature gradient gel electrophoresis (TGGE) in microbial ecology.
Antoinie van Leeuwenhoek 73: 127-141.
Muyzer, G. (1999) DGGE/TGGE a method for identifying genes from natural ecosystems.
Cur. Opin. Mibrobiol. 2: 317-322.
Naumenko, M. A. (2008) Seasonality and trends in Secchi disk transparency of Lake Ladoga.
Hydrobiol. 599: 59-65.
Nausch, M. (1996) Microbial activities on Trichodesmium colonies. Mar. Ecol. Progr. Ser.
141: 173-181.
Naysmith, F. H. (1999) The management of hypertrophic lochs: case studies in southwest
Scotland. Hydrobiol. 395/396: 293-307.
Nebe-von-Caron, G., Stephens, P. J., Hewitt, C. J., Powell, J. R., and Badley, R. A. (2000)
Analysis of bacterial function by multi-colour fluorescence flow cytometry and single cell
sorting. J. Microbiol. Methods 42: 97-114.

293

Negro, A. I., De Hoyos, C., and Aldasoro, J. J. (2003) diatom and desmid relationship with the
environment in mountain lakes and mires of NW Spain. Hydrobiol. 505: 1-13.
Nelson, J. R.

(1989)

Phytoplankton pigments in macrozooplankton faeces: variability in

carotenoid alterations. Mar. EcoL Prog. Ser. 52: 129-14
Neustupa, J., Černá, K., and Št’astný, J. (2009) Diversity and morphological disparity of
desmid assemblages in Central European peatlands. Hydrobiol. 630: 243-256.
Nicklisch A. and P. Woike (1999) Pigment content of selected planktonic algae in response to
stimulated natural light fluctuations and short photoperiod. Inter. Rev. Hydrobiol. 84: 479495.
Nõges, P., van de Bund, W., Cardoso, A. C., Solimini, A. G., and Heiskanen, A. –S. (2009)
Assessment of the ecological status of European surface waters: a work in progress.
Hydrobiol. 633: 197-211.
Norland, S. (1993) The relation between biomass and volume of bacteria. In: Handbook of
methods in aquatic microbiology. P. Kemp, B.F. Sherr, J.J. Cole (ed.). Lewis Publishers,
Boca Raton, FL.
OECD (1982) Eutrophication of waters: monitoring assessment and control. Organisation for
Economic Co-operation and Development (O.E.C.D), Paris, 154 pp.
Oliver, R. L., Whittington, J., Lorenz, Z., and Webster, I. T. (2003) The influence of vertical
mixing on the photoinhibition of variable chlorophyll a fluorescence and its inclusion in a
model of phytoplankton photosynthesis. J. Plank. Res. 25(9): 1107-1129.
Olrik, K., Blomqvist, P., Brettum, P., Cronberg, G., and Eloranta, P. (1998) Methods for
quantitative assessment of phytoplankton in freshwaters, part I. Naturvårdsverket, Sweden.
Omnes, P., Slawyk, G., Garcia, N., Bonin, P. (1996) Evidence of denitrification and nitrate
ammonification in the River Rhone plume (northwestern Mediterranean Sea). Mar. Ecol.
Prog. Ser. 141: 275-281.
Ouverney, C. C., and Fuhrman, J. A. (2000) Marine planktonic archea take up amino acids.
Appl. Environ. Microbiol. 66: 4829-4833.
Oren, A., and Gunde-Cimerman, N. (2007) Mycosporines and mycosporine-like amino acids:
UV protectants or multipurpose secondary metabolites? FEMS Microbiol. Lett. 269: 1-10.
Pace, M. L., and Cole, J. J. (2002) Synchronous variation of dissolved organic carbon and
colour in lakes. Limnol. Oceanogr. 47(2): 333-342.
Pace, M. L., Reche, I., Cole, J. J., Fernández-Barbero, A., Mazuecos, I. P., and Prairie Y. T.
(2012) pH change induces shifts in the size and light absorption of dissolved organic matter.
Biogeochem. 108: 109-118.
Paerl, H. (1976) Specific associations of the bluegreen algae Anabaena and Aphanizomenon
with bacteria in freshwater blooms. J. Phycol. 12: 431-435.

294

Paerl, H., Bebout, B., and Prufert, L. (1989) Bacterial associations with marine Oscillatoria sp.
(Trichodesmium sp.) populations: ecophysiological implications. J. Phycol. 25: 773-784.
Pålsson, C., and Granéli, W.

(2004)

Nutrient limitation of autotrophic and mixotrophic

phytoplankton in a temperate and tropical humic lake gradient. J. Plankt. Res. 26(9): 10051014.
Pålsson, C., Kritzberg, E.S., Christoffersen, K., and Granéli, W. (2005) Net heterotrophy in
Faroe Islands clear-water lakes: causes and consequences for bacterioplankton and
phytoplankton. Freshw. Biol. 50: 2011-2020.
Parsons, T.R. and Strickland, J.D.H. (1963) Discussion of spectrophotometrric determination
of marine plant pigments, with revised equations for ascertaining chlorophylls and
carotenoids. J. Mar. Res. 21: 155-163.
Percent, S. F., Frischer, M. E., Vescio, P. A., Duffy, E. B., Milano, V., McLellan, M., Stevens,
B. M., Boylen, C. W., and Nierzwicki-Bauer, S.A. (2008) Bacterial community structure
of acid-impacted lakes: what controls diversity? Appl. Environ. Microbiol. 74(6): 18561868.
Peeters, J. C. H., Dubelaar, G. B. J., Ringelberg, J., and Visser, J. W. M. (1989) Optical
plankton analyser; A flow cytometry for plankton analysis, I: Design considerations.
Cytometry 10: 522-528.
Pérez, M. T., and Sommaruga, R. (2006) Differential effect of algal- and soil-derived dissolved
organic matter on alpine lake bacterial community composition and activity.

Limnol.

Oceanogr. 51(6): 2527-2537.
Pernthaler, A., Pernthaler, J., and Amann, R. (2002) Fluorescence in situ hybridisation and
catalysed reporter deposition for the identification of marine bacteria.

Appl. Environ.

Microbiol. 68: 3094-3101.
Pfündel, E., and Bilger, W. (1994) Regulation and possible function of the violaxanthin cycle.
Photosynth. Res. 42: 89-109.
Phung, N. T., Lee, J., Kang, K. H., Chang, I. S., Gadd, G. M., and Kim, B. H. (2004) Analysis
of microbial diversity in oligotrophic microbial fuel cells using 16S rDNA sequences.
FEMS Microbiol. Lett. 233: 77-82.
Pickering, M. D., and Keely, B. J.

(2011)

Low temperature abiotic formation of

mesopyrophaeophorbide a from pyrophaeophorbide a under conditions simulating anoxic
natural environments. Geochimica et Cosmochimica Acta 75: 533-540.
Pinhassi, J., and Berman, T. (2003) Differential growth response of colony-forming α- and γ–
proteobacteria in dilution culture and nutrient addition experiments from Lake Kinneret
(Israel), the Eastern Mediterranean Sea, and the Gulf of Eilat. Appl. Environ. Microbiol. 69:
199-211.

295

Pinhassi J., Winding, A., Binnerup, S., Zweifel, U. L., Riemann, B., and Hagström, Ǻ. (2003)
Spatial variability in bacterioplankton community composition at the Skagerrak-Kattegat
front. Mar. Ecol. Prog. Ser. 255:1-13.
Pinhassi, J., Sala, M. M., Havskum, H., Peters, F., Guadayol, O., Malits, A., and Marrasé, C.
(2004) Changes in bacterioplankton composition under different phytoplankton regimens.
Appl. Environ. Microbiol. 70(11): 6753-6766.
Pollingher, U. (1988) Freshwater armored dinoflagellates: growth, reproductive strategies and
population dynamics.

In: Sandgren C. (ed.), Growth and reproduction strategies of

freshwater phytoplankton. Cambridge University Press, Cambridge, pp 134-174.
Poole, H. H., and Atkins, W.R.

(1929)

Photo-electric measurements of of submarine

illumination throughout the year. J. Mar. Biol. Assoc. UK. 16: 297-324.
Porcal, P., Koprivnjak, J-F., Molot, L.A., and Dillon, P.J. (2009) Humic substances – part 7:
the biogeochemistry of dissolved organic carbon and its interactions with climate change.
Environ. Sci. Pollut. Res. 16: 714-726.
Porter, K. G., and Feig, Y.S. (1980) The use of DAPI for identifying and counting aquatic
microflora. Limnol. Oceanogr. 25: 943-948.
Posch, T., Loferer-Kröβbacher, M., Gao, G., Alfreider, A., Pernthaler, J., Psenner, R. (2001)
Precision of bacterioplankton biomass determination: a comparison of two fluorescent dyes,
and of allometric and linear volume-to-carbon conversion factors. Aquat. Microb. Ecol. 25:
55-63.
Preisendorfer, R.W. (1986) Secchi disk science: Visual optics of natural waters. Limnol.
Oceanogr. 31: 909-926.
Pružinská, A., Tanner, G., Anders, I., Roca, M., and Hörtensteiner, S. (2003) Chlorophyll
breakdown: Pheophorbide a oxygenase is a Rieske-type iron–sulfur protein, encoded by the
accelerated cell death 1 gene. PNAS 25: 15259-15264.
Quigg, A. Z., Finkel, F., Irwin, A. J., Rosenthal, Y., Ho T-Y., Reinfelder, J. R., Schofield, O.,
Morel, F. M. M., and Falkowski, P. G.. (2003) The evolutionary inheritance of elemental
stoichiometry in marine phytoplankton. Nature 425: 291–294.
Regel, R. H., Brookes, J. D., and Ganf, G.G. (2004) Vertical migration, entrainment and
photosynthesis of the freshwater dinoflagellate Peridinium cinctum in a shallow urban lake.
J. Plank. Res. 26(2): 143-157.
Reynolds, C.S., Huszar, V., Kruk, C., and Naselli-Flores, L. (2002) Towards a functional
classification of the freshwater phytoplankton. J. Plank. Res. 24: 417-428.
Richardson, L.E. (1999) Physical and chemical environmental factors associated with the
temporal and spatial distribution of cyanobacteria in Lake George, New York. Master’s
Thesis, Rensseler Polytechnic Institute, Troy, 111 pp.

296

Richardson, T. L., Gibson, C. E., and Heaney, S. I. (2000) Temperature, growth and seasonal
succession of phytoplankton in Lake Baikal, Siberia. Freshw. Biol. 44: 431-440.
Riemann, B., and Christoffersen, K. (1993) Microbial trophodynamics in temperate lakes.
Aquat. Microb. Ecol. 7(1): 69-100.
Riemann, L., Steward, G. F., and Azam, F.

(2000)

Dynamics of bacterial community

composition and activity during a mesocosm diatom bloom. Appl. Environ. Microbiol.
66(2): 578-587.
Riemann, L., and Winding, A.

(2001)

Community dynamics of free-living and particle-

associated bacterial assemblages during a freshwater phytoplankton bloom. Microb. Ecol.
42: 274-285.
Ris, H., and Plaut, W. (1962) Ultrastructure of DNA-containing areas in the chloroplast of
Chlamydomonas. J. Cell Biol. 13: 383-391.
Rmiki', N. -E., Brunet, C., Cabioch, J., and Lemoinel, Y. (1996) Xanthophyll-cycle and
photosynthetic adaptation to environment in macro- and microalgae. Hydrobiol. 326/327:
407-413.
Roberts, E.C., and Laybourn-Parry, J. (1999) Mixotrophic cryptophytes and their predators in
the Dry Valley lakes of Antarctica. Freshw. Biol.41: 737-746.
Roberts, J. L. (2007) The Highland Geology Trail. 7th Ed. Luath Press Limited, Edinburgh.
Rogora, M., Mosello, R., and Arisci, S.

(1998)

The effect of climate warming on the

hydrochemistry of alpine lakes. Water Air Soil Poll. 148: 347-361.
Rosén, G. (1981) Phytoplankton indicators and their relations to certain chemical and physical
factors. Limnologica 13(2): 263-290.
Roy, S., Chanut, J-P., Gosselin, M., and Sime-Ngado, T.

(1996)

Characterization of

phytoplankton communities in the lower St. Lawrence Estuary using HPLC-detected
pigments and cell microscopy. Mar. Ecol. Prog. Ser. 142: 55-73.
Ryther, J. H., and Yentsch, C. S. (1957) The estimation of phytoplankton production in the
ocean from chlorophyll and light data. Limnol. Oceanogr. 2(3): 281-286.
Saiki, R. K., Gelfand, G. H., Stoffeld, S., Scharf, S. J., Higuchi, R., Horn, G. T., Mullis, K. B.,
and Erlich, H. A.

(1988)

Primer-directed enzymatic amplification of DNA with

thermostable DNA polymerase. Science 239: 487-491.
Salomon, P.S., Janson, S., and Granéli, E.

(2003)

Molecular identification of bacteria

associated with filaments of Nodularia spumigena and their effect on the cyanobacterial
growth. Harmful Algae 2: 261-272.
Sandén, P., and Håkansson, B. (1997) Long-term trends in Secchi depth in the Baltic Sea.
Limnol. Oceanogr. 41: 346 – 351.

297

Sarmento, H., and Descy, J.

(2008)

Use of marker pigments and functional groups for

assessing the status of phytoplankton assemblages in lakes.

J. Appl. Phycol.

DOI

10.1007/s10811-007-9294-0.
Sarmento, H., Unrein, F., Isumbisho, M., Stenuite, S., Gasol, J. M., and Descy, J-P. (2008)
Abundance and distribution of picoplankton in tropical, oligotrophic Lake Kivu, eastern
Africa. Freshw. Biol. 53: 756–771.
Schlüter, L., Riemann, B., and Søndergaard, M. (1997) Nutrient limitation in relation to
phytoplankton carotenoids/chlorophyll a ratios in freshwater mesocosms. J. Plank. Res. 19:
891-906.
Schlüter, L., Møhlenberg, F., Havskum, H., and Larsen, S. (2000) The use of phytoplankton
pigments for identifying and quantifying phytoplankton groups in coastal areas: testing the
influence of light and nutrients on pigment / chlorophyll a ratios. Mar. Ecol. Prog. Ser.
192: 49-63.
Schlüter, L., Lauridsen, T.L., Krogh, G., and Jørgensen, T.L..

(2006)

Identification and

quantification of phytoplankton groups in lakes using new pigment ratios – a comparison
between pigment analysis by HPLC and microscopy. Freshw. Biol. 51: 1474-1485.
Schlüter, L., Henriksen, P., Nielsen, T. G., Jakobsen, H. H. (2011) Phytoplankton composition
and biomass across the southern Indian Ocean. Deep Sea Res. I 58: 546-556.
Schönhuber, W., Fuchs, B., Juretschko, S., and Amann, R. (1997) Improved sensitivity of
whole-cell

hybridisation

by

the

combination

of

horseradish

peroxidase-labelled

oligonucleotides and tyramide signal amplification. Appl. Environ. Microbiol. 63: 32683273.
Scully, N. M., and Lean, D.R.S. (1994) The attenuation of ultraviolet radiation in temperate
lakes. Ergebn. Limnol. 43: 135-144;
Sekar, R., Fuchs, B. M., Amann, R., and Perntaler, J.

(2004)

Flow sorting of marine

bacterioplankton after fluorescence in situ hybridisation. Appl. Environ. Microbiol. 70 (10):
6210-6219.
Sekugichi, H., Watanabe, M., Nakahara, T., Xu, B., and Uchiyama, H. (2002) Succession of
bacterial community structure along the Changjiang river determined by denaturing gradient
gel electrophoresis and clone library analysis. Appl. Environ. Microbiol. 68(10): 51425150.
SEPA, Scottish Environmental Protection Agency (2002)
standards for Scottish freshwater lochs.

Total phosphorus water quality

Scottish Environmental Protection Agency –

Policy 16, version 1.1.

298

SEPA, Scottish Environmental Protection Agency (2008)

River Basin Management Plan

(RBMP) – Water body information sheets, RBMP cycles 2009–2015 [online]. Available
from SEPA website:
Seriacki, M. E., and Viles, C. L. (1992) Distributions and fluorochrome-staining properties of
sub-micrometre particles and bacteria in the North Atlantic. Deep-Sea Res. 39: 1919-1929.
<www.sepa.org.uk/water/river_basin_planning.aspx> [15 March 2010].
Skoog, D. A., Holler, F. J., and Nieman, T. A. (1998) Principles of instrumental analysis. 5th
Ed. Harcourt Brace & Co., USA. 849 pp.
Skoog D. A., West, D. M., Holler, F. J., and Crouch, S. R. (2000) Analytical Chemistry – An
introduction. 7th Ed. Saunders College Publishing, USA. 774pp
Siefermann-Harms, D.

(1987)

The light-harvesting and photoprotective functions od

carotenoids in photosynthetic menbranes. Physiol. Plantarum 69: 561-568.
Simon, H., and Azam, F. (1989) Protein content and protein synthesis rates of planktonic
marine bacteria. Mar. Ecol. Prog. Ser. 51: 201-213.
Singh, S. P., Häder, D. -P., and Sinha, R. P. (2010) Cyanobacteria and ultraviolet radiation
(UVR) stress: Mitigation strategies. Ageing Res. Rev. 9: 79-90.
Sinha, R. P., Klisch, M., Gröniger, A., and Häder, D. –P.

(1998)

Ultraviolet-

absorbing/screening substances in cyanobacteria, phytoplankton and macroalgae.

J.

JPhotochem. Photobiol. B: Biol. 47: 83-94.
Šimek, K., and Straškrabová, V.

(1992)

Bacterioplankton production and protozoan

bacterivory in a mesotrophic reservoir. J. Plank. Res. 14: 773-787.
Šimek, K., Pernthaler, J., Weinbauer, M. G. Hornák, K., Dolan, J. R., Nedoma, J., Mašín, J., and
Amann, R. (2000) Changes in bacterial community composition and dynamics and viral
mortality rates associated with enhanced flagellate grazing in a mesoeutrophic reservoir.
Appl. Environ. Microbiol. 67: 2723-2733.
Smalla, K., Oros-Sichler, M., Milling, A., Heuer, H., Baumgarte, S., Becker, R., Neuber, G.,
Kropf, S., Ulrich, A., and Tebbe, C.C. (2007) Bacterial diversity of soils assessed by
DGGE, TRFLP and SSCP fingerprints of PCR-amplified 16S rRNA gene fragments: Do the
different methods provide similar results? J. Microbiol. Methods. 69: 470-479.
Sobek, S., Tranvik, L. J., Prairie, Y. T., Kortelainen, P., and Cole , J. J. (2007) Patterns and
regulation of dissolved organic carbon: An analysis of 7500 widely distributed lakes.
Limnol. Oceanogr. 52(3): 1208-1219.
Solé, A., Gaju, N., Mandez-Alvarez, S., and Esteve, I. (2001) Confocal Laser microscopy as a
tool to determine cyanobacteria biomass in microbial mats. J. Microscopy 204: 258-262.

299

Solimini, A. G., Ptacnik, R., and Cardoso, A. C. (2009) Towards holistic assessment of the
functioning of ecosystems under the Water Framework Directive. Trends in Analytical
Chemistry 28: 143-149.
Sommaruga, R., Kössbacher, M., Salvenmoser, W., Catalan, J., and Psenner, R.

(1995)

Presence of large virus-like particles in a eutrophic reservoir. Aquat. Microb. Ecol. 9: 305308.
Sommaruga, R. (2001) The role of solar UV radiation in the ecology of alpine lakes. J.
Photochem. Photobiol. 62: 35-42.
Soil survey of Scotland (1982) Northern Scotland- Sheet 3. The Macaulay Institute for soil
research. University Press, Aberdeen. ISBN0708402216.
Soil survey of Scotland (1985) Loch Rannoch- Sheet 42. The Macaulay Institute for soil
research. University Press, Aberdeen.
Søndergaard, M., Jeppesen, E., Jensen, J. P., Bradshaw, E., Skovgaard, H., and Grünfeld, S.
(2003) The Water Framework Directive and Danish lakes (in Danish). Part 1. Report no.
475. National Environmental Research Institute, Silkeborg, Denmark.
Sonesten L. (2003) Catchment area composition and water chemistry heavily affects mercury
levels in Perch (Perca fluviatilis L.) in circumneutral lakes. Water Air Soil Poll. 144: 117139.
Soulsby, C., Langan, S. J., and Neal, C. (2001) Environmental change, land use and water
quality in Scotland: current issues and future prospects.

The Science of the total

Environment 265: 387-394.
Soulsby, C., Black, A.R., and Werrity, A. (2002) Hydrology in Scotland: towards a scientific
basis for the sustainable management of freshwater resources – foreword to thematic issue.
The Science of the Total Environment 294: 3-11.
Spooner, N., Keely, B. J, and Maxwell, J. R. (1994) Biologically mediated defunctionalization
of chlorophyll in the aquatic environment--l. Senescence/decay of the diatom
Phaeodactylum tricornutum. Org. Geochem. 21(5): 509-516.
Štěpánková, J., Vavrušková, J., Hašler, P., Mazalová, P., and Poulíčková, A. (2008) Diversity
and ecology of desmids of peat bogs. Biologia 63(6): 895-900.
Stephen, D., Balayla, D. M., Collings, S. E., and Moss, B. (2004) Two mesocosm experiments
investigating the control of summer phytoplankton growth in a small shallow lake. Freshw.
Biol. 49(12): 1551-1564.
Stokes, P.M.

(1986)

Ecological effects of acidification in primary producers in aquatic

systems. Water Air Soil Poll. 30: 421-438.

300

Suzuki, M. T., Sherr, E. B., and Sherr, B.F. (1993) DAPI direct counting underestimates
bacterial abundances and average cell size compared to AO direct counting.

Limnol.

Oceanogr. 38: 1566-1570.
Swedish Environmental Protection Agency (2000) Environmental quality criteria - Lakes and
watercourses. Swedish EPA Report 5050, 106 pp.
Swift, T. J., Perez-Losada, J., Schladow, S. G., Reuter, J. E., Jassby, A. D., and. Goldman, C. R.
(2006) Water clarity modeling in Lake Tahoe: Linking suspended matter characteristics to
Secchi depth. Aquat. Sci. 68: 1 – 15.
Talbot, H. M., Head, R. N., Harris, R. P., and Maxwell, J. R. (1999) Distribution and stability
of steryl chlorin esters in copepod faecal pellets from diatom grazing. Org. Geochem. 30:
1163-1174.
Talling, J. F. (2003) Phytoplankton – Zooplankton seasonal timing and the ‘clear-water phase’
in some English lakes. Freshw. Biol. 48: 39-52.
Theil-Nielsen J., and Søndergaard, M.

(1998)

Bacterial carbon biomass calculated from

biovolumes. Arch. Hydrobiol. Beihn. Limnol. 141: 195-207.
Throndsen, J. (1978) Preservation and storage. In: Sournia, A. (ed) Phytoplankton manual.
UNESCO Monographs on oceanographic methodology, No 6. Paris, France. 337 pp
Tilzer, M. M. (1988) Secchi disk – chlorophyll relationships in a lake with highly variable
phytoplankton biomass. Hydrobiol. 162: 163-171.
Tippett, R. (1994) An introduction to Loch Lomond. Hydrobiol. 290: xi-xv.
Tolotti, M. (2001) Phytoplankton and littoral epilithic diatoms in high mountain lakes of the
Adamello-Brenta Regional Park (Trentino, Italy) and their relation to trophic status and
acidification risk. J. Limnol. 60(2): 171-188.
Torsvik, V., Daae, F. L., Sandaa, R-A., Øvreås, L. (1998) Novel techniques for analysing
microbial biodiversity in natural and perturbed environments. J. Biotechnol. 64: 53-62.
Tranvik, L. J. (1988) Availability of dissolved organic carbon for planktonic bacteria in
oligotrophic lakes of differing humic content. Microb. Ecol. 16: 311-322.
Tranvik, L. J. (1992) Allochthonous dissolved organic matter as an energy source for pelagic
bacteria and the concept of the microbial loop. Hydrobiol. 229: 107-114.
Trout Quest™ (2002) Caithness Lochs [online]. Available from:
< www.troutquest.com/caithness-g.asp> [03 March 2010].
Turner, M. A., Howell, E. T., Summerby, M., Heisslein, R. H., Findlay, D. L., and Jackson, M.
B. (1991) Changes in epilithon and epiphyton associated with experimental acidification of
a lake to pH 5. Limnol. Oceanogr. 36(7): 1390-1405.

301

UKTAG, UK Technical Advisory Group (2003) UK Technical Advisory Group on the Water
Framework Directive: Guidance on typology for lakes for the UK. (Draft) TAG 2003 WP
2a (02) Lakes typology (v3. PR1.26.08.04). UK.
UKTAG, UK Technical Advisory Group (2006) UK Technical Advisory Group on the Water
Framework Directive: UK Environmental Standards and Conditions. (Phase 1) SR1-2006.
UK.
UKTAG, UK Technical Advisory Group (2007a) UK Technical Advisory Group on the Water
Framework Directive: UK Environmental Standards and Conditions. (Phase 2) SR2-2007.
UK.
UKTAG, UK Technical Advisory Group (2007b) UK Technical Advisory Group on the Water
Framework Directive: Recommendations on surface water classification schemes for the
purpose of the Water Framework Directive. UK.
UKTAG, UK Technical Advisory Group

(2008)

UKTAG Lake assessment methods

Phytoplankton: Chlorophyll a and percentage nuisance cyanobacteria.

ISBN:978-1-

906934-03-3. SNIFFER, Edinburgh, UK.
Urbach, E., Vergin, K. L., Young, I., and Morse, A.

(2001)

Unusual bacterioplankton

community structure in ultra-oligotrophic Crater Lake. Limnol. Oceanogr. 46: 557-572.
USEPA, US Environment Protection Agency

(2005)

Standard operating procedure for

zooplankton sample collection and preservation and Secchi depth measurement field
procedures.

LG402-Revision

10,

March

2005.

<http://www.epa.gov/greatlakes/monitoring/sop/chapter_4/LG402.pdf>

Available
[26

from:

November

2011]
Utermöhl, H. (1958) Zur Vervollkommnung der quantitativen Phytoplanktonmethodik. Int.
Verein. theor. angew. Limnologie, Mitteilung 9: 1-38.
van der Bund, W., and Solimini, A.G. (2007) Ecological quality ratios for ecological quality
assessment in inland and marine waters. REBECCA Deliverable 10, EC-JRC/IES Report
EUR 22722 EN, Luxembourg. 24pp.
van der Gucht, K., Sabbe, K., de Meester, L., Vloemans, N., Zwart, G., Gillis, M., and
Vyverman, W. (2001) Contrasting bacterioplankton community composition and seasonal
dynamics in two neighbouring hypertrophic freshwater lakes. Environ. Microbiol. 3: 680690.
van der Gucht, K., Vandekerckhove, T., Vloemans, N., Cousin, S., Muylaert, K., Sabbe, K.,
Gillis, M., Declerk, S., de Meester, L., and Vyverman, W. (2005) Characterization of
bacterial communities in four freshwater lakes differing in nutrient load and food web
structure. FEMS Microbiol. Ecol. 53: 205-220.

302

van der Gucht, K., Cottenie, K., Muylaert, K., Vloemans, N., Cousin, S., Declerk, S., Jeppesen,
E., Conde-Porcuna, J-M., Schwenk, K., Zwart, G., Degans, H., Vyverman, W., and de
Meester, L. (2007) The power of species sorting: Local factors drive bacterial community
composition over a wide range of spatial scales. PNAS 104(51): 20404-20409.
van Hannen, E. J., Mooij, W., van Agterveld, M. P., Gons, H. J., and Laanbroek, H. J. (1999)
Detritus-dependent development of the microbial community in an experimental system:
qualitative analysis by denaturing gradient gel electrophoresis. Appl. Environ. Microbiol. 65:
2478-2484.
van Heulekem, L., Lewitus, A. J.,. Kana, T. M and Craft, N. E. (1992) High performance liquid
chromatography of phytoplankton using a polymeric reversed-phase C18 column. J. Phycol.
28: 867-872.
Vaqué, D., Marrasé, C., Iñiguez, V., and Alcaraz, M. (1989) Zooplankton influence on the
phytoplankton-bacterioplankton coupling. J. Plank. Res. 11(3): 625-632.
Vidussi, F, Claustre, H., Bustillos-Guzmán, J., Cailliau, C., Marty, J. C. (1996) Determinations
of chlorophylls and carotenoids of marine phytoplankton: separation of chlorophyll a from
divinyl chlorophyll a and zeaxanthin from lutein. J. Plank. Res. 18: 2377-2382.
Vernon, L. P. (1960) Spectrophotometric determination of chlorophylls and pheophytins in
plant extracts. Anal. Chem. 32: 1144-1150.
Vives-Rego, J., Lebaron, P., and Nebe-von Caron, G. (2000) Current and future applications of
flow cytometry in aquatic microbiology. FEMS Micobiol. Rev. 24: 429-448.
Vollenweider, R. (1968) Scientific fundamentals of the eutrophication of lakes and flowing
waters, with particular reference to nitrogen and phosphorus as factors in eutrophication.
OECD Report No. DAS/CSI/68.27, Paris, OECD.
Vuorio, K., Meili, M., and Sarvala, J. (2006) Taxon-specific variation in the stable isotopic
signatures (δ13C and δ15N) of lake phytoplankton. Freshw. Biol. 51: 807-822.
Voytek, M. A., Priscu, J. C., and Ward, B. B. (1999) The distribution and relative abundance
of ammonia-oxidizing bacteria in lakes of the McMurdo Dry Valley, Antarctica. Hydrobiol.
401: 113–130.
Walker, J. S., and Keely, B. J. (2004) Distribution and significance of chlorophyll derivatives
and oxidation products during the spring phytoplankton bloom in the Celtic Sea April 2002.
Org. Geochem. 35: 1289–1298.
Warnecke, F., Amann, and R., Pernthaler, J. (2004) Actinobacterial 16S rRNA genes from
freshwater habitats cluster in four distinct lineages. Environ. Microbiol. 6(3): 242-253.
Warner, M. E., and Berry-Lowe, S. (2006) Differential xanthophyll cycling and photochemical
activity in symbiotic dinoflagellates in multiple locations of three species of Caribbean
coral. J. Mar. Ecol. Exp. Biol. 339: 86-95.

303

Weinbauer, M. G., and Höfle, M. G. (1999) Distribution and life strategies of two bacterial
populations in a eutrophic lake. Appl. Environ. Microbiol. 64: 3776-3783.
Weiss, P., Schweitzer, B., Amann, R., and Simon, M.

(1996)

Identification in situ and

dynamics of bacteria on limnetic organic aggregates. Appl. Environ. Microbiol. 62: 19982005.
Wetzel, R. G. and Likens, G. (1991) Limnological analyses. 2nd Ed., Springer-Verlag, New
York. 391p.
Whitby, C. B., Saunders, J. R., Pickup, R. W., and McCarthy, A. J. (2001) A comparison of
ammonia-oxidiser populations in eutrophic and oligotrophic basins of a large freshwater
lake. Anton van Leeuwenhoek 79: 179-188.
Wilhelm, C.

(1990)

The biochemistry and physiology of light-harvesting processes in

chlorophyll b- and chlorophyll c-containing algae. Plant Physiol. Biochem. 28(2): 293-306.
Wilhelm, C., Rudolph, I., and Renner, W. (1991) A quantitative method based on HPLC-aided
pigment analysis to monitor structure and dynamics of the phytoplankton assemblage – a
study from Lake Meerfelder (Eifel, Germany). Arch. fur. Hydrobiol. 123: 21-35.
Wilhelm, S., and Adrian, R. (2008) Impact of summer warming on the thermal characteristics
of a polymictic lake and consequences for oxygen, nutrients and phytoplankton. Freshw.
Biol. 53: 226-237.
Williamson, D. H., and Fennell, D. J. (1975) The use of fluorescent DNA-binding agent for
detecting and separating yeast mitochondrial DNA. In: Methods in Cell Biology – Vol 12.
Ed. by Prescott, D.M. Academic Press, 335-351.
Williamson, C. E. (1995) What Role Does UV-B Radiation Play in Freshwater Ecosystems?
Limnol. Oceanogr. 40(2): 386-392.
Williamson, C. E., Steinberg, R. S., Morris, D. P., Frost, T. M., and Paulsen, S. G. (1996)
Ultraviolet radiation in North American lakes: Attenuation estimates from DOC
measurements and implications for plankton communities. Limnol. Oceanogr. 41(5): 10241034.
Williamson, C. E., Morris, D. P., Pace, M. L., and Olson, O.G. (1999) Dissolved organic
carbon and nutrients as regulators of lake ecosystems: Resurrection of a more integrated
paradigm Limnol. Oceanogr. 44(3): 795-803.
Winder, M., Bürgi, H. R., and Spaak, P.

(2003)

Mechanisms regulating zooplankton

populations in a high mountain lake. Freshw. Biol. 48: 795-809.
Winter, C., Moeseneder, M. M., and Herndl, G. J.

(2001)

Impact of UV radiation on

bacterioplankton community composition. Appl. Environ. Microbiol. 67(2): 665-672.

304

Winter, C., Hein, T.., Kavka, G., Mach, R. L., and Farnleitner, A. H. (2007) Longitudinal
changes in the bacterial community composition of the Danube River: a whole-river
approach. Appl. Environ. Microbiol. 73(2): 421-431.
Wintzingerode, F., Göbel U. B., and Stackebrandt, E. (1997) Determination of microbial
diversity in environmental samples: pitfalls of PCR-based rRNA analysis.

FEMS

Microbiol. Rev. 21: 213-229.
Wright, S. W., and van den Enden, R. L. (2000) Phytoplankton populations off east Antarctica
in relation to stratification/mixing regimes: CHEMTAX analysis of HPLC pigment profiles
(BROKE survey, Jan-Mar 1996). Deep Sea Res.II 47: 2263-2400.
Wu, Q. L., Chen, Y., Xu, K., Liu, Z., Hahn, and M. W. (2007) Intra-habitat heterogeneity of
microbial food web structure under the regime of eutrophication and sediment resuspension
in the large subtropical shallow Lake Taihu, China. Hydrobiol. 581: 241-254.
Work, K. A., and Havens, K. E. (2003) Zooplankton grazing on bacteria and cyanobacteria in a
eutrophic lake. J. Plank. Res. 25(10): 1301-1307.
Xenopoulos, M. A., Lodge, D. M., Frentress, J., Kreps, T. A., Bridgham, S. D., Grossman, E.,
and Jackson, C. J. (2003) Regional comparisons of watershed determinants of dissolved
organic carbon in temperate lakes from the Upper Great Lakes region and selected regions
globally. Limnol. Oceanogr. 48(6): 2321-2334.
Yacobi, Y. Z. (2003) Seasonal variation in pigmentation of the dinoflagellate Peridinium
gatunense (Dinophyceae) in Lake Kinneret, Israel. Freshw. Biol. 48: 1850-1858.
Yamaguchi, N., Inaoka, S., Tani, K., Kenzaka, T., and Nasu, M. (1996) Detection of specific
bacterial cells with 2-hydroxy-3-naphthoic acid 2’-phenylanilide phosphate and Fast Red
TR in situ hybridisation. Appl. Environ. Microbiol. 62: 275-278.
Yannarell, A. C., Kent, A. D., Lauster, G. H., Kratz, T. K., and Triplett, E. W.

(2003)

Temporal patterns in bacterial communities in three temperate lakes of different trophic
status. Microb. Ecol. 46: 391-405.
Yentsch, C. S., and Ryther, J. H. (1957) Short-term variations in phytoplankton chlorophyll
and their significance. Limnol. Oceanogr. 2(2): 140-142.
Yentsch, C. S., 1965. Distribution of chlorophyll and phaeophytin in the open ocean. Deep-Sea
Research 12: 653–666.
Yentsch, C. M., Horan, P. K., Muirhead, K., Dortch, Q., Haugen, E., Legendre, L., Murphy, L.,
Perry, M. J., Phinney, D. A., Pomponi, S. A., Spinrad, R. W., Wood, M., Yentsch, C. S.,
and Zahunarec, B. J. (1983) Flow cytometry and cell sorting: a technique for analysis and
sorting of aquatic particles. Limnol. Oceanogr. 28: 1275-1280.
Yentsch, C. S., and Yentsch, C. M. (2008) Single cell analysis in biological oceanography and
its evolutionary implications. J. Plank. Res. 30(2): 107-117.

305

Yu, Y., Yan, Q., and Feng, W. (2008) Spatiotemporal heterogeneity of plankton communities
in Lake Donghu, as revealed by PCR-denaturing gradient gel electrophoresis and its relation
to biotic and abiotic factors. FEMS Microbiol. Ecol. 63: 328-337.
Zapata, M., Rodríguez, F., and Garrido, J. L.

(2000)

Separation of chlorophylls and

carotenoids from marine phytoplankton: a new method using a reversed phase C8 column
and pyridine-containing mobile phases. Mar. Ecol. Prog. Ser. 195: 29-45.
Zinabu, G. M., and Bott, T. L. (2000) The effects of formalin and Lugol’s iodine solution on
protozoan cell volume. Limnologica 30: 59-63.
Zwart, G., Crump, B. C., Kamst-van Agterveld, M., Hagen, F., and Han, S. K. (2002) Typical
freshwater bacteria: an analysis of available 16S rRNA gene sequences from plankton of
lakes and rivers. Aquat. Microb. Ecol. 28: 141-155.
Zweifel, V. L., and Hagström, Å. (1995) Total counts of marine bacteria include a range of
large fraction of non-nucleoid-containing bacteria (ghosts). Appl. Environ. Microbiol. 61:
2180-2185.
Zwisler, W., Selje, N., and Simon, M. (2003)

Seasonal patterns of the bacterioplankton

community composition in a large mesotrophic lake. Aquat. Microb. Ecol. 31: 211-225.
Zubkov, M., Fuchs, B. M., Archer, S. D., Kiene, R., Amann, R., Burkill, P. H. (2001) Linking
the

composition

of

bacterioplankton

to

rapid

turnover

of

dissolved

dimethylsulphoniopropionate in an algal bloom in the North Sea. Environ.Microbiol. 3:
304 – 311.

306

