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ABSTRACT 

The research presented in this thesis describes the development and application of 
a portable, high-resolution instrument, specifically designed for the at-site 
monitoring of algae and cyanobacteria in freshwaters. The instrument incorporates 
a miniature charge-coupled device (CCD) based spectrometer and a low power 
combined deuterium and tungsten light source, enabling the absorbance to be 
measured between 200 - 850 nm at a resolution of 1.3 nm. A transmission dip 
probe with removable tips of 5, 10 and 40 mm pathlengths forms the sampling 
device. A specifically developed control program allows easy operation of the 
instrument. A linear response from 0.0 - 1.2 AU and a combined signal to noise 
ratio of 576: 1 for the instrument components resulting in a high baseline stability 
of 1.0 mAU drift over five hundred measurements being observed. 

The instrument provides in-vivo absorbance characteristics with high resolution 
across the visible spectrum. Up to twelve specific spectral features were 
commonly identified in the absorbance spectra of algae and cyanobacteria 
between 400 - 750 nm. Individual spectral features were linked to specific 
pigments, some of which were found to be taxonomically distinct. Fourth 
derivative analysis was proven to provide further enhancement of subtle spectral 

1features. The instrument has a linear range for chlorophyll a up to 1000 µg r and
1a detection limit of 8 µg r using the 40 mm pathlength probe. Physiological 

adaptation to light and nutrient conditions were shown to have a significant effect 
on the in-vi.vo absorbance spectrum, therefore providing potential information on 
physiological status and health of a natural sample. Spectral analysis using 
principal component analysis (PCA) with classification based on the soft 
independent modelling of class analogy (SIMCA) method was used to classify 
nine species from three taxonomic classes, including four cyanobacteria 
(Microcystis aeruginosa, Anabaena variabilis, Aphanizmnenon flos-aquae, 
Synechnococcus sp.), four chlorophyceae (Chlorella vulgaris, Scenedesmus 
acuminatus, Spirogyra mirabilis, Staurastrum chaetoceros) and a single 
bacmariophyceae (Asterionella Fomwsa). Classification using the SIMCA 
method proved to be highly reliable and robust. Moreover, the addition of noise 
was found to have very little effect on the classification. Under laboratory 
conditions all nine species were correctly classified using 'unknown' spectra. At
site classification of natural samples and laboratory simulations have shown the 
robustness and reliability of the developed portable instrument. In combination 
with the data analysis techniques, the instrument is well suited to the proactive at
site assessment of algal and cyanobacterial blooms in eutrophic freshwater 
environments. 
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CHAPTER ! 

GENERAL INTRODUCTION 

1 .1 Introduction 

Algal and cyanobacterial blooms have occurred in freshwaters world-wide, 

representing a major environmental problem and resulting in many detrimental 

effects. Increased algal levels present water treatment, supply, conservation and 

health problems. Of primary concern is the production of toxins by some species 

of cyanobacteria in waters used for recreational activities and drinking water 

storage. This has resulted in increased concern in recent years about the effect of 

cyanobacteria on human health. 

The near real-time monitoring of the location, extent, movement and growth rate 

of problematic cyanobacteria is currently one of the biggest challenges for 

scientists involved in maintaining and supplying water for recreational use or 

human consumption. Early detection of cyanobacteria is regarded as the most 

important task in modern algal control strategies, yet is also commonly the 

weakest link. This is due to the complexity and costs of monitoring algal blooms, 

which often overwhelm the resources of manned reservoir surveys. Where toxic 

cyanobacteria represent a major threat, techniques that provide rapid, reliable and 

cost effective information that can be used as part of an integrated management 

control programme are required. 

Many techniques are available for monitoring algal levels. Bio-optical 

measurements encompass a variety of techniques based on the determination of 

the optical properties of biological matter (primarily algae and cyanobacteria) . By 

its very nature, the field of  bio-optics is  multidisciplinary, bringing together 
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environmental scientists, biologists, physicists, chemists, instrument specialists, 

limnologists and oceanographers . Measuring the bio-optical properties of living 

algae consequently represents an efficient tool for the high frequency sensing of 

the algal community and a potential solution to these environmental problems. 
There is however a need for instruments, based on bio-optical techniques, that are 

fully portable and therefore provide rapid, at-site analysis with both quantitative 

analysis of pigment concentrations and qualitative determination of the species 
present. 

The research presented in this thesis is based on monitoring freshwaters, where 

cyanobacteria are the major concern. Relevant reference is made to research in the 

marine area as much of this research, particularly in new instrumentation, is 

relevant to freshwater monitoring and new advances generally appear in this area 
first . Marine Harmful Algal Blooms (HABs) are well documented in the 

literature, and form a separate area of research, and consequently are not 
considered in the work of this thesis. 

Multi-disciplinary scientific research has become extremely important in the 2 1  st 

century. In the area of environmental and biological monitoring, multi

disciplinary research that utilises advances in electronics, physics and computing 
provides significant advances in the information that can be gained about the 

environment . Utilising new advances and discoveries from other scientific fields 

allows the rapid advancement of specific scientific areas, solving distinct 

problems and providing the potential for new discoveries. Applied multi

disciplinary research requires a broad knowledge of recent scientific advances and 

the ability to combine different techniques for specific applications . Applied 

research in this area can make a significant contribution to science .  The reseach 

presented in this thesis follows the multi-disciplinary approach to improve and 

advance algal monitoring techniques . 
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1 .2 Aims of the project and layout of the thesis 

The research project presented in this thesis aims to develop a portable instrument 

to detect, identify and monitor freshwaters for potentially toxic algal blooms. The 

incorporation of several new technologies and data analysis techniques to this area 

provide the opportunity to improve on currently available instrumentation, by 

providing near real-time quantification and classification of algal sampletin-situ . 

1 .2. 1  A ims of the project 

The aims of the proj ect can be summarised as: 

1) Applying the latest technology in measurement science to develop an 

instrument suitable for at-site monitoring of algae and cyanobacteria in 

freshwaters . 

2) To incorporate new developments in miniature Charge-Coupled Device 

(CCD) based spectrometer design, to gain high resolution full spectral 

analysis, allowing for detailed analysis of the optical properties of the 

sample. This was previously not possible using commercially available 

spectrophotometers . 

3) To study a number of common freshwater algae and cyanobacteria, 

including toxin producing species .  Identify specific pigment features and 

to quantify concentrations of chlorophyll a in relation to the instrument 

response. 

4) To examine the effects of incident irradiance and nutrient stress on the 

absorption spectra, of laboratory grown algae and cyanobacteria. To 

collect spectral information close to the natural environment, which will be 

used in near real-time classification of algal classes. 
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5) To develop mathematical classification models, based on spectra from a 

selected number of common species. Interpret sample spectra using 

Principal Component Analysis (PCA), for the classification of absorbance 

spectra recorded from unknown natural samples. 

6) To test the developed instrument and data analysis techniques usmg 

natural samples, and to assess the performance of the instrument in 
determining algal and cyanobacterial composition in natural freshwater 

samples. 

1 .2 .2 Structure of the thesis: 

This chapter describes the aims of the study and provides a literature review on 

freshwater algal blooms and related topics including traditional laboratory based 
monitoring methods and use ofbio-optical techniques. The theory and application 

of in-vivo absorbance and a review of recent research in the areas of absorbance 
analysis of  phytoplankton using data analysis techniques for classification are also 
presented, along with other techniques of interest. The principle behind the new 

generation of miniature CCD spectrometers and the Lab VIEW programming 

language used in this thesis are described to aid the reader in subsequent chapters. 

Chapter 2 is in two sections; Section A describes the instrument development 

including hardware and software. Section B describes the calibration and 

characterisation of the instrument . 

Chapter 3 identifies the detailed features of the in-vivo absorbance spectra 

recorded using the developed instrument. The taxonomic use of these features is 

discussed. Data analysis techniques such as normalisation and derivative 

spectroscopy are considered with relevance to their ability to aid spectral 

interpretation. The univariate calibration of chlorophyll a and cell numbers is also 

considered in this chapter. 
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Chapter 4 examines the ability of the instrument to measure the spectral 

adaptations due to incident irradiance and nutrient stress under laboratory culture 

conditions. Reference is made to specific physiological studies and the results 

discussed with regard to how spectral variability affects spectral features. 

Chapter 5 describes the development of classification methodologies for algae and 

cyanobacteria using PCA and Soft Independent Modelling of Class Analogy 

(SIMCA).  Data from the earlier chapters is used to produce classification models. 

Chapter 6 describes the in-situ field experiments and laboratory simulations used 

to assess the instrument performance. In this chapter the classification methods 

developed in chapter five are tested on real samples, to assess their performance. 

Chapter 7 includes the conclusions resulting from the work and suggests areas of 

further work. 

The Appendix includes full details of the analytical methods used in the thesis, 

technical specifications and operating instructions for the developed instrument. 

1 .3 Background to freshwater algal blooms 

1 .3. 1 Phytoplankton composition and eutrophication 

Algae and cyanobacteria are different in that they represent two distinct groups. 

The cyanobacteria are prokaryotes as are all other bacteria, the algae are 

eukaryotes which includes all non-bacterial organisms. The cells of eukaryotes 

contain a nucleus and other organelles, which are bodies bound by membrane. 

Prokaryotes lack a nucleus, chloroplasts and mitochondria. (Lund and Lund 

1 995) .  
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Microscopic algae and cyanobacteria are normal components of l i fe i n  natural 

waters, being  important primary producers. The short generat ion t imes of many 

a lgae means they react rap idly to shifts in the environment, with changes in the 

chemical and or physical status of a water body result ing in alterations in the 

spec ies present and their abundance (Reynolds 1 994) .  The composition of 

phytoplankton communities and the relat ive abundance of component species 

undergo con ti nuous change. These changes range from short-tenn reorgan i sation 

of the commun ity in respon se to mixing processes, through to the annual recurrent 

cycle of composi tion change duri ng the course of the growth season. Figure 1 . 1  

shows a model of the development of various phytoplankton groups in a typical 

freshwater l ake th roughout the season (Stewart and Wetzel J 986). Much research 

has been conducted on the patterns of periodic change of phytoplankton (Harper 

1 992) .  Reynolds ( ]  998) details much of the theory behind the compositional 

changes. 

I 

Diatoms 

\ 
\ 

\ 

Mixed 
sum m er 

Cyanobacteria com munity 

Green algae t + / Diatom s 

Autum n  c i rculation 

Figure 1 . 1  Model showing the development of various phytop lankton groups 

throughout the growth season (Stewart and Wetzel 1 986) . 
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In eutrophic and hypertrophic waters domination by large colony forming species 

of cyanobacteria is a common occurrence throughout the summer. Such 

permanent cyanobacterial dominance results in reduction in species diversity 

(Codd 2000) and is regarded as the ultimate phase of eutrophication (Dokulil 

2000) . It is well established that high temperatures (>20 °C), combined with 

nutrient abundance, enhance the proliferation of certain cyanobacterial species 

such as Microcystis (Reynolds 1 994). Physical factors, such as the size of the 

water body, the extent of mixing and the depth of light penetration also facilitate 

algal blooms . The capacity to fix nitrogen also gives some cyanobacteria a strong 

competitive advantage over other algae (Herath 1997). 

1 . 3.2 Toxic Cyanobacteria 

About 40 species of cyanobacteria have been listed in the literature as having 

toxic properties. These include the genera Mirocystis, Anabaena, Oscillatoria, 

Aphanizomenon, Nodularia, Cylindrospermum, Cylindrospermopsis and Nostoc, 

(Baker 1 994; Codd and Beattie 1 99 1 )  which have all been confirmed as capable 

of producing toxins. More than 25 species of freshwater cyanobacteria have been 

implemented in poisoning or human illness. 

Toxic cyanobacteria have become an important water quality problem, although 

they have probably been present in water utilised as drinking water sources for 

centuries (Fawell et al. 1 993). Poisoning incidences have been reported in 

Australia, South Africa, North and South America, and at least 1 6  European 

countries, including the United Kingdom, and include deaths of wild animals, 

birds, fish, amphibians and farm stock in addition to human illnesses (NRA 1990; 

Codd 1 99 1 ;  1 992; 1 995 ; 2000; Herath 1997). The dominance of cyanobacteria 

also results in several severe negative effects, such as taste, odour and appearance 

problems in potable water supplies (White et al. 1991) .  The production of 

trihalomethanes is a further problem (Mouchet and Bonnelye 1 998). In natural 

waters reduced transparency, decreased biodiversity, elevated primary production 

and the potential occurrence of oxygen depletion, which may result in massive 
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fish kills, are major concerns (Walsby et al. 1 99 1 ) .  Any attempt to control the 

bloom of cyanobacteria by chemical methods may result in a rapid die off and 

release of toxins (Sukenik et al. 1 998). This has resulted in increased concern by 

water authorities and utilities, environmental and health agencies and recreational 

water user groups, as they present water treatment, supply, conservation and 

health problems (Codd 2000). 

Figure 1 .2 shows two photographs of blooms in UK freshwater reservoirs used for 

drinking water storage. Blooms such as those shows in Figure 1 .2 can result in a 

1 000 fold increase in the original Chlorophyll a concentration and represent a 

significant risk if toxins are present. In hypereutrophic waters, such as 

Hartbeespoort Dam in South Africa, Chlorophyll a concentrations can be as high 

as 3000 µg r 1 (Zohary and Roberts 1 990). Figure 1 . 3 shows a photograph of a 

sign at Grafham Water warning the general public of the dangers from toxic blue

green algae ( cyanobacteria) . 

The analysis, purification and characterisation of cyanobacterial toxins forms a 

rapidly expanding area distinctly different from that of bio-optical methods used 

for monitoring algae. (Pierce and Kirkpatrick 200 1) .  Techniques such as High 

Performance Liquid Chromatography (HPLC) (Lawton et al. 1 994), 

immunoassays (Metcalf et al. 2000), mass spectrometry and Nuclear Magnetic 

Resonance (NMR) are leading the development in this field, combined with the 

epidemiological studies of poisoning incidents world-wide. 
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Figure 1 . 2 Photographs of alga l  b looms m Farmoor Reservoir  Oxfordshire 

(Corbis  Corporation). 
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Figure 1 . 3 Photograph of a s ign at Grafham Water warning the general public of 

the dangers from toxic blue-green algae (cyanobacteria) . 

1 .3 .3  History and current status relating to algal blooms 

Algal blooms and scums are not a recent phenomenon. Recognition of the toxicity 

of cyanobacterial b looms and scums can be traced i n  the l i terature back over 1 40 

years, with early descriptions near Adela ide in Australi a  made in the 1 9th century 

(Francis  1 878) .  Furthermore, in Austral i a, the names of water courses across the 

country reflect the hazard from cyanobacteria e.g. Poison Waterhole Creek 

(Falconer 200 I ) . 

Freshwater algal blooms have been an i mportant water quality problem in many 

European countries. Belgium, Denmark, Germany, Italy, the Netherlands and the 

United Kingdom have all experienced severe algal blooms (Herath 1 997) .  The 

most widespread recent occurrence of cyanobacterial blooms in the UK occurred 

in  the summer of 1 989  when 87 % of waters sampled by the National R ivers 

Authority (NRA) had cyanobacteria present  and 68 % contained toxins (NRA 

1 990) .  The toxic blooms of 1 989  have been reviewed in  detail by several authors 
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(Codd 1 99 1 ;  NRA 1 990) . Between 1 99 1  - 1 999 algal blooms affected 2,082 

different freshwater bodies in England and Wales (Environment Agency 2002) . 

Further cases which have been reported worldwide include, in 1 99 1  a 

cyanobacterial bloom covering 1 000 km of the Darling-Barwon River m 

Australia, which at the time was the worlds largest river based cyanobacterial 

bloom, resulting in the death of 1 0,000 livestock (Baker and Humpage 1 994; 

Donnelly et al. 1 997). In 1 988 ,  contamination of Haparica dam, Bahia, Brazil by 

toxic cyanobacteria resulted in over 2000 cases of human illness and 88 deaths 

(Teixeira et al. 1 990) . A further recent case of human deaths from cyanobacterial 

toxins occurred in 1 996 in Caruaru, PE, Brazil where there were 1 1 7 cases and 50 

deaths resulting from cyanobacterial toxin contaminated water used by a dialysis 

clinic (Barreto et al. 1 996) . 

1 . 3 .4  Safe levels and guidelines 

Unlike toxic chemicals or other microbial species there are no specific regulations 

or legislation stating maximum permitted levels of cyanobacterial cells or toxins 

in either natural waters, used for water storage, or in potable drinking waters 

(Codd 2000). Moves are being taken to derive safe levels to allow scientists 

monitoring waters to assess the risk and implement control plans (Falconer 200 1 ) .  

The World Health Organisation (WHO) recently established guideline values for 

safe cyanobacterial contamination levels for both drinking water and recreational 

water exposure (Chorus and Bartram 1 999). These guideline values are being used 

in some countries ( e.g. Australia, UK) in the day to day management of water 

supply from sources affected by cyanobacteria blooms and also in the assessment 

and management of eutrophic recreational waterbodies (Codd 2000). 

Under the WHO guidelines finished drinking waters have a vigilance level of 200 

cells per millilitre (0 . 1  µg r t Chlorophyll a) and alert levels at 2,000 cells per 

millilitre ( l µg r t Chlorophyll a) . For recreational waters actual toxicity 
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measurements are not required, because most cyanobacterial blooms are toxic. It 

is therefore assumed that a potential risk is present when high cyanobacterial 

concentrations are present . A guidance level of 20,000 cells per millilitre ( 1 0  µg r 
1 Chlorophyll a) representing potential skin irritation to bathers and a 1 00 ,000 

cells per millilitre (50 µg r 1 Chlorophyll a) level representing a potential for long

term illness, where cyanobacteria are the dominate species, was therefore 
proposed (Chorus and Bartram 1 999) .  

1 . 3.5  Current monitoringprogramjor freshwaters in the UK 

The Environment Agency has the duty to monitor water quality in England and 
Wales. However, the quality of surface water directive 75/440/EEC (EEC 1 975) 

includes no standards relating to algae or cyanobacteria and therefore the 

approach conducted by the Environment Agency is based on water usage risk. 
Waters at high risk i .e .  high human contact are chemically monitored for total 
phosphorus in the spring. This is used as an indicator of likely algal levels. Waters 

considered to be of  medium or low risk are subject to reactive monitoring, carried 
out in response to land owners, managers of waters and members of the public. 

The extent of this monitoring differs from year to year and region to region. 

Water utilities also monitor algal levels at water storage reservoirs and water 

treatment plants. This allows water managers to assess the success of control 

measures to reduce algal growth and determine ifthere is a potential problem. 
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1 .4 Monitoring techniques and instruments 

1 .  4. 1 Laboratory based techniques 

Algae and cyanobacteria have traditionally been monitored by taking samples 
from the sampling site and examining them in the laboratory. There are two 

commonly used methods for the analysis of algae : microscope evaluation and 

pigment analysis. Microscope evaluation provides a detailed assessment of the 

composition of a sample with the identification of the species present. Cell 

numbers can also be counted to give an estimate of the biomass. Alternatively 

pigment analysis provides a quantitative measure of the algal biomass as 
Chlorophyll a concentration. Pigments are commonly measured in concentrated 

extracts by either absorbance or fluorescence; standard methods for both 

techniques are given by Clesceri et al. ( 1 998). HPLC analysis may be chosen if 
minor pigments are of interest. Methods for HPLC analysis are given by Wilhelm 

et al. ( 1 995) .  

Monitoring programs based on these techniques are very costly, especially in 

terms of specialised scientists, who are required to prepare samples and operate 

the analytical instrumentation. Both pigment analysis methods, based on 

extraction and microscope analysis, are extremely time consuming processes. This 

limits the temporal and spatial resolution of monitoring programs. Attempts have 

been made to use automated object recognition for cyanobacterial detection under 

the microscope (Thiel et al. 1 995) . However, the potential number of species 

makes this an extremely complicated task, which is limited by the need for human 

assistance in preparing samples. The length of time between sample collection, 

analysis and result also presents several potential limitations to laboratory based 

analysis . Pigment degradation, due to sample storage, can have a significant effect 

on the results of pigment analysis and unless preserved, cells may change from 

their original state while in storage. A further issue is the length of time between 

sample collection and gaining the result . Laboratory based methods cannot 

provide the rapid near real-time results that are required by water quality 
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managers, who must implement control measures as early as possible in order to 

control water quality and remain financially effective. 

1. 4.2 Requirements for the development of a modem instrument suitable for at

site monitoring of algae and cyanobacteria 

It is possible to identify criteria which are important requirements for instruments 

used to monitor algae and cyanobacteria in freshwaters . These criteria should be 

used to assess the suitability of current instruments and aid the development of 

new instruments. 

Key requirements for such monitoring instruments include: 

1 )  Highly portable with low power consumption. 

2) Simple measurement i .e .  no requirement for sample pre treatment and or 

extraction. 

3) Rapid sample analysis (near real-time) . 

4) Quantitative measure of the algal / cyanobacteria population . 

5 )  High accuracy and precision in the measurement. 

6) High sensitivity combined with a wide dynamic range to allow for the 

high concentrations likely to be observed under bloom conditions. 

7) Characterisation of the major genus or class present to determine the 

potential toxin risk. 

8) Easy to operate as will be used by untrained staff in the field. 

9) High versatility i .e . can be used on a boat, on the river / lake bank or back in 

the laboratory. 

1 0) Robust and suitable for field use. 

1 1 ) Cost effective relative to laboratory analysis. 

1 2) Results comparable with other techniques to allow comparisons with old 

data sets. 
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1 .4. 3 Techniques based on optical properties 

Bio-optically based techniques represent a potential solution to the limitations 

associated with the traditional laboratory based analysis techniques as they have 

the potential to fulfil many of the criteria listed above . A number of bio-optical 

techniques are currently used for monitoring phytoplankton. Cullen et al. ( 1 997) 

and Schofield et al. ( 1 999) extensively reviewed the available techniques and the 

potential from new emerging technologies for marine monitoring. Optical 

techniques can be divided into passive measurements and measurements requiring 

artificial illumination. Passive methods include measurement of above-water 

reflectance using a spectroradiometer (Vila and Abella 1 999; Gons et al. 2000 and 

Aguirre-Gomez et al. 200 1 ) .  Measurements of fluorescence and absorbance 

require a specific artificial light source. Millie et al. ( 1 995a) reviewed bio-optical 

methods for monitoring noxious phytoplankton in aquaculture systems. 

No one technique is suitable for all applications and each technique has its own 

advantages and limitations .  Below is  a description of several important techniques 

outlining the advantages and limitations : 

In-vivo fluorescence 

In-viva fluorescence is the most common method for in-situ monitoring of 

phytoplankton. Fluorescence based methods have seen considerable development 

in both the marine (Vincent 1 983 ;  Yentsch and Phinney 1 985 ; Seppala and Balode 

1 998 ;  Babichenko et al. 2000) and freshwater areas (Schubert et al. 1 989; Lee et 

al. ,  1 994; Asai et al. 200 1 ;  Pinto et al. 200 1 )  since they were first popularised by 

Lorenzen ( 1 966), and Yentsch and Yentsch ( 1 979) . 

Fluorescence is an extremely sensitive and selective technique where specific 

pigments such as chlorophyll a or phycobilins can be targeted. These two features 

make in-vivo fluorescence a popular technique. The in-viva fluorescence 

technique does however have some limitations, the dynamic range of instruments 

is limited due to quenching of the fluorescence signal at high concentrations, 
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which typically occurs around 50  - 1 00 µg/L Chlorophyll a .  Although this is 

variable between instruments it makes fluorescent analysis of highly dense algal 
blooms impossible without dilution of the sample. Calibration of fluorescence as a 

measure of chlorophyll a has been an issue from the early instmments. Studies 

have shown that the relationship between fluorescence and chlorophyll a may 

vary by an order of magnitude because it is influenced by many factors including 

irradiance (Lynch 1 999), species composition (Pinto et al. 200 1 ), nutrient levels 

(Kiefer 1 973) and the type of fluorometer used (Loftus and Seliger 1 975). 

Consequently, it has been recommended that in-vivo fluorescence can be used 
only as a ' search' method and not as a substitute for an accurate analytical method 

for chlorophyll a (Jeffrey and Mantoura 1 997) . 

Remote sensing 

Remote sensing plays a major role in phytoplankton monitoring programmes, 

particularly those involved in large scale ocean monitoring. Above water colour is 
determined primarily from reflectance, which is a function of the combined 

scattering and absorption properties of a water column. Remote sensing systems 
can measure chlorophyll a, biomass, Coloured Dissolved Organic Matter 
(CDOM), sediment, chlorophyll a and potential .community classification as 

phycobilin and non-phycobilin containing algae (Schofield et al. 1 999) . These 

measurements require in-situ calibration using either fluorescence or absorbance 

analysis to validate the algorithms used to derive these estimates. Remote sensing 

techniques are most suited for large scale mapping for "hot spots" of productivity 
or seasonal change with the oceans. Generally, most freshwaters are too small to 

make remote sensing worthwhile, although success has been made using airborne 

remote sensing to monitor cyanobacteria in inland waters of Australia (Jupp et al. 

1 994) and bloom forming phytoplankton in aquaculture impounds (Millie et al. 

1 992). 

Several satellite and aircraft based remote sensing systems are currently in use; 

each has distinct spectral and spatial resolution. Two of the most recent satellite 

based systems are Sea-Viewing Wide Field-of-View Sensor (SeaWifs) launched 
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in 1 997, which has 8 spectral bands covering key region of the visible and near IR 

spectrum (Hooker and McClain 2000) and the Medium Resolution Imaging 

Spectrometer (MERIS) which was launched in 2000. The main limitations of 

remote sensing techniques are those of cost and interference resulting from clouds 

and other atmospheric signals. The technique is also limited because the signal 

received by the sensors originates from the surface, or just beneath the surface 

(upper 5 meters in chlorophyll rich waters), and consequently a deep maximum 

layer of chlorophyll is not detectable (Jeffrey 1 997) .  

Flow cytometry 

A flow cytometer can be an extremely powerful tool for the characterisation of 

algal assemblages, with respect to both species composition and physiological 

status (Cullen et al. 1 997) . A flow cytometer measures physical properties, such 

as forward light scatter and side scatter, as well as fluorescence of chlorophyll a 

and other pigments such as phycoerythrin in particles propelled in a very narrow 

stream (Yentsch et al. 1 983) .  Flow cytometry has been proven to be effective in 

the discrimination and quantifying of different algal groups on the basis of 

scattering properties (i .e .  size) and fluorescent properties (Li 1989; Olson et al. 

1 989) . 

Flow cytometers are however expensive and not suitable for use in small boats. 

These analytical instruments are most suited to a laboratory environment where 

sample preparation is possible. Automation of these expensive and complicated 

instruments is also a major hurdle for real-time monitoring applications. 

In-vivo absorbance 

The in-vivo absorbance technique has been used extensively in oceanography for 

many decades with early work on the influence of photosynthetic pigments on 

ocean colour conducted by Yentsch ( 1 960). The potential to measure the complete 

pigment composition of both photosynthetic and photoprotective pigments 

provides a distinct advantage over fluorescence which, by it nature, is restricted to 

the pigments which fluoresce. Much information can be gained from the 
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absorption at different wavelengths within the visible region of the spectrum to 
include absorbance due to organic matter. Adaptive strategies in response to light 

and nutrients changing the relative pigment composition can also be easily seen 
when using the full spectrum. Such effects are important in the accurate 

monitoring of phytoplankton in freshwaters. 

There are however, two inherent problems associated with absorbance 

measurements of phytoplankton : lack of sensitivity and high light scattering. 

These two problems have initiated a variety of methods to overcome these 
problems. The lack of sensitivity was overcome by the concentration and 

immobilisation of algal cells on a glass fibre filter, which is then placed in the 
light path of a scanning spectrophotometer. This technique is termed the 
Quantitative Filter Technique (QFT) and was first introduced by Yentsch ( 1 962) . 

It allows even the lowest concentration of phytoplankton to be measured simply 
be filtering more sample through the filter. Absorbance spectra generated using 

the QFT method are relatively noise free due to the immobilisation of the sample. 
This allows the successful application of both regression analysis for the 

quantification of pigments and derivative analysis for the identification of minor 

pigment features (Faust and Norris 1 985) . There are however problems associated 
with the short path length. This method is also far from suitable for the rapid 

automated analysis that is required for freshwater quality monitoring. 

Latimer and Rabinowitch ( 1 956) noted how the selective scattering of light by 

pigments has a marked effect on the in-viva spectrum. The problem of high levels 
of the incident light from the spectrometer being scattered away from the detector 

was solved using the integrating sphere technique. In this method, the sample was 

placed inside a highly reflective sphere to collect all the scattered light in addition 

to the transmitted light. The integrating sphere technique provides higp,sensitivity 

due to the long effective path length created by the highly refl�ctive walls of the 

sphere .  However as the pathlength traversed by the beam is not measured, 

accurate quantification is not possible (Merzlyak and Naquil 2000) . The scattered 

light from a suspension can also be controlled using the opal glass method 
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(Shibata et al. 1 954) . In this procedure a diffusing element is put in the light path 

behind the cuvette and in front of the detector, to collect the maximum proportion 

of scattered light in the forward direction to the detector. However, as the 
backscattered light is not collected only an approximation of the true absorption 

coefficient is possible. 

The most recent technique to solve both these inherent problems i s  the long path 

length absorbance spectrometer (Moore et al. 1 992) . This method was developed 
from the need for combined sensitivity and rapid analysis .  Originally it was 

developed for marine monitoring using internally reflective flow cells of between 

l O - 1 00 cm to record both scattered and transmitted light and provide sufficient 
sensitivity for unconcentrated natural waters. Instruments based on these 

developments are now available in several forms, either as portable bench top 

style instruments or as deployable profiling instruments . Long path length 

absorbance spectrometers can be expensive and because of their high sensitivity 
are potentially both too sensitive and have too limited a dynamic range for use in 

freshwaters where high concentrations of phytoplankton corresponding to > 1 00 

µg/L Chlorophyll a are observed under bloom conditions .  

Full spectral detection provides a further (non-physical) method for  solving the 

light scattering problem. Regions of the spectrum, which contain no absorbance 

due to pigments, can be used to correct the spectrum. The most common method 
is the subtraction of the absorbance at 750 nm, away from the visible region of the 

spectrum. The highly variable nature of the artefact absorbance at 750 nm makes 

correction only possible where the full spectrum can be instantaneously measured. 

With a scanning spectrophotometer, changes in the scattering can occur while the 

spectrum is recorded, so making the correction inaccurate. 

1 . 4. 4 Currently available instruments for in-situ monitoring 

There are several commercially available instruments for monitoring 

phytoplankton based on either absorbance or fluorescence analysis .  The vast 
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majority of the instruments available are specifically designed for use in the 

marine environment; this is due to the larger and more established commercial 

market in this area. Several companies have however produced instruments that 

can also be used for freshwater monitoring. Some commonly used monitoring 

instruments are briefly described: 

Wet Labs high spectral resolution absorption and attenuation meter (HiStar) 

HiStar is a submersible spectrophotometer designed for in-situ optical 

characterisation of natural waters . The instrument incorporates two internally 

reflective flow cells of either 1 00 or 250 mm length and has spectral resolution of 

3 .3 nm throughout the visible spectrum (4 1 2  - 730 nm) using a tungsten source 

and two Zeiss miniature diode array spectrometers. The instrument is submersible 

to 500 m making it ideally suited to depth profiling in marine waters . Data 

acquisition is via PC and a control program. 

Spectral Signatures ChloroFlow 

ChloroFlow is a monitoring system designed for operation in both marine and 

fresh water. The system uses a 30  cm flow cell arrangement for in-vivo 

absorbance analysis of chlorophyll a between 1 - 1 00 µg r1
. The system uses a 

pump mechanism that can be connected to the ships pump for continuous use. 

Spectral analysis by the onboard computer provides an estimate of the 

concentration of chlorophyll a due to cyanobacteria. This instrument also allows 

correction to be made for high turbidity (Wright 2002). 

bbe Moldaenke Fluoroprobe 

Fluoroprobe is a submersible spectrofluorometer with automatic algal class and 

chlorophyll analysis . The instrument is based on fluorescence excitation using 

five coloured LED's  (450, 525 ,  570, 590 and 6 10  nm), which target specific algal 

pigments to produce an emission spectrum, which is then compared to a reference 

database of spectra to provide algal classification. The instrument can be used at 

depths ofup to 1 00 meters and has a range of 1 - 200 µg r
1 chlorophyll a .  
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Turner design Aquafluor 

The Aquafluor is a small handheld fluorometer instrument suited to quick 

measurements away from the laboratory. The instrument measures in-vivo 

chlorophyll a fluorescence and turbidity using a LED (460 nm) and 1 0  mm 

plastic disposable cuvettes .  Detection is possible to 1 µg r 1 chlorophyll a. Turner 

design also have other :fluorescence based instruments, including a flow through 

system for in-viva analysis designed for analysis of clean waters. These 

instruments are based on a flow cell with LED excitation of chlorophyll a. There 

is the option to detect phycocyanin fluorescence, which can be used as a measure 

of the cyanobacteria concentration. 

Biospherical Instruments Remote Electro-Optical Sensor (REOS System) 

The REOS is an automated water quality monitoring system originally designed 

for monitoring marine phytoplankton but now modified for use in freshwater 

drinking reservoirs . The REOS is composed of an array of optical and electrode

based instruments deployed on a mooring. The chlorophyll concentration and 

water clarity are monitored with two lightweight underwater radiometers . The 

instruments are designed to measure seven wavebands (380, 4 1 2, 443 , 490, 5 1 0, 

555  nm and natural fluorescence) of downwelling irradiance and upwelling 

radiance .  The chlorophyll concentration is measured by natural fluorescence. The 

REOS system is currently deployed in five of Los Angeles, Department of Water 

and Power finished water reservoirs in the United States (White et al. 1 99 1 ) . 

The majority of currently available instrumentation is based on simple optical 

designs using a number of LED's  to measure key wavelengths for absorbance and 

or fluorescence with simple single wavelength detectors . The exception are the 

Wet Labs HiStar instrument which uses a white light source and a photodiode 

array detector and the Spectral Signatures ChloroFlow instrument which also uses 

a full spectral detection system. Both these systems are utilising new technologies 

to gather more spectral information. However, although a large amount of spectral 

information is gained by both these instruments, there is only limited analysis of 

the spectral data. Detailed analysis of emission at several wavelengths is 
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conducted by the bbe moldaenke Fluroprobe to provide an estimate of the algal 

composition. Such analysis provides a potential area to improve current 

monitoring efforts. The majority of the listed instruments are not designed for 

rapid portable use ; the exception being the Turner design fully portable but only 

provides a semi-quantitative measure of chlorophyll a, due to the poor accuracy of 

the fluorescence method. 

1 .5 Absorption in the aquatic environment 

1 .5. 1  The process of light absorbance 

Absorption in the visible and ultraviolet regions of the electromagnetic spectrum 

results in electronic transitions between molecular orbitals . Absorption occurs 

because molecules possesses electrons, which can be excited (raised to a higher 

energy level) . This is shown in Figure 1 .4 .  
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Figure 1 .4 The absorption of chlorophylls . A) Energy level diagram, showing 

spectral transitions (vertical arrows). B) Absorption spectrum corresponding to 

energy levels of part A. This spectrum is turned 90° from the usual orientation in 

order to show the relationship to the energy levels (Round and Chapman 1986). 
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The changes in energy, as transition occurs, are relatively large and result in 

simultaneous rotational and vibrational energy changes. Molecules at room 

temperature are in the lowest possible energy state and probably the lowest 

vibrational level (ground state) . Absorption of energy leads to electrons moving to 

one of several vibrational levels within the excited state, at an energy level of 

greater energy than the ground state . As any change in the electronic energy is 

accompanied by a corresponding change in the vibrational and rotational energy 

levels, there are a large number of possible exits which exist within each 

electronic state. This results in the broad absorption bands commonly seen in the 

visible and ultraviolet regions . The resulting absorption spectrum is dependent on 

the structure of the compound being analysed (Ingle and Crouch 1 988) .  

1 .5.2  Light absorbing components 

Pure water itself absorbs only very weakly in the blue and green regions of the 

spectrum, but the absorption increases above 550 nm and is more significant in 

the red region. The major light absorbing components of the aquatic system are 

the pigments associated with algae and cyanobacteria and water-soluble humic 

substances termed gilvin, yellow substances or gelbstoff. 

Algal pigments 

Pigments located within cells capture light for photosynthesis and contribute to 

the absorption of light through the water column. Photosynthetic and 

photoprotective pigments absorb Photosynthetic Active Radiation (PAR) 400 -

700 nm, at specific wavelengths, resulting in a continuous absorption spectrum 

with peaks and troughs.  There are three chemically distinct classes of pigments 

found in algae and cyanobacteria. These are the chlorophylls, the carotenoids and 

phycobiliproteins. 

The chlorophylls are cyclic tetrapyrrol compounds with a magnesium atom 

chelated at the centre of the porphyrin ring system shown in Figure 1 .5 (Kirk 
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1 994) . There are several forms of chlorophyll; termed a, b, c and d. Chlorophyll c 

has several forms referred to as c1 c2. All algae contain chlorophyll a as a large 

fraction of their photosynthetic pigments as it is essential for converting the 

energy of  the electromagnetic radiation to the thermo chemical energy driving the 

biochemical processes of photosynthesis. Chlorophyll pigments produce 

degradation products. The most common are the Mg-free derivatives, pheophytin 

or pheoporphyrins, which form rapidly when the pH is lowered. Loss of the 

phytyl chain by hydrolysis is another common degradation route, forming 

chlorophyllide. When both phytyl chain and Mg are lost, the product is 

pheophoride (Rowan 1 989). 

A B 

C 

Figure 1 . 5 Chemical structure of chlorophyllous pigments. A) Phorbin. The basic 

nucleus of the chlorophyllous pigments, showing the numbering system used and 

the fifth exocyclic ring. B) Chlorophyll c 1 (R 1 = Et; R2 = CH=CH-C02Me), 

chlorophyll c2 (R 1 = CH=CH2 ; R2 = CH=CH-C02Me), and MgDVP (R 1 = 

CH=CH2 ; R2 = CH=CH-C02H). C) Chlorophyll a (R1 = CH=CH2; R
2 = Me), and 

chlorophyll b (R 1 = CH=CH2; R2 = CHO) (Rowan 1 989). 
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The carotenoids are C40 isoprenoil compounds, which are very numerous, with 

over 400 known in plants, fungi and animals (Rowan 1 989) .  The carotenoids are 

compounds composed of two small six carbon rings connected by a chain of 

carbon atoms as shown in Figure 1 .6 (Rowan 1989) . There are two types of 

carotenoids, the carotenes and the xanthophylls. The carotenes are hydrocarbons 

and are few in number and include a and � carotene. The xanthophylls make up 

the vast majority of carotenoid pigments and differ from the carotenes by the 

presence of at least one atom of oxygen in the molecules. Examples include 

zeaxanthin, lutein and fucoxanthin. Carotenoids are known as accessory pigments 

as they have the ability to transfer absorbed energy to chlorophyll a to increase 

photosynthetic production. Some carotenoids have a photoprotective function, 

protecting the chlorophyll pigments against photoxidation (Pearl 1 994). Such 

pigments do not transfer absorbed energy to chlorophyll a.  Examples include 

alloxanthin, diatoxanthin and zeaxanthin . 
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Figure 1 .6 The chemical structure of carotenoids found in algae (Rowan 1 989) . 
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The phycob i lioproteins are open chain tetrapyrrole compounds . Un l ike 

chlorophyl ls and carotenoids they are covalent ly bound to their protei ns and are 

therefore found i n  the cytoplasm, or in the stroma of the chloroplasts, and are 

water solub le, see Figure 1 .  7 .  There are four major types of b i l iproteins : 

phycocyanin, phycoerythri n, al lophycocyan in and phycoerythrocyan in. 

The phycob il ioproteins form the l i ght harvesting pigments in  the Cyanophyceae, 

Rhodophyceae, and Cryptophyceae. As wel l  as absorb ing inc ident l ight directly, 

phycobi l ioproteins also transfer energy with the phycobi li somes; phycoerythrin > 

phycocyanin > al lophycocyan in .  The phycobi l i prote ins are composed of a 

number of subuni ts, each having a protein backbone to wh ich li near tetrapyrole 

chromophores are covalently bound. All phycob i l iproteins contai n e i ther 

phycocyanobi l in or phycoerythrob in chromophores, and may also contain one of 

three mi nor b i l ins, each of which has unique spectral characteristics (Rowan 

1 989) .  

H3C 
H2C=CH I 

H5C2 
0 

Phycocyanin 

Figure 1 .7 Chemical structure of Phycocyan in ,  the most common 

phycobi l i oprotein in cyanobacteria (Rowan 1 989) .  
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Gilvin 

Gilvin, also referred to as yellow substance, is the general term used to describe 

water-soluble hum.ic substances extracted from soils as rainwater drains into rivers 
and lakes .  Gilvin has a yellow colouring resulting from presence of multiple 

double bonds, many of them conjugated, some in aromatic nuclei (Kirk 1 994) . 
The numerous chromophores present in humic substances result in many 

vibrational levels within the excited state. The absorption spectrum therefore 
consists of broad absorption bands, combining to form a rather indiscriminate 

featureless absorption spectrum in the ultraviolet and visible regions, Figure 1 . 8 .  
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Figure 1 . 8  Gilvin absorbance spectra from Australian waters measured in 5 and 10  

cm path lengths relative to  distilled water. Data presented as  absorbance for  1 -

meter path length (Kirk 1 976) . 
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Typical humic substance absorption spectra show exponentially increasing 

absorbance with decreasing wavelength, with absorption being very low at the red 

end of the visible spectrum and very high in the ultraviolet region (Bricaud et al. 

1 98 1 ;  Kirk and Oliver 1 995). Nearly all natural waters contain significant 

quantities of dissolved yellow substances. In marine waters dissolved colour is 

generally very low. However in freshwaters, levels can be much greater and have 

a profound effect on the optical properties, resulting in the distinct brown colour 

of humic lakes (Davis-Colley and Vant 1987). 

1 . 5. 3  In-vivo absorption properties 

The absorption spectra of photosynthetic algae and cyanobacteria are complex, 

characterised by a continuous envelope, which is the result of the overlapping 

spectral bands of the many pigments (Kirk 1 994 ). The shape of the spectrum in 

the visible region is heavily influenced by the chlorophyll pigments. These 

pigments absorb heavily at two points in the spectrum, the Soret and a bands. The 

Soret band refers to a very strong absorption band in the blue region of the 

spectrum of a heme protein. The a band refers to the absorbance peak in the red 

region of the spectrum and generally shows lower absorbance . Several factors 

make the in-vivo absorbance spectrum very different from that of pigments 

extracted and isolated in solution. Two fundamental processes are the 

hypsochromic shift and the packaging effect. 

Hypsochromic shift 

Pigment absorption properties for whole cells recorded in-vivo are substantially 

different from those recorded by extraction of pigments into organic solvent 

(Doucha and Kubin 1 97 6) . Lipophilic pigments isolated in organic solvents 

undergo a hypsochromic shift in the location of the absorption peaks to a lower 

wavelength . This is a result of the dissociation of the pigments from the protein 

they are associated with in-vivo (Smith and Albert 1 994 ). The degree of the 

wavelength shift between in-vivo and extracted spectra is different for each 
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pigment and also vanes depending on the solvent used. This fundamental 

difference means that the absorption spectra of pigments separated in organic 

solvents cannot be used to identify the absorption features in in-vivo spectra. 

Attempts have been made to correct extract spectra for the hypsochromic shift and 

use corrected values for feature identification (Bidigare et al. 1 990) . However 

there are doubts over the accuracy of such corrections .  Wavelength shifts and the 

complex continuous nature of the in-vivo spectrum, makes the identification of 

individual pigments very challenging. Consequently, the in-vivo absorbance 

technique provides the best measure of the true absorbance. 

The packaging effect 

The packaging effect, also known as the flattening effect, refers to the 

consequence of enclosing pigments in cells, where the pigment molecules alter the 

light incidence on adjacent molecules (Duysens 1 956) .  This forms a very 

important feature of in-viva absorbance as the absorption efficiency of pigments 

in cells decreases compared to the absorption potential for the same molecule in 

solution (Cleveland 1 995) .  The degree of the flattening effect to the spectrum can 

be seen when the same volume of pigment is both extracted in a solution of 

organic solvent and the cells are ultrasonicated as shown in Figure 1 .9. 

The packaging effect is proportionally greatest when the absorption is strongest 

and therefore results in the flattening of the peaks (Kirk 1 994). Consequently, due 

to the lower absorbance at the a band of chlorophyll a (680 nm) compared to the 

Soret band (440 nm) there is less of a flattening effect (Duysens 1956) .  

Normalisation to the a band can therefore be used to remove some of the effects 

of the packaging. 

The package effect is influenced by the chlorophyll concentration per cell. As the 

volume increases, the absorption efficiency of each molecule (i .e. the specific 

absorption coefficient) decreases due to the effect of molecules altering the 

incident light on adj acent molecules (Duysens 1956; Kirk 1 994) . In the same way 

a decrease in pigment per cell volume, which may occur when cell pigments 
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concentrations decrease or cell size decreases, results in increased absorption 

efficiency (Cleveland et al. 1 995) .  Specific absorption coefficients vary, as 

internal pigment concentrations vary, as a result of photoadaptation, nutrient 

limitations or from changes in cell volume (Yentech and Phinney 1 989). 
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Figure 1 .9 Absorbance spectrum of whole cells of Euglena gracilis compared 

with the same number of disrupted cells, in which the absorbance is essentially 

due to thylakoid fragments (Kirk 1 994) . 

As a result of these processes two species of phytoplankton, which have the same 

array of pigment-proteins, and consequently the same absorption spectrum at the 

thylakoid level, will not necessarily have the same absorbance spectrum when 

measured in-viva . Figure 1 .  1 0  shows the in-viva absorbance spectra for three 

30 



common freshwater phytoplankton. The relative difference between the species 

can clearly be seen over the visib1e spectral region .  
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Figure l .  1 0  In-viva absorption spectra of Microcystis aeruginosa (b1ue), Chiarella 

vulgaris (green) and Flagilar sp. (red). Spectra cotTected for residual absorbance 

at 750 nm and norma1i sed to the maximum at 680 nm (Lee et al. 1 994) .  

1 .5. 4  Pigment composition in relation to taxonomic classification 

Pigmentat ion is commonly used i n  the taxonomy of a1gae (Rowan 1 989) and is 

termed chemotaxonomy. The differences between algal phy1ogenetic groups are 

based on the presence or absence of diagnostic photosynthetic pigments. The 

abundance of these pigments general ly reflects the distribution of algae to the 

class 1evel (Mil l ie et al. 1 993) .  

The pigment composition of the  three algal c lasses, Cyanobacteria, 

Chlorophyceae and Baci llariophyceae, studied are shown in Tab le 1 . 1 .  

Chlorophyll a is  present in a l l  a1gae and forms the major pigment in most. 
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Therefore, ch lorophyll a is of no value i n  taxonomy, al though as the maJor 

pigmen t it is common ly used as a measure of b iomass. Ch lorophyll b i s  found i n  

the Chlorophyta class within the eukarotic algae and can therefore be used as a 

biomarker for dist ingui shing Chlorophyceae . Chlorophyl l c i s  found is several 

forms in the Bac i l l ariophyceae, D inophyceae and Cryptophyceae and can be used 

as a biomarker to these classes (Rowan 1 989) . 

Table 1 . 1  Summary of the pigment composit ion of the three algal classes studied. 

Class 

Blue-green 

(Cyanobacteria) 

Green algae 

(Chlorophyceae) 

Diatoms 

Chlorophyl ls Carotenoids 

Chlorophyll a �-Carotene 

Echinenone 

Myxoxanthophyll 

Zeaxanthin 

Chlorophyll a �-Carotene 

Ch lorophyll b Zeaxanthin 

Lutein  

Violaxanth in 

Neoxanthin 

Chlorophy l l  a �-Carotene 

(Baci l lariophyceae) Chlorophyll c Neoxanthin 

Diadinoxanthin 

Fucoxanthin 

(Rowan 1 989; J(jrk 1 994) 

Phy cob i i i  protei n s  

Phycocyan in  

Phycoerythrin 

Al lophycocyanins 

A great number of carotenoids are found with in eukarotic a lgae and 

cyanobacteria. These can be divided into two types, the carotenes of which. � 

carotene is the most common and the xanthophylls, some of which can be _used as 

diagnostic marker p igments. For example, zeaxanthin i found on ly i n  

cyanobacteria, lutein only i n  Chlorophyceae and fucoxanthin and diadinoxanthin 

3 2  



only in the Bacillariophyceae (Rowan 1 989). The presence or absence of these 

xanthrophyll s  provides a valuable method of assigning algae to classes .  

The phycobiliproteins dominate the pigment systems of the Cyanobacteria and 

Rhodophyceae. Phycocyanin occurs in several forms; C-phycocyanin is 

commonly found as the main accessory pigment in cyanobacteria and is often in 

greater concentration than chlorophyll a. Phycoerythrin also occurs in several 

forms and i s  a maj or accessory pigment in the Rhodophyceae c lasses, but is 

commonly absent or in very low concentrations in Cyanobacteria. Phycocyanin 

can be used as a diagnostic marker for cyanobacteria in freshwaters where 

Rhodophyceae are rarely observed. 

The variety and specific spectral characteristics of algal pigments make their use 

in determining algal composition and production in natural waters possible (Kirk 

1 994) . In-viva absorption spectra accurately depict the variability in pigmentation 

within algae and cyanobacteria, thereby providing an optical signature or 

fingerprint for algae having distinct pigmentation. Variation in the spectrum of 

light absorption by algae can be used to provide information about major pigment 

groups and as a diagnostic tool for distinguishing phytoplankton taxa. 

1 .6 Data analysis techniques used with absorbance spectra 

The application of multivariate / chemometric methods to algal absorption spectra 

is not a new concept. Several authors, in analysing marine algal spectra, have used 

multivariate techniques .  Such spectral analysis techniques have been used to a 

much lesser extent in the freshwater field, although multivariate methods have 

been applied to the analysis of algal spectra generated from other analytical 

techniques .  Multivariate techniques are ideal for analysing algal absorption 

spectra because of the complex nature of the absorption, resulting from the many 

and varied p igments and overlapping absorption bands, which consequently 

makes identification of  specific features difficult . 
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1 .6. 1  A review of methods applied to in-vivo absorbance data 

Derivative analysis 

The concept of calculating the derivative of the absorbance spectrum of natural 

pigments was first introduced by Butler and Hopkins ( 1 970a; 1 970b) for the 

analysis of algal chloroplast pigments. It was found that by using a high order 

derivative, such as the fourth derivative, the spectral resolution could be 

effectively improved to provide information on small features, not clearly visible 

in the original zero order spectrum. More recently, this technique has been used 

by a number of authors to improve the information gained from in-viva 

absorbance spectra . Bidigare et al. ( 1 989) used both second and fourth derivative 

techniques to analyse in-viva absorbance spectra from the Western Sargasso Seas 

(Figure 1 .  1 1  ). As the spectra were recorded using the QFT, noise levels were 

relatively low and the method was successful as an alternative method for 

separating the absorbance of different pigments and detrital matter, without 

physical separation. However, due to the comparatively low resolution of the 

spectrometer used, the amount of information that was be derived from the 

absorbance spectrum was limited. 
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Figure 1 . 1 1 Representative spectral absorption curve and corresponding second 

and fourth derivatives .  The arrows indicate the derivative position for the major 

phytoplankton pigments (Bidigare et al. 1 989). 
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Smith and Albert ( 1 994) examined the in-viva absorption features of three classes 

of marine macro algae using fourth derivative analysis. This paper documents 

some of the major p igment features found in both the zero order original spectrum 

and the corresponding features in the fourth order spectrum. Subsequent work in 

this area refers to the paper by Smith and Albert ( 1 994) for the identification of 
spectral features. The fourth derivative technique was also used by Millie et al. 

( 1 99 5b; 1 997) as a spectral enhancement technique for the analysis of Gymnodium 

breve in combination with the QFT. Roelke et al. ( 1 999) also used fourth 
derivative analysis as a spectral processing technique to increase the available 

information . 

Discriminate analysis 

Multivariate methods based on discriminate analysis have been used by several 
authors for detailed examination of in-vivo absorption spectra. Laboratory based 

studies on marine algal species suggest that it is possible to partially discriminate 
between major algal groups .  Johnsen et al. ( 1 994) recorded in-vivo absorption 
spectra of 3 1  laboratory grown species of marine bloom forming phytoplankton, 

covering 1 0  classes, using the QFT with a Hitachi 1 50-20 spectrophotometer. By 
detailed multivariate analysis of log transformed and normalised absorbance 

spectra using stepwise discriminant analysis, Johnsen was able to classify samples 

based on their accessory p igments and related absorption features (Figure 1 . 1 2) .  
Classification rates as high as 99% were suggested possible using only five 
selected wavelengths .  However, validation was performed using the same samples 

as used to produce the class models. Consequently, it is highly unlikely that 

classification rates of this level would be possible with natural samples . 

Millie et al. ( 1 995b) reported the use of a similar technique for the analysis of 

batch cultures of Gymnodinium breve, a toxic red tide dinoflagellate. Again the 

QFT was used in conjunction with stepwise discriminate analysis to identify 1 3  

key wavelengths o f  which 6 (400,  54 1 ,  546, 509, 673 , 663 nm) gave 1 00 % 

classification. This paper also noted the effects of irradiance on the absorbance 
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spectra to be significant . Unlike the earlier work of Johnsen et al. ( 1 994), this 

study focused on one problem species, thereby simplifying the data analysis .  
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Figure 1 . 1 2 Discrimination scores for 3 1  species of marine phytoplankton from 10  

classes grown under both high and low light conditions. The spatial relationship 

shows the major accessory pigmentation of the species. Letters refer to the 

individual species (Johnsen et al. 1 994) . 

Millie et al. ( 1997) reported the detection of Gymnodinium breve in mixtures of 

other microalgae, using absorption signatures generated using the QFT. 

Hypothetical assemblages were generated (Figure 1 . 1 3), using absorbance spectra 

of C. gracile, H. pygmae, and P. parkeae from the results of Schofield et al. 
( 1 990; 1 996), where the contribution of Gymnodinium breve to the total 

absorption ranged from 0- 1 00 %. Millie et al. ( 1 997) found that the absorption 
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properties of chlorophyll c containing algae vary little among taxa. Consequently, 

it was suggested that it might not be possible to identify the contribution of 

chlorophyll c containing algae using absorption alone. The use of hypothetical 

assemblages generated using absorbance spectra from other references however 

put doubts on this early work on the analysis of mixtures .  
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Figure 1 . 1 3 Spectra generated from hypothetical mixed assemblages containing 

Gymnodinium breve (Millie et al. 1997) .  

Roelke et al. 1 999 used both discriminant and fourth derivative analysis with 

high-resolution spectra. In this paper five taxonomic classes are considered, green 

algae, cyanobacteria, noxious dinoglagellates, diatoms and other chrysophytes . 

All the species were marine orientated. Spectra from these classes were obtained 

from nine references published between 1 983 and 1 997, using both suspension 

and QFT. Discriminant analysis was performed on 40 spectra with 2 1 1 

wavelength variables between 440 - 650 nm. Classification rates were noted to be 

nearly as good for nine key wavelengths as the full 2 1 1 .  The addition of noise to 

the spectra to simulate a natural sample resulted in a significant reduction in the 

classification rate from 1 00 % with a Signal : Noise ratio of 35 : 1  falling to less 

than 50 % at 5 : 1 .  
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Kirkpatrick et al. (2000) applies the discriminant analysis methodology to natural 

mixed populations containing G. breve. This paper uses the established QFT 

technique but is the first to introduce the concept of new technology with the use 

of an Ocean Optics CCD detector and a prototype Liquid Waveguide Capillary 

Cell (L WCC) of 0 .5  m. These two techniques are compared and although the QFT 

was considered to be far more robust with better results, the CCD and L WCC 

instrument in its prototype form provides great potential for real time monitoring. 

The use of multivariate techniques for in-viva absorbance monitoring of algae has 

focused on seawaters, particularly the identification of problem species . Other 

techniques have been combined with multivariate methods for algal classification 

and discrimination of freshwater algae and cyanobacteria, as well as other marine 

species. 

1 .6. 2  Other techniques using multivariate data analysis 

Kansiz et al. ( 1 999) applied chemometric methods for the discrimination of 

cyanobacterial and green algal strains using Fourier transform infrared micro

spectroscopy. In this paper five common bloom forming freshwater cyanobacteria 

and a green alga are compared. PCA combined with SIMCA classification and K

Nearest Neighbours of raw spectra and derivative spectra, proved that it was 

possible to discriminate between different cyanobacterial taxa, even down to 

strain level, with correct classification ofup to 1 00 %. 

Wu et al. ( 1 998) used Resonance Raman Spectra excited by visible light for the 

differentiation of algal clones . Fourteen algal clones belonging to four different 

classes, including clones of Pseudo-nitzschia (Bacillariophyceae), were examined. 

Similarities and differences among spectra due to differences in the carotenoid 

composition were analysed using PCA, resulting in distinct clustering and the 

ability to classify Pseudo-nitzschia clones, although it was not possible to 

distinguish toxic from non-toxic clones based on the spectra. 
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1 .7 Direct read-out spectroscopy 

Miniature fibre optic CCD based spectrometers have revolutionised spectroscopic 

detection due to their instantaneous capture of full spectra with high speed, 

sensitivity and low noise, combined with compactness, low cost and robustness 

(De Goy 1 998;  Smith 2000) . These detectors are ideal for use in portable 

spectroscopic instruments, where robustness and compactness are key 

requirements but high quality spectral data is also required (Morris 200 1 ) . The 

full spectral nature of data from CCD detectors lends itself to be used in 

chemometric techniques for multi -component analysis . 

Miniature spectrometers based on photodiode and CCD technology were first 

developed in the late 80 ' s  and early 90 's .  In 1 992 the worlds first miniature fibre 

optic spectrometer was developed by Ocean Optics Inc .  At the time this miniature 

spectrometer was nearly a thousand times smaller and ten times less expensive 

than previous systems . Since then many miniature spectrometers using both CCD 

and photodiode array detectors have been introduced by companies worldwide. 

Miniature spectrometers are now used in a wide range of fields including 

industrial process control, medical diagnostics, astronomy and environmental 

monitoring. 

Direct read-out spectrometers use a diffraction grating to split white light into its 

individual wavelengths .  Mirrors are used to collimate the light onto the grating 

and onto the photosensitive array. These optical components are fixed in place 

during manufacture and have no mechanical movement during operation. 

1. 7. 1 Charge-coupled devices 

Since its invention in 1 970 by Boyl and Smith, the CCD has revolutionised image 

capture, providing outstanding sensitivity, high speed, low noise, ruggedness, and 

durability within compact and economic packages. CCDs are solid state detectors, with 

semiconductor architecture, in which the charge is read out of storage areas. The CCD 
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architecture performs three basic functions : i) charge collection, ii) charge transfer, iii) 

the conversion of charge into a measurable voltage. CCD array detectors comprise of 

individual p ixel elements .  They are defined by metal-oxide-semiconductor (MOS) 

capacitors, known as gates. By changing the gate voltage, charge can be either stored or 

transferred (Holst 1 998) . The simplest form of CCD is in a one dimensional linear an-ay 

comprising a single line of square pixels . The number of pixels determines the number 

of individual data points recorded and combined with the imaging optics determines the 

optical resolution. 

Working principle of a linear CCD 

The eight numbered pictures in Figure 1 . 14 give a diagrammatic representation of 

how a linear one dimensional CCD operates. The individual, frames 1 -8 ,  follow 

the sequence of events in the operation of the CCD. The coloured bar at the top of 

each figure represents the incident light across the visible region of the spectrum. 

In the first stage of the process ( 1 ), the light impinges on the photodiodes that 

form the CCD array. The photodiodes are reversed-biased so  discharge a capacitor 

at a rate proportional to the photon flux. On Figure 1 . 14 the charge of the 

capacitors is represented by the top row of red/yellow boxes ;  the charge builds up 

(2 - 3) until the integration period of the detector is complete. At this point ( 4 ), a 

series of switches closes and transfers the charge to a shift register, shown on 

Figure 1 . 14 as the bottom row of blue/red boxes. When this is complete (5) the 

switches open and the capacitors attached to the photodiodes are recharged and a 

new integration period begins .  At the same time, the light energy is being 

integrated, the data is read out of the shift register by an Analogue to digital (AID) 

converter (6 - 7) . The digital data is then displayed on the computer (8) and can be 

processed to give absorbance values if required. 
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Figure 1 . 1 4 Diagrammatic representat ion of how a CCD spectrometer works. See 

text for descript ion of steps 1 -8 .  
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1 .8 Virtual instrumentation 

National Instruments LabVIEW is a universal programming language. LabVIEW 

is a powerful tool for scientists who work in research and development and need 

to quickly develop control programs for instrument and data acquisition, which 

have the flexibility to allow further modification and adaptation in their prototype 

form. 

1 .8. 1  The concept ofLab VIEW 

Programs in Lab VIEW are written in G, a graphical programming language based 

on a modular approach. In G, instructions are executed via data flow, unlike in 

conventional programming, where instructions are executed in the sequence in 

which they are written. Programs written in G are called virtual instruments (Vls) ; 

these are hierarchical in nature and can be used as top-level programs or as 

subprograms (sub Vls) within another program. 

A VI consists of an interactive user interface (front panel) and a data flow diagram 

(source code) . The front panel is like the user interface of a physical instrument 

and forms a combination of controls and indicators; this panel is one of the main 

differences between Lab VIEW G and other programming languages. Controls on 

the front panel simulate instrument input devices and supply data to the block 

diagram. Output devices such as graphs display data acquired by the block 

diagram. The data flow diagram contains the G programming, as graphical 

representation of traditional programming language functions. Within the program 

sub VIs performing individual tasks are connected by wires, which form the data 

paths between the individual elements .  Loops, case structures and other functions 

used in traditional programming languages are represented graphically and are 

wired into the other program elements. 
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The combination of the modular approach to programming in G and the graphical 
user interface allows the user to design a program in considerably less time than 

with a conventional language. 

1 .9 Summary 

Freshwater cyanobacterial and algal blooms represent a major environmental and 
water quality problem worldwide. Consequently, there is a pressing need for 
instruments, which provide near real-time analysis of algal levels and 

composition, to monitor waters prone to blooms of cyanobacteria and algae to 
allow water managers to implement control measures. At present monitoring is 

conducted, on a reactive basis to b loom incidents, using laboratory based 
techniques, which have significant limitations in both their cost and time required 
for analysis .  Bio-optical methods, when combined with recent developments in 

optical sensing technology, represent a potential solution to many of the current 
problems. 

Recent developments in instrumentation for determining the optical properties of 

aquatic environments have seen the incorporation of some new technologies to 

provide more information. The rapid advancement of optical sensing components 

such as the CCD detector, miniature combined UV visible lamps and instrument 

control software p rovide a real solution to many environmental monitoring 
problems. The combination of new optical and instrumental control advances, 

when used in conjunction with advanced data analysis techniques, which utilise 

modem computing power, allow the capture, rapid analysis and interpretation of 

detailed optical information at-site in near real time . This has the potential to 
provide a distinct advantage to environmental scientists allowing rapid detailed 

assessment of  the environmental condition not previously possible . 

The proposed research will therefore apply new technologies and data analysis 

techniques to provide several advantages over the currently available instruments : 
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1 .  Fully portable instrument, for use in the field or laboratory. 

2. Non-invasive measurement of in-vivo absorbance spectra at a very high 

resolution. 

3 .  Near real-time accurate quantification of chlorophyll a concentration, 

validated using standard extraction method. 

4. Near real-time classification of the sample, to provide information on the 

major class present. 

5. A cost effective monitoring tool compared to standard laboratory methods. 
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CHAPTER 2 

INSTRUMENT DESIGN, CALIBRATION AND CHARACTERISATION 

2.1 Introduction 

This chapter i s  in two sections. Section A describes the construction of a CCD 

based portable spectrophotometer used to measure the in-vivo absorbance of 

suspensions of algae and cyanobacteria. Section B describes the comprehensive 

calibration and characterisation of the developed instrument . 

The instrument was designed to be suitable for both routine monitoring in the 

field and research applications of freshwater environments .  The concept behind 

the instrument was to incorporate new technologies in miniature CCD based 

detection and compact ultraviolet and visible light sources into a fully portable 

instrument, which is controlled using a laptop computer. An immersion probe was 

used in preference to the conventional flow cell arrangement. This had the 

advantage of being a simple sampling device, removing the need for a pump and 

flow cell which increases the instrument size and power requirement and which 

are inherently difficult to keep optically clean . A specifically written program 

controls the instrument. Within the program, the in-vivo absorbance spectrum can 

be saved as a text file, which is fully compatible and easily accessed by other 

statistical software for further analysis .  
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2.2 Section A - Instrument design and construction 

2.2. 1 Hardware 

The hardware of the instrument consists of four major components: i) Light 
source, ii) Immersion probe, iii) Spectrometer, and iv) Computer with data 
acquisition card. Figure 2 . 1 shows the linkage between the major hardware 

components of the instrument . The data flow is two way between the 

spectrometer, data acquisition board and computer, as the spectrometer requires 
specific commands to acquire data, which is then fed back to the computer. The 

lamp unit is controlled using switches, which control the power supplied to the 

unit . The light source, dip probe / sample and spectrometer are linked using 
optical fibres . 

Light 

source 
Spectrometer 

Immersion probe 

Control 

program 

Computer 

k: I Data acquisition board 

A =  Direct connection inside computer 

B = Ribbon cable (50 way) 
5 V DC to spectrometer 

C = Wire connection 1 2V DC 

D = Optical Fibre 

Figure 2 . 1 Schematic diagram of the linkage between the major instrument 

components. 
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The indiv idual instr mcnt compL>ll nts arc al l  housed in  a pr Lccti e metal box 

except the immersion probe, h i  h is at tached to th box but i s  locat d outside o f  

the main uni t  t o  al low f( r movement of the probe t o  the sample. The inst 111ment 

box measures 280 ( I ,) mm x 205 (W) m m  x 65 (} I) mm. r igure 2 .2 show' the 

c mplete i nstrnment with the c ver removed to ho the layout of the ind ividual 

components. 

·G 

(/ 

Figure 2 .2 Photograph of complete  i nstrumen t with cover removed (top view) .  

A. Battc1y, B .  Lamp and shutter swi tch , C. pc t rom tcr, D. V-visib lc I mp, 

E. Imm rsi n probe and optical fibre cable, F. Laptop omputcr with control 

software, G . Data acquisit ion card and c nnecting cable. 
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Light Source 

A miniature UV - visible light source covering the wavelength range 200 - 1 1 00 

nm, (Fiberlight DTM6/ 1 ,  Heraeus Nobelight Ltd, Cambridge, UK) was used in 

the instrument . The unit incorporates a miniature Deuterium lamp; an electron

less high frequency excited gas discharge lamp, and a Tungsten lamp in a shine 

through arrangement . This provides a line free continuous spectrnm from 200 -

1 1 00 nm. The lamps can be switched on /off independently and a shutter closed 

for zero point correction using switches located on the back of the instrument 

case . Specifications for the lamp unit are listed in Table 2 . 1 .  The lamp unit is 

connected to the optical fibre via an SMA 905 connector. By using both 

deuterium and tungsten lamps the lamp intensity shown in Figure 2 .3 remains 

high within the ultraviolet, where a tungsten lamp alone would produce no light . 

This means that that absorbance measurements can be made across the full 

ultraviolet and visible range . The intensity of the lamp spectrum is important 

when absorbance i s  to be measured as the intensity of the incident light 

determines the signal to noise ratio. 

Table 2 . 1 Manufactures specifications for the miniature UV-Visible lamp. 

Parameter 

Power input 

Dimensions 

Weight 

Deuterium lamp : 

Spectral range 

Power input 

Intensity (radiance) 

Stability 

Drift 

Tungsten lamp : 

Spectral range 

Power input 

Specification 

Approx. 6 W 

1 57 x 5 5 x 3 7 mm (L x W x H) 

1 90 g 

From 200 to 400 nm without spectral lines 

Approx. 3 W 

>4µW / mm2 
/ sr at 250 nm 

< l x l 0-3 AU 

<0,25%/h 

400 to 1 1 00 nm 

5 V DC . / 45 mA DC 
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Wavelength (nm)  

Figure 2 .3  Lamp in ten , ity spectru m from the min iature UY-vis ible source .  

Immersion Probe 

An immers ion probe (Angl ia Instruments Ltd, Cambridge, K) was used as the 

sampl ing device lor the i n strument. The probe i s  a rranged wi th seven bund led 

l ight fibre, , six co l lect i ng the l ight from the min i ature lamp and one-read fi bre i n  

the centre of  the bundle col lect i ng  the transmi tted l ight back to  t he  spectrometer. 

Th fibres each have a 200 µm core diameter and are protected by a Teflon i nner 

tube and flex i ble c h rome p lated bras: OLt!er tub ing .  The total length of  the fi bre 

bundle and prob . is 2 meters. 

During operat ion l ight passes down the six l ight fibres from the lamp to the probe 

l ip. The l ight trave l s  th rough the sample, ren cts off a back surface m i rr r and 

then passes back th rough the sample to a s ingle-read fibre located in the centre of 

the fibre bundle to the spectr meter. The total opt ical path length is two t imes the  

d istance bet veen the end of the  fib re and the back surface mi rror, as the l ight 

travels th is distance twice . The probe tips are i nte rchangeable and prov ide a ra·nge 

of total opt i ca l  path lengths of 5 and 1 0  mm. A 40 mm probe t ip was a l  o 

designed and con structed in house. A h igh ly re ncc t i ve enhanced a lumin ium 
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coated mirror, 6 mm diameter, 1 .2 mm thick (Comar Instruments, Cambridge, 

UK) was used as the back reflective surface. 

Top view 

l 8.0 a 

2.5 --+--+'I 1 I I 
15 .5 ' 

I. 

l 8.0 b 
1 s .o .I 
18.0 

� C 

I • 1-zo.a+I • I 
25 .0 

135.0 

End view 

�5.0 I 12.0 

1 .0  

a .  5mm path length probe tip 
b. I 0mm path length probe tip 
c. 40mm path length probe tip 

Unit: mm 

Figure 2 .4 Technical drawing of the immersion probe and 5 ,  1 0  and 40 mm tips . 

Immersion probes provide a low light transmi ssion to the spectrometer due to the 

non-collimated diverging light and the small diameter of the read fibre, effectively 

acting as an entrance slit. Therefore, a large proportion of the incident light that 

reflects off the back surface mirror falls outside the small diameter of the read 
fibre (Schatz et al . 2000). However, because thi s  loss is constant it has no 

detrimental effect to the absorbance measurement. 

Spectrometer 
The spectrometer used in this instrument was an Ocean Optics S2000 miniature 

spectrometer (Anglia Instruments Ltd, Cambridgeshire, UK). It consists of a 

linear CCD array covering the UV-visible region . Figure 2 . 5  shows a schematic 

diagram of the spectrometer optical bench arranged in an asymmetric Czemy

Tumer configuration . The optical assembly included a 25 µm slit, two spherical 
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mirrors and a flat holographic grating with 600 lines mm- 1 blazed at 400 nm 

working with first order refracted light, enabling a spectral range of 200 - 880 nm. 

Mirror 

Mirror 

Grating 

Fibre optic coupling 

Figure 2 . 5  Schematic diagram of the S 2000 optical bench. 

The S2000 miniature spectrometer uses a Sony ILX5 l l CCD. The ILX5 1 1 is a 

rectangular reduction type CCD linear image sensor designed for scientific optical 

measuring equipment. The sensor consists of an ultra-high sensitive a1Tay of 2048 

effective p ixels, each 14 µm x 200 µm and a built in timing generator and clock 

drivers with a maximum clock frequency of 2 MHz. The array shows high 

quantum efficiency across the UV/visible spectral range. The fixed well depth of 

approximately 1 60,000 photons provides greater sensitivity and shorter 

integration times than deep well CCD' s .  (Specification sheet ILX5 1 l 2048-p ixel 

CCD Linear Image Sensor Sony UK) .  

The relationship between the pixel number and the wavelength is determined by a 

second order polynomial A-p = 1 + C1p + C2p2 where: A is the wavelength of  p ixel 

p, I is the wavelength of pixel 0, C1 i s  the first coefficient (nm/pixel) and C2 is the 
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second coefficient (nm/pixel2) and corrects for the non linearity across the 

wavelength range. The unique calibration coefficients for the miniature 

spectrometer are : First Coefficient 0 . 3 835782 1 ,  Second Coefficient -2.084E-05 ,  

Intercept 1 77 .93030 (Appendix A) . The S2000 spectrometer i n  the configuration 

described here has a resolution of 1 .3 nm Full Width Half Maximum (FWHM) . 

Data Acquisition 

Data communication to and from the instrument was performed using a 1 2  bit 

data acquisition board ( 1 00 KHz, Lab-PC 1 200, National Instruments, UK) .  The 

card has 8 analogue input/output (1/0) channels and 24 digital 1/0 lines and was 

installed inside a desktop or laptop computer. Connection was made between the 

inst rument and the data acquisition board using a 50 - way ribbon cable (R6868 

National Instruments UK) .  

Four methods are available for acqmrmg data from the S2000 spectrometer: 

normal, external software trigger, external synchronisation trigger and external 

hardware trigger. In normal mode the spectrometer continuously scans, acquiring 

and transferring data to the computer according to the parameters set in the 

software . Thi s  mode provides  no method to synchronise the scanning, acquiring 

and transfer of data with an external event, hence was not used. External 

triggering modes are required to synchronise data acquisition with external events .  

Of the three  external triggering modes, external software triggering was used in 

the current instrument, as it is the most suitable mode where a continuous light 

source is being used and integration times need to be set in the software. In this 

mode the spectrometer continually scans and collects data. When triggered, the 

data collected up to the trigger event is transferred to the software. If continuous 

triggers are applied from the software, data is continuously acquired. The 

integration time along with all other acquisition parameters are set within the 

software. The source of the integration clock comes from the AID converter. 
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Appendix B shows the connections between the S2000 spectrometer and the data 
acquisition board. The connections allow for any o f  the four operation modes to 

be used if the correct software is used. The External software triggering mode 
does not require all the connection shown in Appendix B. Pin 25 on the S2000 

(Read enable) was used to trigger the data acquisition by supplying +5 VDC. Pin 
1 3  on the S2000 was used to supply a positive +5 VDC to ensure the spectrometer 

receives the appropriate voltage for the trigger event. When high, this signals the 

spectrometer to take the next available data set . If set continuously high by 

holding down the software button, complete data sets are acquired in a continuous 

scan mode. One analogue input channel pin 1 on the S2000 was used to acquire 

the video signal from the CCD. 

Power supply and consumption 
Power to the instrument is provided by a 1 2  V, 2 . 8  Ah rechargeable Pb acid 

battery (Yuasa NP2 . 8- 1 2, Yuasa Batteries Ltd, UK) providing five hours 
continuous use or a mains adapter providing 1 2  V DC for laboratory use . The 
battery is located in the main instrument box and can be easily swapped for a 
second fully charged battery for extended field use . 

2.2 .2 Softvvare and signal processing 

Instrument Control Software 
Instrument control software was written m Lab VIEW (version 5 . 1 ,  National 

Instruments, UK) .  The software was run under Windows 95 or NT operating 

systems. A flow diagram of the main control software is shown as Figure 2 .6 and 
provides an overview of the program operations .  The control program consists of 

a Front Panel and Data Flow Diagram. The Front Panel forms a user friendly 

interface containing control and indicators shown as Figure 2 .7 .  The Data Flow 

Diagram shown as Figure 2 . 8  contains the source code and is hidden from view 

during normal operation. A standard operating procedure for the use of the 

instrument with the control software is given in Appendix C .  
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The flow diagram of the main instrument control software shows the logic behind 

the program (Figure 2 .6) .  The program starts with the initial configuration of the 

instrument and the data acquisition board .  The exposure times and number of 
averages is also read at thi s  point . At the beginning the user is given the choice to 

measure intensity or absorbance; intensity i s  used to adjust the incident lamp 

intensity to a maximum level before absorbance is measured and requires no 
background or dark current to be recorded. For absorbance measurement, the dark 

current must be  measured first, then the background and the sample. A 'while 

loop ' was used to repeat the data acquisition procedure for each measurement. In 

the data acquisition, multiple data sets were acquired via a 'for loop ' ,  set to the 
number of averages required. The multiple data were averaged, smoothed and 
then stored in the program for the final absorbance calculation. The absorbance 

was calculated and displayed using the stored dark current and background values 
after completion of the cycle . 
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P r o gram E n d  

Figure 2 .6  Flow diagram of the main control program. 
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The following description relates to the labels (A-C) on Figure 2 .7 .  This 

summarises the functions of the controls on the front panel and explains the data 

shown in the graphical and numerical displays . 

A) Controls - The left hand side of the control panel contains the controls to 

operate the software . The main operational controls are large coloured 

buttons ;  these are used to start (START) and stop (STOP) the software, record 

the dark current (SET DC) and background (SET BG) and allow the spectrum 

to be saved (SA VE) . Below the main controls there are several more controls 

that allow the user to input the exposure time (EXPOSURE), number of 

averages (AVERAGES) and the mode of operation (MODE) as either 

Intensity or Absorbance. The method of spectral smoothing (SMOOTHING) 

is controlled with a choice of Raw, Moving Average or Savitzky-Golay 

methods available; the size of the smoothing window (WINDOW) used in the 

filtering process can be adjusted to set the level of smoothing applied. A single 

spectrum or a number of discrete wavelengths can be saved using (SAVE 

MODE) . 

B) Graphical displays - The Control panel is dominated by the main graphical 

display; this displays a single spectrum as either absorbance or intensity 

depending on the mode selected. The y-axis displays Volts (V) when in 

intensity mode or Absorbance Units (AU) when in Absorbance mode . The x

axis displays the wavelength (nm) . The graph can be re-scaled using the 

functions below the graph. The two smaller graphical displays to the right 

show the dark current spectrum and background spectrum as Voltage (V), 

which are stored within the program for use in the absorbance calculation. 

These two graphs are useful in assessing the dark current and background 

levels. 

C) Numerical results - Below the two small graphical displays are the particle 

scattering correction functions; this section of the panel allows the spectrum to 

be corrected for scatter effects by subtracting the absorbance at 750 nm from 
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all other wavelengths. When the red button i s  pressed (YES) the absorbance 

spectrum is corrected. The small display to the right shows the original 

absorbance at 750nm before correction . The lower three boxes display the 

absorbance for the corrected spectrum, at 630, 655  and 680 nm. 

D) Acquisition status - This section of the panel allows the user to determine the 

status of the program at any given time. The acquisition status i s  shown as 

(ACQUISITION ST ATE),  the performance of the acquisition can be assessed 

from the (SCAN BACKLOG), the location of the program in acquiring n 

number of averages i s  shown as the (A VERA GE COUNT). The large red 

display shows if data is being acquired. 

Data Flow Diagram 

The data flow diagram shown as Figure 2 .8  contains the programming code 

written in LabVIEW. The program is constructed using a main 'While Loop ' ,  

which runs continuously when the program is on. All the configuration settings 

are located within this loop . Data acquisition, processing and display functions are 

located in a second while loop contained within the main loop . Sub VI's are used 

throughout the program to perform individual program tasks. The basic functions 

of the individual sections of the program are described and relate to the labels A-J 

shown on Figure 2 . 8 .  
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Fi gure 2 . 8  Data flow diagram, showi ng the source code for the i nstrument control program . 



A) Wavelength Calibration - Contains the wavelength calibration, which is 

correlated to the 2048 variables acquired during the data acquisition process to 

produce a spectrum. 

B) Hardware configuration - Several sub Vl' s are used to configure the data 

acquisition hardware ( channel, device and c lock frequency) . These settings 

cannot be adj usted from the control panel as they are not changed during 

normal operation . 

C) Exposure time and clock counts - From here the maximum sampling rate and 

the clock frequency for the DAQ board, master clock and integration clock 

can be set . These settings are specific to the Ocean Optics S2000 spectrometer 

and are not changed during normal operation. The exposure time is also set 

through this sub VI and may be adjusted before data acquisition from the front 

panel . 

D) Data Acquisition - This is the central part of the program and is where the 

signal is read. This section allows the program to collect the sample spectrum 

and perform spectral averaging by using a For Loop run for the number of 

averages required. The data array is then divided by the number of averages to 

give a single mean averaged array. If this section of the program is set off 

(FALSE) then no data is acquired. 

E) Signal smoothing - Directly after data acquisition and averaging the array can 

be filtered (spectral smoothing) . Sub VI's within a case structure allow options 

of: i) no smoothing ii) a Moving Average filter i i i) Savitzky-Golay filter. 

F) Program control - This part of the program contains all the main controls to 

start, stop and collect data. Each of these is wired to a specific control. The 

stop controls are located in the top right of the program. The background, dark 

current and sample controls are located below the data acquisition section and 

control  the acquisition and storage of data. 
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G) Background, Dark Current and Mode control - These three case structures 

control the flow and use of the data array in the program. Switches on the 

main panel control both the background and dark current case structures .  

When set to TRUE the background or dark current array is acquired and 

stored in a shift register. When set to FALSE ( default when sample is 

measured) the shift register is opened and the background and dark current 

arrays are used in the absorbance calculation . The background and dark 

current arrays remain in the shift registers until the program is stopped or the 

array is replaced. 

H) Spectral correction and wavelength display - Here the data array can be 

corrected for scattering effects when the sample is measured. This involves the 

subtraction of the value at array element 1 638 ,  corresponding to 750nm away 

from all other array values .  If the case structure is  set to FALSE then the array 

is unaltered. The 4 WL data sub VI displays the absorbance at four 

wavelengths after correction. The absorbance at 750nm before correction is 

also disp layed. 

I) Graphical display - This shows the main graphical display on the front panel 

user interface. The data is e ither intensity or absorbance depending on the 

mode. The data array is correlated to the wavelength array, generated in (A) to 

give a wavelength dependent spectrum. 

J) Save function - This allows two save options (single), which saves the 

complete spectrum once and is the default setting or (continuous) which is 

used to save data at one or two set wavelengths over time. 

Signal averaging, smoothing and absorbance calculation 

When measuring the concentration of an analyte using absorption spectroscopy, 

the precision of instrumental measurements is often limited by noise in the 

measured signal. This is a major factor when the measurement is made in a 

suspension containing highly scattering particles such as algal cells, which result 
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in a high level of environmental noise. Therefore, signal averaging methods are 
required to improve the quality of the absorbance spectmm under such conditions. 

Data acquisition and signal conversion to the digital domain represents the first 
stage of the data acquisition and manipulation process. The signal from the 

acquisition hardware contains an undesirable component termed noise, which can 

interfere with the accurate extraction and interpretation of the required analytical 

data. When analytical conditions have been optimised to produce a maximum 

signal, then any increase in the signal to noise ratio can only be achieved by 

reducing the noise (Adams 1 995) .  

Signal averaging - An averaged spectrum is  calculated in the program by using a 
For Loop, where the loop runs for n times, where n = the number of averages 

required. The summed measurement is then divided by n to give a mean value. 

Assuming the noise is randomly distributed, then the analytical signals which are 
coherent in time are enhanced, since the signal grows linearly with the number of 
scans, n. The signal to noise ratio can be improved at a rate proportional to the 

square root of the number of scans . Therefore by co-adding one hundred scans a 

theoretical enhancement of 1 0 : 1 in signal to noise ratio can be achieved. (Adams 

1 995) .  In theory, a 1 00 fold improvement to the signal to noise ratio can be made 

with 1 0000 scans, but practical considerations limit the number of possible scans . 

In the case of suspensions of algal cells, sample movement limits the number of 

scans to less than 1 00, before improvement through averaging i s  lost through 

physical sample movement . 

Signal smoothing - By smoothing the spectrum minor differences between data 

values located near to each other on the array are evened out, and the appearance 

of a spectrum is improved. Spectral smoothing is performed using sub VI's (M-A 

Filter or S-G Quad Cubic) within the main control program. The software 

provides an option of two spectral smoothing techniques, Moving Average and 
Savitzky-Golay. The Moving Average filter is the standard default method for the 

instrument and provides suitab le smoothing for spectra derived from natural 
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samples, which contain a noticeable noise component. The Savitzky-Golay 

method is designed for use on spectra derived under ideal conditions where noise 

levels are very low and the highest possible spectral detail is required. The 
Moving Average method is based on boxcar averaging; replacing a group of 

values by their mean, but by using successive overlapping bands the effect is less 

severe (Adams 1 995) .  The size of the window used determines the amount of 

smoothing; a window of 2 1  values is set as default and provides an average over 3 
nm each side of the central value . The resultant convoluted spectrum contains the 

same number of data points as the original but the spectrum will be smoother. The 
Savitzky-Golay method uses least-squares polynomial smoothing with 5 ,  7, 9, 1 1 ,  

1 3 ,  1 5 , 1 7, 1 9, 2 1 , 23 ,  or 25 points (Savitzky and Golay 1 964) . This technique is 

one of the most widely used techniques in spectral data processing and 

manipulation. 

Absorbance calculation - The software calculates the absorption of the sample 

using the dark current, background and sample spectra, each of which is recorded 
as the voltage, relating to the standing charge and light intensity falling on the 
CCD. The dark cu rrent signal is subtracted from both the background and sample 

spectra to correct for the standing charge on the CCD .  The Absorbance is 

calculated as follows : 

A =  log [(lr - Jd)  /(ls - Id) ]  

A :  Absorbance spectrum (AU) . 

Jr: Background signal (Voltage) . 

Is:  Sample signal (Voltage) . 

Id: Dark current signal (Voltage) . 

The software calculates absorbance to four decimal places (0.000 1 AU) . 

Absorbance values at this resolution are used in the data analysis applications. 

However, in most cases where absorbance values are quoted, the resolution is 

rounded to three decimal places .  
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Spectral enhancement and extraction 

Two programs, Spectral normalisation and Spectral derivatives, were written by 

the author in Lab VIEW for the enhancement of absorption spectra saved from the 

instrument and the extraction of spectral information. 

Spectral normalisation - This program was used to nonnalise saved absorbance 

spectra to a set absorbance at a set wavelength. Normalisation to a particular peak 

is more useful than maximum or mean nom1alisation, as the spectrum can be 

normalised to remove the concentration effect of a particular analyte. 

Normalisation was, in the analysis of algal absorption, used to remove the 

concentration effects of chlorophyll a on the in-vivo absorbance spectrum. The 

control panel allows the user to determine the wavelength and absorbance 

normalisation settings . The normalised spectrum can be saved after the procedure 

i s  complete. The normalisation program allows easy comparison of accessory 

pigment absorbance,  and was used extensively in the work described in this thesis. 

Spectral derivatives provide a means to present the spectral data in potentially 

more useful form than Zero order, normal data (Ingle and Crouch 1 988) .  Changes 

in the slope of the spectrum that may be difficult to see in the normal data can be 

emphasised by differentiat ion .  However, noise may also be greatly amplified. A 

sub program called DER 1 -4 was written to calculate the first, second, third and 

fourth spectral derivative of  a saved absorbance spectrum. The program uses two 

sub VI' s .  The differentiation was calculated using the dx(t)/dt subVI and a 

Moving Average filter sub VI was used to control the noise amplification. The two 

sub VI' s were run inside a For Loop allowing the calculation of first, second, third 

or fourth derivative by running the loop 1 ,2,3 or 4 times . The control panel allows 

the user to choose the level of derivatisation, the filter window size and if the 

derivative spectrum is to be saved. Due to the flexibil ity in using this specifically 

designed program, a large amount of spectral detail is shown. 
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2.3 Section B - Instrument Calibration and Characterisation 

This section describes the methods used to assess the pnmary performance 

characteristics of the instrument . Standard methods were used to assess the 

instrument in several areas : 

1 )  Wavelength accuracy confirmation . 

2) Noise assessment . 

3)  Photometric accuracy. 

4) Photometric linearity and sensitivity. 

5) Photometric precision. 

6) Lamp and Photometric stability. 

7) Temperature effects .  

Solid state spectrometers using CCD arrays are calibrated during manufacture. 

The relationship between the wavelength (nm) and the pixel number is determined 

using a discharge lamp with peaks of known wavelength. The accuracy of the 

manufactures calibration can be confirmed using a standard Holmium Oxide 

filter. 

In a spectrophotometer, noise may originate from many sources including the 

lamp, detector and associated electronics .  Noise is commonly expressed as the 

signal to noise ratio (S/N ratio) and may be variable across the range of the 

detector. The assessment of  the ideal conditions for minimal noise and therefore 

greater precision is important . Baseline noise may be expressed in final 

measurement units. This gives an idea of the lowest detectable signal the 

instrument can measure . 

Accuracy indicates how c lose the measured value of a quantity is to the true or 

accepted value . Accuracy depends on the analyte concentration, precision and 

sample contamination and is affected by systematic and random errors. The use of 

cobalt ammonium sulphate i s  an established and well recognised method for 
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validation of photometric accuracy in the visible region .  Molar absorptivity (M- 1 

cm- 1 ) values for cobalt ammonium sulphate have been published (Burgess and 

Knowles 1 98 1 )  which make assessment of photometric accuracy possible . 

Linearity i s  an important parameter in optical spectrochemical analysis where a 

linear response is required for measuring an unknown concentration of an analyte. 
Photometric linearity indicates the abi lity of the instrument to provide a linear 

response for a set of standards known to follow the Beer-Lambert Law. The 

dynamic range of the detector is indicated by the noise level at the lower end and 

at the upper end by the analyte concentration at which there is a significant 
deviation from a linear response . Linearity is expressed as the r2 value (coefficient 
of determination value from O � 1 )  for n number of data points in a calibration 

covering a specified absorbance or transmission range. Cobalt ammonium 

sulphate i s  known to obey Beer' s Law over a wide absorbance range and i s  

therefore a recognised method for the assessment of photometric linearity. It is  

however generally preferable to work below 1 AU. 

The change in the instmment response corresponding to a change in the 

concentration of the analyte is referred to as the sensitivity. A high sensitivity is 
generally aimed for in trace analysis . However, a lower sensitivity may allow for 

a much wider dynamic range . The slope of a calibration gives the sensitivity. A 

linear calibration plot provides constant sensitivity across the dynamic range. 

Quantitative analysis requires the precision of  an instmment to be of an acceptable 

level. Precision indicates the reproducibility in the value of a measured quantity 

and reflects the error associated with a measurement or result . The various noise 

contributions associated with the detector type, associated electronics and signal 

level and the analyte concentration directly affect the photometric precision of the 
instrument. 

Photometric stability can be defined as the variability of an absorbance 

measurement over time and is a function of photometric precision and lamp 
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stability. Photometric stability is expressed as a relative standards deviation 

(RSD) of the measured absorbance at a defined wavelength. Traditional dual 

beam spectrophotometers show good photometric stabi lity as any variation in the 

lamp intensity is corrected by the continuous blank measurement. CCD 

spectrometers are designed to be operated with a single beam. Therefore, the dark 

current and background must be acquired first and saved in the software before 

the sample spectrum i s  acquired. The absorbance is then calculated using the three 

arrays of data. The photometric precision provides an indication of how frequently 

a blank measurement must be made to ensure a desired accuracy. Lamp stability 

represents a potential source of error in absorbance measurements. The lamp unit 

used in the instrument is specially designed for optical spectrochemical analysis 

where stability is of primary importance . 

Instrument drift refers to the stability of a measured parameter over time. 

Instrument stability is often determined by the quality of the optical components 

and power source used in the instrument . Drift is commonly expressed in terms of 

change in the measured quantity over a specified time period. 

Temperature effects much of the instrument. The detector response, dark current 

level and the electrical baseline are all affected by temperature changes. Also the 

transmission of the optical fibres, the l ight source and optics are also effected, 

although to a much lesser degree. The assessment of temperature effects 1s 

particularly important where portable instruments are to be used in the field. 

2. 3. 1 Materials and methods 

Instrumentation 

The constructed instrument was run in either full spectral acquisition mode for the 

analysis of the complete spectrum or in single wavelength acquisition mode for 

the analysis of time based data at a specific wavelength. Both 10 and 40 mm path 

lengths were used for the tests. 

67 



A UV /visible diode array spectrophotometer (Hewlett Packard 8452A) running 

under HP Software was used as a reference bench top spectrophotometer. Spectra 
were acquired using the general scanning settings with an integration time of 1 .0s . 

A pair of optically matched 1 cm quarts cuvettes were used. 

Reagents, conditions and procedures 

All chemicals used in the experiments were of analytical grade. De-ionised water 
was used to make up all reagents. 

The standard operating procedure (Appendix C) was followed for the operation of 

the instrument . Before each test the instrument was allowed to warm up for 1 0  
minutes. All the tests and measurements were carried out at room temperature of 

25 °C apart from the temperature effect test, which was conducted in a 

temperature controlled environment. 

Wavelength accuracy confirmation 

A solid holmium-oxide filter, (Thermo Spectronic, UK) traceable to international 

standards, was used to check the wavelength calibration of the S2000 

spectrometer. The holmium-oxide filter was placed in a collimated light path 

between the l ight source and spectrometer and the absorbance spectrum recorded 

as five averages (0 . 65 s- 1 ) .  S ignal smoothing was set to five data points to reduce 
band broadening at the peak maxima. Six holmium peaks in the region 300 --650 

nm were compared to reference values (Burgess and Knowles 1 98 1  ) .  

Instrument noise assessment 
The SIN ratio was calculated from the lamp intensity spectrum. The l 0 mm probe 

tip was placed in an empty vial and shielded from any stray light. The exposure 
time was set to give a maximum lamp intensity of five volts. Ten spectra each an 

average of fifty were recorded. The signal-to-noise ratio was calculated every 50 

nm across the  spectrum as  the mean lamp intensity for each wavelength divided 

by the absorbance variation between the repl icate spectra at each wavelength. 

68 



The noise at baseline absorbance of zero AU was calculated as using de-ionised 

water as the blank and sample. The absorbance values at 340, 500  and 780 nm 

were recorded continuously five hundred times as ten sets of fifty averages .  The 

noi se was calculated as the peak-to-peak variation in absorbance units at each 

wavelength . 

Photometric accuracy 

A 0 .2M standard of cobalt ammonium sulphate (CoSO4(NH4)2 . 6H20 ,  Merck, UK) 

was prepared in 1 % sulphuric acid using de-ionised water. The absorbance spectra 

were acquired using the 1 0  mm probe path length. Fi fly spectra were recorded in 

6.5 s and averaged to give a single mean absorbance spectrum. The molar 

absorptivities were calculated at each wavelength using the following formula: 

Where : 

£ = Molar absorptivity (M- 1 cm- 1 ) 

Ai = Absorbance (AU) 

1 = Path length (cm) 

M = Molar concentration of  cobalt ammonium sulphate 

Molar absorptivities were then compared to the standard values set by the IUPAC 

Commission on Physiochemical Measurements and Standards (Burgess and 

Knowles 1 98 1  ) .  Assessment as to the stati stical significance of any difference 

between the experimental data and reference values was made using a students t

test (Freedman et al. 1 998) .  The data was assumed to form a normal distribution 

and therefore two-tailed critical values were used. 

Photometric linear response and sensitivity assessment 

The photometric linear response of the instrument was assessed using a range of 

five molar concentrations (0 .05, 0 . 1 ,  0 . 1 5 , 0 .2 ,  0 .25 M) of cobalt ammonium 
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sulphate (CoSO4(NH4)2 .6H20, Merck, UK) prepared in 1 % sulphuric acid 

solution. The absorbance spectra were recorded using the 1 0  mm probe path 

length . Fifty spectra were recorded in 6 .5 s and averaged to give a mean spectrum 

for each concentration . Each of the standards were also measured five times using 

an Hewlett Packard 8452A diode array spectrophotometer with a 1 0mm path 

length quartz cuvette. 

Seven low concentration standards of cobalt ammonium sulphate (0 .0 1 ,  0 .02, 

0 .03, 0 .04, 0 .05 ,  0 .06 and 0 . 07 M) were also measured as above using the 1 0  mm 

path length probe and a 40 mm path length probe to assess the increased 

sensitivity with an extended path length. Sensitivities were compared between the 

probe with 1 0  and 40 mm path lengths and the Hewlett Packard 8452A 

spectrophotometer by comparing the slope of the linear calibration. 

Photometric precision and instrument noise 

A stock solution of potassium permanganate (KMnO4, Merck, UK) with an 

absorbance of 2 .4 AU was prepared by dissolving 0 . 1 g of potassium 

permanganate ( dried at 1 05 °C for 1 h) in 500 ml of de-ionised water (Coles et al. 

200 1 ) .  A set of standard solutions at absorbance values of 0 . 5 ,  1 .  1 ,  1 .6, 2 .2 and 2.4 

AU were prepared and analysed immediately after preparation. Absorbance of the 

potassium permanganate standards were measured as a continuous reading at 

wavelength 523 nm. The absorbance was continuously measured for 1 5  minutes at 

0 .48 s intervals. A total of 1 875 data points were recorded. 

Lamp stabil ity 

Lamp stability was assessed over two time frames : short term stability ( 1 0  

minutes) and long term drift ( 1 2  hours) . For both time periods, the lamp unit was 

allowed to warm up for 1 0  minutes before any data was collected and the probe 

was shielded from any stray light. Twenty spectra (200 - 850 nm), each an 

average of 50  were recorded over the 1 0  minute time frame. Over 1 2  hours, 1 800 

intensity measurements were acquired at 650 nm to determine the long term drift. 
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Photometric stabi lity 

A 0 .08 M solution of copper sulphate (CuSO4 . 5H2O, Merck, UK) with an 

absorbance value of 0 . 8  AU at 800 nm was prepared by dissolving 20 g of copper 

sulphate in 1 L of 1 % sulphuric acid. The absorbance at 700 nm was measured 

over periods of 1 0, 30 and 120 minutes. The dark current and background were 

recorded once at the start and used in the absorbance calculation throughout the 

measurement. Measurements were recorded at a constant 8 °C, using a 

temperature controlled cabernet, to remove temperature effects on the absorbance. 

The stability was determined as the standard deviation (SD) and relative standard 

deviation (RSD) .  

Temperature effects 

The dark current signal was recorded at six different temperature conditions (5 , 

1 0, 1 8 , 25 ,  30, 34 °C), by placing the complete instrument in a temperature 

controlled cabinet . The lamp unit was switched off and the probe shielded from 

stay light . At each temperature condition, the signal changes in volts on the CCD 

were recorded continuously over five minutes. In total 625 spectra were 

measured. No signal averaging technique was applied in the experiment. The 

effect of temperature on the instrument noise was calculated as the peak to peak 

variation defined as the maximum signal - minimum signal at 650 nm, over the 

five minute time period, for each temperature. 

2. 3 .2 Results and Discussion 

Wavelength accuracy confirmation 

All six holmium-oxide absorbance peak maxima in the region 300 - 650 nm fell 

within the published reference values (Burgess and Knowles 1 98 1  ) .  Variation 

from the reference values was 0 .7 nm or less on all six peaks. The experimental 

and reference values for the holmium-oxide wavelength accuracy test are shown 

as Table 2 .2 
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Table 2 .2  Comparison of experimental and reference values for the holmium

oxide wavelength accuracy confirmation . 

Peak no. Reference Tolerance Experimental Variat ion from 

wavelength (nm) + /- (nm) wavelength (nm) re ference (nm) 

333 . 7  0 . 55  333 .4 -0 . 3  

2 360.9 0 .75  3 6 1 .6  0 . 7  

3 4 1 8 .4 1 .  1 4 1 8 . 8  0 .4 

4 453 .2  1 .4 452 .7  -0 . 5  

5 5 36 .2 2 .3 536.9  0 . 7  

6 637 . 5  3 .8 636 .8 -0 . 7  

"'"""""�� ������ 

References values taken from Burgess and Knowles 1 98 1 . 

Instrument noise assessment 

Figure 2 . 9  shows the SIN rati o  as a funct ion of wavelength for the instrument i n  

normal operation mode. The no i se represents t he  combined no i ses from the 

spectrometer, the lamp and electronics .  The noise leve l was constant across the 

spectrum (5 mV). ·rhe lamp i ntens ity varies from a low or 0.4775 V at 400 nm to 

a maximum of 4.6803 V at 650 nm. Consequently, the S/N rat io  follows the lamp 

i ntensity and i s  best where the lamp intens ity is  greatest , around 650 nm and 

poorest at 400 nm, where the lamp intensity is lowest . Between 500 and 750 nm 

the SI
N 

ratio has been improved over the manu factures suggested SIN rat io  for the 

spectrometer by the averaging of the spectra .  The mean signal to noise level for 

the 400 to 750 nm spectral region i s  5 76: 1 .  The S/N rati o  obtained for the 

instrument proves the suitab i l ity of the CCD spectrometer for the chosen 

appli cation where a good SIN rat io i s  important . 
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Figure 2.9 S/N rat io for i n strument at 50 nm i nlcrvals across the spectrum .  The 

red l ine i nd icates manufactures SIN rat io  at  fu l l  s ignal for the S2000 spectrometer. 

The ba e l i ne  noise at 0 AU was recorded as 0 .003 A at 340 nm,  0 .002 AU at 

500 nm and 0 .00 1 AU at 780 nm.  The variat ion  observed in the noise re flects the 

change i n  the lamp i ntensity with wavelength as observed with the SIN rat io. 

Photometric accuracy 

Table 2. 3 show the experimen ta l  and reference molar absorpt i v ity values of the 

0.2 M cobalt ammonium sul ph ate standard at four wavelengths ( 500,  600, 650 

and 700 nm) each value is an average of fifty. Molar absorpt iv i ty calculated using 

the formula  shown in Sect ion 2 . 3 .  I .  o s ign i ficance d ifference was observed 

between the experimental va lues and the lUPAC refe rence values at a l l  four  

wavel engths when compared us ing a two-ta i l  t-test where a cri t ical value of 0 .05 

(t 2 . 776) was used . 
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Table 2 . 3 Comp ri ,on f experimental and reference va lues for 0 .2 M cobalt 

ammon i um sulphate acqu ired u i ng the CCD based spec t rophotometer. 

Wavelength Molar ab orptivity Reference [UPA 

(nm) Mea n M - ' cm- 1 M - l  
- 1  cm 

(n 5 *) 

5 00 4 .44 1 1 4 .4623 

600 0 .4 1 55 0 . 3739 

650 0 . 3238  0 .2866 

700 0 . 1 783 0 . 1 474 

Reference values taken from Burgess and Knowles, I 98 1 .  

* ach value an average of 1 0, total samp le s ize - 50  

Cri tical P a lue = 0.05 (t = 2 . 776) 

Photomet ric l i near response and en i t iv i ty asses ment 

t va lue 

1 4 7 

2 . 73 

2 . 3 8  

2 . 1 6  

Figure 2 . 1 0  hows the absorbancc spectra for the fi ve coba l t  ammonium su lphate 

standards in th 0 .05 to 0.25 M concentra t ion range. A l inear correlation was 

observed between the measured absorbance and the concen trat i on of coba lt 

ammoni um u lphate in the range between 0.05 and 0 . 25 M at four wavelengths 

(450, 480 500 and 540 nm) covering the cobalt absorbance peak (Figure 2 . 1 1  ) . 

Th is i ndicate· the l i neari ty of the instrument i n  measuring absorbance at many 

wavelengths and not necessary at the absorbance max imum. f mproved l i neari ty 

was ob:erved at  h igher ab orbance near the peak maximum. At 500 nm l i neari ty 

for the 1 0  mm probe (r2 0 .9986) was better than that observed at 500 nm with 

the J lcwlett Packard 8452A spectrophotometer (r2 = 0 .9982) .  
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figure 2. 1 0  Overla id  absorbance spectra for cobal t  ammonium su l phate in the 

range between 0 .05 and 0 .25 M measured using the CCD based d ip probe 

spcctroph tometer. 
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Figure 2 .  1 1 Absorbancc at  f ur wa elengrh - ver-us concentration or coba l t  

ammonmm ulphate ·tandards 0.05 - 0.25 M acqu i red us ing the CCD based 

sp ctroph tomctcr. 
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Good agreement  wa observed between the ab. orbance values obtained from the 

field po1table sp ctrophotometcr and the b nch top p ct rophotometer (r2 -'0.99 2 

n = 6), i th I 0 mm path lengths ( F igure 2 . 1 2 ) .  

1 .2 
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I 04 

0 .2  

0 • 
0 
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0 .2  

Red line s how s slope of 1 
� 

• 

• 

• 

04 0 6  0 . 8  

• 

y = 0 9993x + 0.0031 
r2 = 0.9982 

1 . 2 

Dip probe instrument (A U) 

Figu re 2 . 1 2  Absorbance correlation between the dip probe and HP instruments for 

c bait ammon ium su lphate standard 0.05 - 0 .25  M .  

oba l l  ammon ium sulphate standard (0 .0 I - 0 .07 ) represen t ing a low 

concen trat ion range al o shov ed l inear c rrelat ion of absorbance with 

concentrat ion with both I 0 mm (r: = 0 .9996) and 40 mm (r2 = 0 .999_ ) path  

lengt hs (Figure 2 . 1 3 ) .  The 40 mm probe shows a much greater slope of 

approxi mately four t imes that of the 1 0  mm probe . This shows that the sen i t i vity 

of t he in  t rurnent can be i mproved by using a longer path lengt h .  The dynamic 

range of the in truments can al so be improved by incorporat ing both the I 0 and 40 

mm path 1 ngths. 
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Figure 2 . 1 3  Comparison of 1 0  mm (blue) and 40  mm (red) i mmersion probe path 

lengths, u ing cobalt ammon ium sulphate. Regression parameters i n  Tab le 2 .4 .  

Tab le 2 .4 shows that the slopes of the  ca l ibration for the 0 .05 - 0 . 25 M cobal t  

ammonium sulphate are very s imi lar between t he  H P  8452A and  the probe. This 

suggests ery s imi lar sens i t i vity as would be expected with the same path length .  

0 er  the lower 0 .0 1 - 0 .07  M range, the en 'i t i vity with t he  10  mm probe i s  also 

vcr imi lar con ideri ng  the di fference i n  the in tercept va lue .  

Tab! 2 .4 C ba l l  ammon ium su lphate standards 0 .05 - 0 .25 M and 0 .0 1 - 0 .07 M 

mea urcd u inb the i mmersion probe with 1 0  and 40 mm path length and Hewlett 

Packard 8452A pcctrophotometer. 

ba i t  l n st rument P th  I n tercept S lope ,,.- Number of 

Range length data points 

(M) (mm) 

0.05-0 .25 HP  8452A 1 0  0 .002 4 . 5777 0.9982 6 

0 .05-0 .25  Probe 1 0  0 .006 4 .5737 0 .9986 6 

0.0 1 -0 .07 Pr be 1 0  0 .00008 4 . 3869 0 .9996 8 

0 .0 1 -0 .07 Prohe 40 0 .0 1 28 1 9 . 502 0 .9995 8 
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Photometric preci i n and i nstrument noi e 

For th .C D based spectroph tom ter, the peak-to-peak noise i ncrease· 

exponen t ia l ly a~ the mean ab orbance increases (figure 2 . 1 4) .  Such an 

exponenti, I re lat ionship i · oft n t rmed 'ea e l '  dark cun-ent and ampl i fier noi e 

( koog and Leary 1 992) .  1 h i s  is typ ical of m in iature spectrometers and i s  a 

function of the qua l i ty  or  the pt ical and electronic components u ed ( oles et al .  

2000) . The peak-to-peak noise incr ases a t  high absorbance due to the reduced 

l ight fa l l i ng on the ( T D, so decreasing the S rat io . The worki ng  abs rbancc 

range of the in -1rumcnt can b � dct nn ined from Fi gure 2. I 4 where the acceptable 

noi c level is  k nown. The r -ult has demonstrated that the id a l  work ing range of 

the developed inst rument is up to 1 . 5 AU where the noise level is low. 

0 . 6  

- 0 . 5  
::) 

(I) 04 
(/) 

76 0 . 3 
(I) 
Cl. 

� 0 .2  
.::c. 
ro 
Q,) 

o.. 0 . 1 

0 
0 .00 

• 

• 

• 

♦-
• 
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figur 2 . 1 4  Ab orbance versus peak-to-peak noise for potass ium permanganate 

standard· c enng the 0.5 - 2.4 AU ra nge measured us i ng  the C D  based 

pec trophotometer. 

Lamp stabi l ity 

Figure 2 . 1 5  show~ the averaged lamp in ten i ty  pec tru m  and the preci ion profi le 

calc ulated as R D for the lwcnt acquired spect ra .  A c lear relation. hip can be 

seen between the lamp i nlen · i ty and prec i sion . Between 500 nm and 750 n m  the 
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lamp intensity i s  greater than 2 vol ts and the RSD i s  le s than 0 .2  %. Only where 

the lamp inl ns i ty fa l l s  below 2 volts does the RSD i ncrease . figure 2 . 1 5  show 

that the best wavelength work ing ra nge i s  between 500 - 750 nm. This can be 

extended to 400 nm at an RSD of 0 .4 % if the s l igh t  loss in preci ion i con - i dc red 

acceptab le. It i - c lear that an i nc reased output from the deuteriu m lamp i n  the V 

would i ncrease the '"/  level ,  th refore increasing the i n struments wavelength 

work ing range. Over the twelve hour test the lamp unit has shown h igh stab i l i ty 

with a +0 .036 V in tens i ty change, wh ich corresponds to a 0 .003 V h- 1 change. 
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igure 2 . 1 5  Comparison between l ight in tensity and  RSD  over the wave length 

range from 200 - 850  nm. I nten s i ty (blue) in re lates to th CCD vol tage as a 

measure o f  the lamp intensity . Precis ion (red) i s  calcu lated as RSD (n = 20) .  

Photomet ric . tab i l i ty 

Figure 2 . 1 6  shows the mean absorbance spectrum and RSD for copper sulphate 

measured over I O m i nutes at a wavelength range of 5 00 - 850 nm. Pigurc 2 . 1 6  

show. a c lear inverse relat ion h ip  bet een the R S D  and absorbance. Where the 

absorban c i s  l between 5 00 - 600 nm the RSD i s  h i gh ; as absorbance 

i ncreases the R S D  decreases . The S/ ratio  of the lamp is much greater at lower 
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ab rbance.  At high ab orba nce l i t t l l ight reaches the detector and the effect or 

noise are greater. 
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Figure 2 .  I 6 Mean absorbancc spectrum (bl ue) a nd % RSD ( red) for copper 

sulphate sol ut ion acquired over ten mi nutes ( n  = 30), usi ng  the CD based 

spectrophotometer . 

Table 2 . 5 �h ws the re- u lts of the photometric tabi l i ty ksts .  A high stab i l ity w 

obta ined withi n the 1 20 m inute. mon i torin°  period, with an R D of  0 .4 %. 

tab i l ity was shown to be improved with shorter t ime, wi th the I 0 minute 

mon i toring period �h \ i ng an R D or 0 . 1 2  % .  

Tabk 2 . 5  Stab i l i ty l e  I of  the i n strnment  a t  700 nm with 0.08 M copper sulphate 

solut i n over 1 0, 30 and 1 20 minute . 

Time Sample M an tandard RSD 

(minut  '.') l i'C Absorbance deviation (%) 

(AU) 

1 0  30 0 .457 0 .0005 55 0 . 1 2  

30 1 00 0 .446 0 . 000946 0 .2 1 

1 20 400 0 .458 0 .00 1 865 0.40 
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Precision was good over the 1 0  and 3 0  minute periods only increasing to an RSD 
of 0.4 % for the 1 20 minute period. The 30 and 1 20 minute periods are considered 

extreme time periods with the background and dark current stored at the 
beginning of the time period. The instrument remained stable for up to 30 minutes 

without the need to reset the background and dark current values . 

Temperature effects 

The dark current voltage on the CCD was shown to increase with increasing 
temperature between 5 - 34 °C (Figure 2 . 1 7) .  At 5 °C the dark current at 65 0  nm 

was 70 mV. This increased to 3 73 mV at 34 °c . The error bars shown on Figure 
2 . 1 7  represent the random dark current noise expressed as the SD. The random 

dark current noise was shown to remain very stable at 0 .004 SD over the tested 

temperature range . These results show that temperature change within 5 - 34 °C 

has a significant effect on the dark current level (fixed pattern noise) but has little 

effect on the random noise. The dark current fixed pattern noise can be corrected 
by regular dark current measurements and only has the effect of reducing the 

dynamic range of the detector. However the random noise cannot be corrected for 
and determines the accuracy of the spectrometer. 

400 
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Figure 2 . 1 7  Temperature versus dark current level over a five minute period for 

temperatures 5 - 34 °C . Error bars represent the variation in the random noise on 

the dark current signal expressed as the SD (SD range 0 .0043 - 0 .0048 over 

temperature range studied) . 
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2.4 Summary 

The design and construction of the instrument has been described. The instrument 

forms a robust monitoring platform that can be used in the laboratory via desktop 
PC or as a portable instrument in a field situation using a laptop PC and battery 

power. The instrument incorporates a CCD detector to allow high resolution full 
spectral analysis, combined with an immersion probe which provides a four times 

increase in sensitivity compared to a standard 1 cm flow cell . The instrument was 

controlled using self developed software, which contains many functions to 

improve the measured spectral quality. As the instrument has been constructed 
using a compact CCD detector, an immersion probe and a miniaturised light 
source, the size, weight and power consumption have been kept to a minimum. 

Consequently, the instrument is therefore ideally suited to routine monitoring and 
fieldwork, where there i s  an advantage in taking the instrument to the sample to 

gain rapid results . 

Assessment of the primary performance characteristics of the instrument proved 
the instrument to have a performance comparable with a bench top 
spectrophotometer. The average SIN ratio over the 400 - 850 nm spectral region 

was excellent considering this  includes spectrometer lamp and electronic noises. 

Low baseline absorbance variation also confirmed the low noise level of the 

instrument and suitability of low level detection . 

Photometric accuracy was proven to be excellent with no significant different 

observed between the experimental data and reference values .  This suggests that 

absorbance values gained using the instrument can be compared to absorbance 
values gained from other calibrated instruments. Photometric linearity up to 1 .2 

AU was achieved. The multi-wavelength nature of the detector allows the 
absorbance to be measured at any selected wavelengths within the range of the 

spectrometer (200 - 85 0  nm), and more than one calibration can be produced from 

a single set of absorbance spectra. This gives the potential to simultaneously 

measure multiple analytes . An approximate four times increase in sensitivity was 
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achieved when the path length was increased from a standard 1 0  mm to 40 mm. 

This allows the sensitivity of the instruments to be adjusted by using different 

path lengths .  Therefore, the dynamic range of the instrument can be improved by 

incorporating path lengths of 1 0  and 40 mm. The ideal working absorbance range 

was identified as up to 1 .5 AU. Thi s  compares wel l  with previous work on similar 

miniature spectrometers . This ideal range also forms the linear region of the 

photometric response of the detector. 

Instrument stability measured as lamp intensity suggested the ideal working 

wavelength range is 400 - 800 nm. The relatively lower lamp intensity in the 

ultraviolet region resulted in a lower SIN ratio. High absorbance stabil ity of the 

instrument was achieved and allowed long term deployment . Temperature effects 

on the dark current signal were confirmed but can be corrected for by regularly 

recording the dark current where temperature fluctuations are observed, such as 

for field measurements. The dark current noise level increased only slightly 

suggesting that the precision of measurements would not be greatly affected by 

increased noise because of temperature change. 

The data presented here suggests that the instrument is  highly suitable for the 

proposed application and has provided a significant advancement in portable 

instrumentation for monitoring phytoplankton in freshwaters . The next stage of 

the research therefore includes the analysis of laboratory cultures of common 

freshwater algal and cyanobacteria. 
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CHAPTER 3 

IDENTIFICATION AND CALIBRATION OF THE IN- VIVO 

ABSORPTION PROPERTIES OF SELECTED ALGAL SPECIES  

3 . 1  Introduction 

The developed instrument must initially be calibrated using laboratory grown 

cultures to gain standard data on the in-vivo absorption .  Algae and cyanobacteria 

grown under controlled environmental conditions provides the opportunity of 

examining pure cultures, which is an important first stage in the application of a 

newly developed instrument. Information derived from laboratory cultures can 

then be appl ied to the analysis of natural samples measured in-situ. 

Thi s  chapter aims to assess the ability of the instrument to identify the bio-optical 

properties of selected algal and cyanobacterial species. This will include the 

identification, classification and comparison of pigment features based on those 

documented in the published literature . Subtle features that are only apparent due 

to the high resolution of the spectra will also be analysed. Differences between the 

taxonomic groups in their spectral shape and pigments will be analysed and 

identified. The use of data analysis  techniques such as difference and derivative 

spectra will be employed to gain the greatest possible information from the 

absorption spectrum. 

This chapter also aims to determine the relationship between the response from 

the developed instrument as in-vivo absorbance and two common monitoring 

parameters, chlorophyll a concentration and cell numbers. The dynamic range and 

the limit of detection for the developed instrument will also be determined for 
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both chlorophyll a and cell numbers to ascertain the conditions (trophic status) 

where the developed instrument will be appropriate . 

3 .2 Materials and methods 

3.2. 1 Organisms 

Eight freshwater species were obtained from the Culture Collection of Algae and 

Protoza (CCAP), UK. These selected species are from the Cyanobacteria, 

Chlorophyceae and Baci llariophyceae classes, found in eutrophic freshwaters. 

Table 3 . 1 details the selected species. 

Table 3 . 1  Selected algal and cyanobacterial species .  

""''""""''·--"-· '  

Species Strain Class Morphology 

(CCAP) characteristics 

Microcystis aeruginosa 1 450/ 1 0  Cyanobacteria Unicellular 

Anabaena variabilis 1 403/8 Cyanobacteria F ilamentous / 

Multicellular 

Aphanizomenon flos-aquae 1 40 1  / 1  Cyanobacteria Filamentous / 

Multicellular 

Chlorella vulgaris 2 1 1/ l l B  Chlorophyceae Unicellular 

Scenedesmus acuminatus 276/2 1 Chlorophyceae Multicellular 

Spirogyra rnirabilis 678/9 Chlorophyceae Filamentous / 

Multicellular 

Staurastrum chaetoceros 67917 Chlorophyceae Multicellular 

Asterionella formosa 1 003/9 Baci llariophyceae Multicellular 
-

The cyanobacteria represent common bloom fonning species with the potential to 
produce toxins. 
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3.2 .2 Culture conditions 

The eight selected species were cultured in 0.25-Litre flasks at 25 °C usmg 

Jaworski ' s  Medium for the Cyanobacteria and Chlorophyceae and Diatom 

Medium for the Bacillariophyceae .  Illumination was provided by three 30 W Gro

Lux fluorescent tube lights giving 20 µEinstiens m·2 s· 1 PAR. A 1 2 :  1 2  hour light 

dark cycle was maintained. All cultures were shaken at 1 00 RPM constantly 

except Microcystis aeruginosa and Aphanizomenon jlos-aquae, which grew best 

when kept sti ll and manually agitated approximately once per day. Standard algal 

culture techniques were applied during the experiments for keeping the algal 

cultures sterile . 

3.2 . 3 Bio-optical analysis 

Absorbance spectra were recorded every day starting between ten to fifteen days 

after inoculation, when the culture was in middle exponential growth. Five 

milli litre of sample was taken from each of the cultures for analysis using sterile 

techniques .  

The following procedure was followed for the operation of  the instrument: 

1 )  Connect data acquisition cable between computer and instrument . Tum on 

instrument and computer and open control program from shortcut on 

desktop . Allow 1 0  minutes for the instrument to warm up . 

2) Transfer approximately 1 0  ml of deionised water into the blank vial and 

place probe tip in the vial .  Tap the vial gently to remove any bubbles 

caught in the probe tip . 

3) Run the control program software and press START. The software will be 

in the default intensity mode. 
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4) If the lamp intensity spectrum is below 5 V increase the intensity up to 5 V 
using the exposure time control . Note the lamp intensity must not exceed 5 
V at any wavelength. 

5 )  Stop the software by pressing the red STOP button. Adjust the number of 
average from the default of 5 to 50 and then and set the mode to 
absorbance. 

SET UP COMPLETE 

6) Press the START button to restart the software with the new settings. 

7) Close the shutter. Press the DC button to record the dark current spectrum, 

this wi l l appear in the upper of the two small graphical displays . 

8) Open the shutter. Press the BG button to record the background spectrum, 

this wi l l  appear in the lower of the two small graphical displays . 

9) Remove the blank vial with the deionised water, add approximately 1 0  ml 

of sample to the sample vial, and place the probe tip in the new vial . 
Again, tap the vial gently to remove any bubbles caught in the probe tip . 

1 0) Press the SAMPLE button to record the sample absorbance spectrum, this 

wi l l  appear on the main graphical display. 

1 1 ) To correct the spectrum for scattering effects set the p ink correction button 

to YES, this then displays the corrected spectrum and absorbance at 3 key 

wavelengths .  

1 2) To save the spectrum press SA VE. This will save the next complete 

spectrum of n averages 
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1 3 ) To temporality stop the program press the SAMPLE button (now says 

stop) . Many samples can be measured using the temporary stop function 

whi le the probe is placed in the new sample . 

1 4) To finish the program running press the red STOP button . Note the stored 

DC and BG data is then lost .  

A standard operating procedure for the instrument is given in Appendix C .  All 

samples were analysed at room temperature between 20 - 25 °C using deionised 

water as a blank. A 40 mm path length was used in the acquisition of al l spectra 

with an exposure time of 0 . 1 3  seconds . Unless otherwise stated fifty averages 

were acquired for each spectrum. A moving average f
i
lter with a window of 2 1  

values was used to smooth each spcctmm. 

3.2. 4  Spectral processing and data analysis 

All spectra were corrected to minimise scattering effects by subtracting the 

absorbance value at 750 nm from all other wavelengths (Bricaud et al. 1 983) .  The 

corrected absorbance spectra were saved for further analysis. Normalisation to 1 

AU at the a band of chlorophyll a (680 nm) was performed using the Spectral 

normalisation program (Chapter 2), where comparison was made between spectra. 

The spectral differences between samples were calculated from normalised 

spectra. The absorbance at each wavelength (400 - 750 nm) of one spectmm was 

subtracted from the corresponding absorbance of a second spectmm. The resulting 

difference spectrnm was saved automatically in text file format. Differentiation to 

the fourth order was performed on saved in-vivo absorbance spectra using the 

specifically developed Spectral derivatives program (Chapter 2). The fourth 

derivat ive spectra were automatical ly saved in text file fonnat . 

88 



3.2. 5 Pigment analysis 

Selected species 

Five species with different morphological characteristics were selected from the 

original eight species studied in this chapter: Microcystis aeruginosa (unicellular) , 

Anabaena variabilis (filamentous), Aphanizomenon flos-aquae (filamentous) , 

Chlorella vulgaris (unicellular) and Scenedesmus acuminatus (mulitcellular) . 

Extraction and measurement of chlorophyll a 

For each species studied a series of dilutions, using optically pure water, were 

made from the stock culture . Either 25 (Cyanobacteria) or 20 (Chlorophyceae) 

samples covering a range of chlorophyll a concentrations (0 - 1 000 µg r 1) were 

made each with a sample volume of 200 ml . 

The extraction of algal pigments was carried out based on the standard method 

(Arar 1 997), which forms a suitable method for the determination of chlorophyll a 

in freshwater algae . The method was modified to increase the sensitivity by 

adjusting the sample and extract volumes. The modified method i s  shown in 

Appendix D. 

Chemicals and Reagents 

An Aqueous acetone solution (90 %) was prepared by adding 1 00 ml of optically 

pure HiPer Solv for HPLC water (BDH Laboratory supplies, UK) to 900 ml of 

spectophotometric grade Acetone (Aldrich, UK) .  

Method procedure 

In-vivo absorbance spectra were recorded for each of the samples before the 

extraction . Each of the 200 ml samples were filtered through a 47 mm GF/C filter 

(Whatmans, UK), under gentle pressure using a vacuum pump. The filter paper 

was then removed and transferred to a grinding tube. A small quantity of fine acid 

free sand and 5 ml of aqueous acetone solution was added, and the paper ground 

to a pulp . The contents were then carefully removed to a centrifuge tube wrapped 
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in foil, and the grinding tube washed out in to the centrifuge tube using 5 ml of 

aqueous acetone solution. The centrifuge tube was then sealed and well shaken 

and left in the dark at 4 °C for 24 hours to steep . The procedure was repeated for 

all the dilution samples. A control sample was also prepared using HPLC grade 

water. 

After 24 hours, the extracts were clarified by filtered through a clean GF/C filter 

paper. The extract was then made up to 25 ml by washing the filter with aqueous 

acetone solution to recover any pigment adsorbed by the filter. The absorbance of 

the extract was then recorded by the instmment with the 10 mm dip probe, with 

aqueous acetone solution as a reference. Samples were found to have minimal 

pheopigments and therefore no correction was made for these degradation 

products .  The whole procedure was performed under subdued lighting to 

minimise the effects of sample degradation . 

Calculation of concentrations 

Chlorophyll a concentrations were computed using Jeffrey and Humphrey' s  

trichromatic equations ( 1 975) as  follows : 

CE = ( 1 1 .85 Aa) - ( 1 .54 Ab) - (0.08 Ac) 

Where: 

CE = Concentration (mg r1
) of chlorophyll a in the extraction solution. 

Aa = Absorbance (AU) at 664 nm 

Ab = Absorbance (AU) at 647 nm 

Ac = Absorbance (AU) at 630 nm 

For each of the extract spectra, the absorbance at wavelengths of 664, 647 and 630 

nm were subtracted from the absorbance at 750 nm to correct for any baseline 

variations. 
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The concentration of chlorophyll a obtained from the 25 ml extract solution (CE) 

was corrected for the effect of concentrating the sample from 200 ml to 25  ml, by 

dividing CE by eight (200 / 25 = 8) . The corrected concentration was then divided 

by 1 000 to give the final concentration in µg r 1 chlorophyll a .  

Chlorophyll b was initially also calculated for  the two Chlorophyceae species, but 

was found to be highly variable due to the very low concentrations. It was 

therefore decided not to continue with this as it was felt a more suitable method 

would be required if chlorophyll b analysis was to be included. 

Chlorophyll a regression 

Predictive models were computed using the regression technique. The in-vivo 

absorbance at 680 nm, expressed in mAU, was plotted on the Y axis versus the 

chlorophyll a concentration derived from the extraction method, in µg r 1
, on the 

X axi s .  A linear trendline was fitted to the data. The slope of the trendline and the 

regression coefficient were used to compare calibrations for different species. 

Precision of extraction method for chlorophyll a 

As the in-vivo absorbance method is strictly correlative, the accuracy of this 

method can never exceed the accuracy with which the measurements are 

calibrated. The precision of the method was therefore assessed by performing the 

extraction procedure on separate aliquots of the Microcystis aeruginosa culture, 

each of the same chlorophyll a concentration. Five aliquots were used for each of 

the three concentration levels, relating to low, middle and high regions of the 

chlorophyll a calibration. The final concentrations were compared as the SD and 

% RSD.  

Limit of  detection for chlorophyll a 

The limit of detection (LOD) for the in-vivo determination of chlorophyll a was 

calculated using the linear regression models. Absorbance values of 2 and 5 mAU 

derived as three times the standard deviation of a blank measurement, calculated 
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in Chapter 2, were used as the signal levels. The lower level represents an ideal 

and the higher level a more realistic level for natural waters . 

3 .2 .6  Cell numbers quant(fication 

Dilutions of the stock culture were made in the same way as for the pigments 

extraction . A series of twenty-two dilutions were made for each species covering 

a wide range of cell densities . The in-vivo absorbance spectrum was first recorded 

for each of the dilutions using the developed dip probe spectrophotometer as 

detailed in Section 3 .2 .3 . The number of cells in each sample were then counted 

using a haemocytometer counting chamber with a total volume of 1/400 mm2 and 

a standard light microscope under 400 X magnification. Cell counts were 

performed twice for each sample and the number of cells per millilitre was then 

calculated using the mean and compared to the absorbance at 750 nm (neutral 

density wavelength) . 

Cell number regression 

Regression was performed on the data in the same way as the pigment data. 

Predictive models were computed using the in-viva absorbance at 750 nm, 

expressed in mAU, which was plotted on the Y axis versus the mean number of 

cells on the X axis .  A linear trendline was fitted to the data. The slope of the 

trendline and the regression coefficient were used to compare calibrations for 

different species . 

Limit of detection for cell numbers in-vivo 

The LOO for the in-vivo determination of cell numbers was calculated using the 

l inear regression models. Absorbance values of 2 and 5 mAU were derived as 

three times the SO of a blank measurement, calculated in Chapter 2, were used as 

the signal levels. The lower level represents an ideal and the higher level a more 

realistic level for natural waters . 
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3 .3 Results and discussion 

3 .3 . 1 Raw absorption spectrum 

The raw in-viva absorbance spectrum for the Cyanobacterium Anabaeana 

variabilis is shown as Figure 3 . 1 .  The spectrum covers the complete spectral 

range of the instrument (200 - 850 nm) and is made up of 2048 individual datum 

points .  Figure 3 . 1  shows that the spectrum is located above the baseline of zero 

absorbance at all wavelengths . Within the near infrared (750 - 850 nm), no 

pigments are known to absorb. This indicates that the significant absorbance in 

this region is due to the loss of light away from the detector as a result of particle 

scattering. Absorbance from cellular non-pigment material such as cells walls 

may well also be partly responsible for the absorbance in this region. The fraction 

of incident light scattered away from the detector is known to be constant over the 

400 - 750 nm wavelength range (Bricaud et al. 1 988). Therefore, correction can 

be made for this by subtracting the absorbance at 750 nm from all other 

wavelengths. 

The results clearly show that the main spectral characteristics of Anabaena 

variabilis were measured between 400 - 750 nm. This 350 nm wide region 

contains the absorbance features from the photosynthetic pigments and consists of 

1 03 8  data points forming the continuous spectrum. In general, at wavelengths 

below 400 nm the absorbance dramatically increases to well over the instrument 

range . The very high absorbance within the ultraviolet is due to many factors 

including the nutrients within the growth medium and the cellular component of 

the algae. This region of the spectrum is therefore less significant in identifying 

pigment features. 
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Figure 3 . 1 Raw in-vivo absorbance spect rum  for Anabaena variabilis measured 

using the developed i n st rument .  

3 .3 .2  Jn-vivo absorption spectra 

In the fo llowi ng de cript ion s the numbers i n  the text refer to the numbered 

featu res on the re lated spectra in the figures .  The numbers are not comparable 

between spectra. 

Cyanobacter ia  

F igure 3 . 2A shows the no1mal i sed in-vivo absorbance spectmm for the laboratory 

grown culture o f  Anabaena variabilis . The spectrnm has a cont inuous nature as a 

resul t  of the large number of absorpt ion bands from the many pigments. The 

strong a band of ch lorophyl l a (7) on figure 3 . 2A has an absorbance max imum at 

678 nm.  The Soret band (2) has a maximum at 437  nm and charact rist ica l ly 

show. greater absorbance than the a band . ThL; shou lder located at 4 1 7  nm ( 1 )  is  

also at tr ibutable to ch lorophyl l  a .  Al l  the measu red character ist ics shown i n  th is  

spectra agree with the research by ( lopeffncr and Sathyendranath ( 1 99 1  ) .  
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The carotenoid absorbance can be seen as a broad shoulder on the side of the 

Soret chlorophyll a peak. The centre of this shoulder is located at 492 nm (3) .  

This broad shoulder could be  due to several carotenoids : � carotene, echinenone, 

myxoxanthophyll and zeaxanthin are all found in Cyanobacteria. The low 

absorbance in the carotenoid region is due to the low light intensity and the 

con-csponding low concentration of photoprotective carotenoids . The broad 

phycocyanin absorption peak contains several small features. A slight shoulder 

can be seen at 595 nm ( 4) and two peaks located at the absorption maxima at 62 1 

nm (5) and 632 nm (6) . These are due to C-phycocyanin the most common 

phycocyanin in Cyanobacteria (Kirk 1 994) . 

Figure 3 .28 shows the normalised in-viva absorbance spectrum for the laboratory 

grown culture of Aphanizomenan flas-aquae. The spectrum shows a relatively 

high absorbance within the blue and green region. The chlorophyll a Soret band is 

located at 437 nm (2), a small peak ( 1 ) at the slightly lower wavelength 4 1 1 nm is 

also due to chlorophyll a .  The a band of chlorophyll a i s  located at 676 nm (8) . 

There are three further peaks located within the near infrared. These peaks may be 

due to satellite band from chlorophyll a (Aguirre-Gomez et al. 200 1 ) .  The 

carotenoid absorbance is very broad forming a wide convex feature with only one 

smal l shoulder at 5 1 8 nm (3 ) ,  which was not identified to a specific pigment . The 

phycocyanin absorbance shows several small features on a less pronounced peak 

as a result of the higher absorbance in the green region . Features 6 and 7 relate the 

two absorption maxima from C-Phycocyanin absorbance at 6 1 5  and 629 nm. 

Figure 3 . 3  shows the normalised in-viva absorbance spectrum for the laboratory 

grown culture of Microcystis aeruginosa . The absorbance peaks due to 

chlorophyll a are located at 42 1 nm ( 1 ) , the Soret band at 440 nm (2) and the a 

band (9) at 680 nm. The absorbance due to the carotenoids forms a wide shoulder 

on the side of the chlorophyll a Soret band. Features 3 and 4 at 4 7 1  and 49 1 nm 

respectively are attributable to carotenoid absorbance, probably due to zeaxanthin 

(Grzymski et al. 1 997) . The Phycocyanin peak with a maximum at 628 nm (7) is 

rc lati vcly low compared to the a band of chlorophyll a. Small features can be 
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seen within the phycocyanin absorbance region at 584 nm (5) and 6 1 8  nm (6) 

attributable to C-phycocyanin . The small feature at 638 nm (8) may be due to a 

further phycobiliprotein allophycocyanin that absorbs at slightly longer 

wavelengths. The lack of any peak at 570 nm in all of the tested cyanobacteria 

indicates very low concentrations or an absence of phycoerythrin. 
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Figure 3 . 2 In-viva absorbance spectra for Cyanobacteria A) Anabaena variabilis, 

B) Aphanizomenon flos-aquae. 
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Figure 3 . 3 In-viva absorbance spectra for Cyanobacteria Microcystis aeruginosa. 

Chlorophyceae 

Figure 3 .4A shows the normalised in-viva absorbance spectrum for the laboratory 

grown culture of Scenedesmus acuminatus . The spectrum is typical of a 

chlorophyll a and b containing algae, showing a window of little absorbance 

within the green region of the spectrum. The absorption features due to 

chlorophyll a are located at 4 1 8  nm ( 1 )  and 434 nm (2) for the Soret band and 678 

nm (8) for the a band (Hoepffner and Sathyendranath 1 99 1 ) . Smaller peaks with 

lower absorbance are located at 59 1  nm and 6 1 8  nm, peaks 5 and peak 6 

respectively. These are due to satellite bands of chlorophyll a (Smith and Albert 

1 994) and can only be seen due to the lack of other accessory pigmentation in this 

region of the spectrum. Peak 4 at 565 nm was not identified. The a band of 

chlorophyll b is observed at 655 nm (7) as a shoulder on the a band of chlorophyll 

a .  The Soret band of chlorophyll b along with the carotenoids luetin and � 

carotene (Grymski et al. 1997) form a shoulder on the side of the chlorophyll a 

Soret band (3) .  The shoulder has a central wavelength value of 4 74 nm. 
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Figure 3 .4B shows the normalised in-viva absorbance spectrum for the laboratory 

grown culture of Chiarella vulgaris . The absorbance spectrum indicates the 

presence of chlorophyll a as absorption bands at 440 nm ( 1 ) .  The a band for 

chlorophyll a is located at 683 nm (7) . This was the longest wavelength maximum 

observed for the a band of chlorophyll a. Peaks at 577, 5 88 and 620 nm 

corresponding to peaks 3 ,  4 and 5 respectively are also probably due to 

chlorophyll a as satell ite bands (Hoepffner and Sathyendranath 1 99 1 ) .  The broad 

shoulder within the carotenoid absorbance region (2) is probably attributable to 

the Soret band of chlorophyll b, luetin and � carotene, the major carotene in green 

algae (Smith and Albert 1 994) . The a band of chlorophyll b is clearly shown as 

the characteristic shoulder at 655 nm (6) . The two small peaks 8 and 9 located at 

722 and 74 1 nm are unl ikely to be due to visible pigments due to their high 

wavelengths . 

Figure 3 . 5A shows the normalised in-viva absorbance spectrum for the laboratory 

grown culture of Staurastrum chaetoceras. The absorption spectrum shows a 

large number of spectral features with 1 2  visible . Peaks 1 ,  2 and 1 0  are located at 

420, 436 and 676 nm respectively and are attributable to the Chlorophyll a 

absorpt ion bands. The shoulder at 65 1 nm (9) is due to the a band of chlorophyll 

b. The Soret band is located as part of the shoulder at 466 nm (3) along with the 

carotcnoids. This shows good agreement with Grzymski et al. 1 997 who 

suggested a wavelength maximum for lutein between 460 - 470 run. Within the 

green region of the spectrum the absorbance is low but shows five small features 

located at 533  nm (4), 546 nm (5), 5 73 nm (6), 588 nm (7) and 620 nm (8). These 

are undoubtedly due to the chlorophyll a and b satellite bands. Absorption peaks 

at 707 nm ( 1 1 )  and 744 nm ( 12) were unidentified but may be the result of 

di fferent interactions between chlorophyll a molecules and other compounds such 

as water or phaeophytins (Hoepffner and Sathyendranath 1 99 1 ) .  

Figure 3 . 58  shows the normalised in -viva absorbance spectrum for the laboratory 

grown culture of Spirogyra mirabilis. The absorbance spectrum shows the main 

foatures for ch lorophyll a at 4 1 2  nm ( 1 )  and 434 nm (2) and 677 nm (Peak 8) 
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representing the small shoulder and peak of the Soret band and the a band 

respectively. The a band of chlorophyll b form a small peak (7) located at 647 

nm, this is the lowest wavelength observed for the a band of chlorophyll a .  

Within the 540  to  640 nm there are a number of  small peaks located at 544 nm 

(4), 5 86 nm (5) and 606 nm (6), theses small features are probably due to either 
chlorophyll a or b. The small peak at 742 nm (9) is probably not due to a pigment 
as it is at too high a wavelength. 
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Bacillariophyceae 

Figure 3 .6 shows the in-vivo absorbance spectrum for the laboratory grown 

culture of Asterionella formosa . The absorbance spectrum shows high absorbance 

in the blue region of the spectrum. This is due partly to the high intensity of the 

Soret band of chlorophyll c and the presence of the carotenoid fucoxanthin. This 

results in the yellow brown colour masking the green of chlorophyll a .  The 

chlorophyll a Soret band 437 nm (2) is however still clear with a small shoulder at 

4 1 7  nm ( 1  ) .  The region between the chlorophyll a Soret peak and 550  nm is 

characterised by a relatively featureless sloping spectrum with only slight 

deviations located at 454 nm and 487 nm (3 and 4). These features indicated the 

presence of both chlorophyll c and carotenoids of which fucoxanthin is the major 

one in Bacillariophyceae (Grzymski et al. 1 997) . Within the 550 to 650 nm region 

there are three peaks. Peaks 6 and 7 are located at 6 1 6  nm and 635 nm and 

represent the two a bands of chlorophyll c. Chlorophyll c differs from 

chlorophyll ' s  a and b in that it has two a bands (Rowan 1 989). Peak 5 at 587  nm 

may also be due to chlorophyll c (Johnsen et al. 1 994) but may also be influenced 

by chlorophyll a (Hoepffner and Sathyendranath 1 99 1 ) . The a band of 

chlorophyll a is located at 675 nm. 

1 I 

I 
Q) 2 . 5 

.0 2 
0 

.0 
1 . 5  

Q) 
-� 

1 
E 
0 

0. 5 

0 
i 
r .  

400 

3 

I 

I 

450 500 

5 

I 6 7 

I I 

· r  -·-· · ·~-· --·-·~�-- . ___ ., I -

550 600 650 

Wavelength (nm) 

8 

I 

---· 

700 

Figure 3 .6 Jn-vivo absorbance spectrum for Asterionellaformosa. 

1 0 1  

--------7 

750 



3 .3. 3  Comparison of in-viva spectra between classes 

Figure 3 . 7  A and B show the overlaid normalised in-vivo absorbance ·pectra for 

Anaba na variabilis and Scenedesrnus acwninatus and the computed d i fference 

spectrum (Anabaena absorbance - Scenedesmus absorbance) . The difference 

sp ctrum shows the major di fferences between the two classes. A posit ive 

di fference i s  observed between 525 - 680 nm due to the large broad phycocyan in  

peak i n  the  cyanobacte ria wh ich  masks the much smal ler ch lorophyl l  a bands 

observed in the Chlorophyceae spec trum .  The Soret band peak also hows l i t tle 

difference i n  ampl i tude between the two spec ies. The h igher absorbance in t he 

Chlorophyceae spectrum due to the Soret band of chlorophyl l  b at around 480 nm 

can be seen as a negat i ve di l'fcrence i n  the 450 - 500 nm region .  
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2 -- Scenedesmus acuminatus 
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Figure 3 . 7  A) Overla i d  in -viva absorbancc 'pect ra for Anabaena variab ilis and 

Scenedesmus acuminatus and 8) d iffer nee spectrum.  

1 02 



Figure " . 8  A and B hows the o rla id in-viva spectra for Anabaena variabilis and 

Asterionella formosa and the computed d ifference spectrum (Anabaena 

ab orban c - Asterionella ab orbance) . The much greater ampl i tude in the 400 -

550 nm spectral region of the Asterionellaformosa spectrum due to ch i  rophyll c 

and fucoxanth i n  i s  c learly shown in the difference spectrum as the wide negat ive 

region . The ampl itude of the chlorophyl I a Soret peak i s  a l so much greater due to 

the influence of the intense ch loro hyl l c Soret band. The difference spectrum 

cl arly hows the contra t i n  the i ntensity between the phycocyanin and 

chlorophyll c absorbance with i n  the 600 - 650 nm region. 
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Figure 3.8 A) Overla id i n-v i vo absorban e spectra fi r Anabaena variabils and 

Asterionellaformosa and B) d iffer n e :p ctrurn. 
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Figure 3 .  9 A and B shows the overlaid in- viva spectra for Scenedesmus 

acuminatus and Asterione!La formosa and the computed d ifference spectrum 

(Scenedesmus absorbance - Asterionella absorbance) . Agai n, the h igh absorbance 

in the 400 550 nm region results in the major d ifference between the spectra. 

The presence of ch lorophyll b in the Chlorophyceae and not the Baci llariophyceae 

produces a posi t ive d ifference centred on 655 nm .  The ch lorophyl l  c absorbance 

in the diatoms produces only a sma l l  d i fference within the 600 - 650 nm range 

due to the low ampl i tude of the two a bands within th i s  region .  
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There was noticeable variability in the peak wavelength locations between the 

species  studied. For the Soret band of chlorophyll a the peak varied between 434 

nm (Scenedesmus accuminatus and Staurastrum chaetoceros) to 440 nm 

(Microcystis aeruginosa and Chlorella vulgaris) . Asterionella formosa gave a 

peak at 437 nm.  The a band of chlorophyll a in the red end of the spectrum also 

showed variabi l ity with the wavelength ranging from 675 nm for Asterionella 

formosa) to 683 nm for Chlorella vulgaris. This variation in peak wavelength 

could not be assigned to the different classes and most probably reflect the slight 

physiological differences between the species studied. 

Variations in peak wavelengths are encountered in the literature both between 

authors and between species . Differences in the absorbance maxima for the 

accessory pigments reflect the different carotenoids and phycobiliproteins present 

i n  the di fferent species. The wavelength accuracy and high resolution of the 

i nstmment used in thi s study means that the data presented is highly accurate for 

the spec ies studied under the specific environmental conditions. 

The results have shown that the spectral characteristics and differences between 

c lasses can be simply identified using the developed instrument. The high 

resolut ion of the CCD detector provides highly detai led absorption spectra, with 

smal l  features that are not observed with lower resolution instruments . The small 

variations observed between algal species of the same classes require a more 

powerful analysi s  technique, such as fourth derivative analysis but for identifying 

major d ifferences between classes the difference spectra proved very useful . 

3. 3. 4 Fourth derivative analysis 

Figure 3 . 1 0A shows the fourth derivative spectra for the Cyanobacterium 

Anabaena variabilis computed from the in-vivo absorbance spectrum Figure 3 .2 

A. The derivative spectrum contains fourteen peaks within the 400 - 750 nm 

region . As with the description of the absorption spectra the numbers in the text 
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refer to the numbers on the figures. The peaks range in amplitude, with the 

chlorophyll a Soret and a: bands located at 440 nm (2) and 683 nm ( 1 2) 

respectively being of the greatest height . The peak at 4 14  nm ( 1 )  confirms the 

presence of a true absorption feature due to chlorophyll a within the in-vivo 

absorption spectrum. Between the two chlorophyll a bands at either end of the 

spectrum the height of the other individual peaks is much reduced. Some of the 

peaks are identifiable to pigment groups, the peak at 4 70 (3) is attributable to 

carotenoid absorbance and the peak at 497 nm ( 4) can be confirmed to be due to p 

carotene (Smith and Albert 1 994) . Satellite band of chlorophyll a may be the 

reason for peaks 7 and 8. Peaks 9 and 1 0  at 6 1 8  nm and 636 nm shows the 
separation of the phycocyanin peak indicating the presence of C-phycocyanin. 

Figure 3 . 1  OB shows the fourth derivative spectra for the Chlorophyceae Chlorella 

vulgaris computed from the in-vivo absorbance spectrum Figure 3 .4B .  The fourth 
derivative spectrum shows a lot of structure with seventeen peaks. The 
chlorophyll a peaks are located at 4 1 4  nm ( 1 ) , 44 1 nm (2) and 686 nm ( 14) ; these 

show good agreement with values published by Butler and Hopkirk ( 1 970b) . Peak 
3 at 472 nm and peak 1 2  at 650 nm correspond to chlorophyll b (Smith and Albert 

1 994) . Peak 4 at 496 nm can be linked to p carotene (Smith and Albert 1 994) . 

Peak 6 at 546 nm may be attributable to either or both chlorophyll b and 

neoxanthin (Smith and Albert 1994) . Peaks 5 - 9 are located within the green 

window where the absorbance is characteristically low in the Chlorophyceae. 

These peaks are therefore difficult to identify to specific pigments, as the noise 

component of the signal within this region is often very high. 
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Figure 3 .  l OC shows the fourth derivative spectra for the Bacillariophyceae 

Asterionella formosa computed from the in-vivo absorbance spectrum Figure 3 .6 .  

The absorbance spectrum for this species shows less pronounced characteristics in 

the carotenoid and Soret region of the spectrum. This is reflected in the fourth 

derivative with no significant amplitude to the chlorophyll a Soret band (2) 

l ocated at 438 nm. Other chlorophyll a peaks are located at 4 1 3  nm ( 1 )  and 674 

nm ( 1 3 ) .  The chlorophyll c peaks at 460 nm (3) and 472 nm (4) show agreement 

with Bidigare et al. ( 1 989) as does the peak at 637 ( 1 2) which also coJTesponds to 

chlorophyll c. Peak 1 1  at 6 1 7  may also be due to chlorophyll c (Smith and Albert 

1 994) . 

3. 3 .5  Chlorophyll a calibration 

The results for the calibration of chlorophyll a are shown in Table 3 .2 .  The results 

demonstrate a strong linear correlation between in-vivo chlorophyll a absorbance 

at 680 nm and the chlorophyll a concentration determined from the extraction 

method. The regression coeffic ients expressed as the r2 value varied between 

0 .993 - 0 .96 1 for Anabaena variabilis, Microcystis aeruginosa (Figure 3 . 1 1 ), 

Chlorella vulgaris and Scenedesmus acuminatus . The filamentous 

Cyanobacterium Aphanizomenon flos-aquae gave a value of r
2 = 0 . 8 .  This 

indicates that for these species in-viva light absorption by chlorophyl l a at 680 nm 

obeys the Beer Lambert Law within the concentration range studied. 

Variation in the slope of the regression was observed between the individual 

speci es, see Table 3 .2 .  The two Chlorophyceae species showed the highest slope 

of over 0 .3 . The slope of Microcystis aeruginosa and Aphanizomenon jlos-aquae 

calibrations were slightly lower. The slope of the Anabaena variabilis calibration 

was the lowest at 0 . 1 8 1 2. These discrepancies may originate from the package 

effect. Small cell s in general show a weak package effect compared to large cells 

or filaments (Bricaud et al. 1 988). The small Microcystis aeruginosa cells (3 - 4 

µm diameter) would therefore display a weaker package effect compared to the 
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larger filaments of Anabaena variabilis . Therefore, the larger cyanobacteria show 
a s l ightly lower absorbance per unit of chlorophyll a and the slope of the 

calibration is lower. The linear nature of the calibration however suggests that 

any package effect also shows a l inear increase over the concentration range 
studied. 

Furthermore, the straight l ine regression between in-vivo absorbance and chemical 

measurements indicated that fluorescence of algal and Cyanobacterial pigments 

does not interfere with the measurements in the range studied (0 - 1 000 µg r 1
) ,  

s i nce there was no deviat ion from the l inear correlat ion at h igh concentrations. 

Th is  agrees with the work of Faust and Norris ( 1 985) who also showed no 
deviation at the high end of a chlorophyll a calibration . 

Table 3 . 2  Regression parameters for Chlorophyll a calibration. 

Species Range Slope Intercept ? Number of 

(µg l " l ) data points 

Microcystis 0 - 750 0 .264 1 - 1 .9584 0 .9934 25 

Anabaena 0 - 1 000 0 . 1 8 1 2  + 2 . 6574 0 .9660 25 

Aphanizomenon 0 - 650 0 .275 1 - 7 . 7226 0 . 8000 25 

Chlorella 0 - 500 0 .3 1 50 + 0 .2983 0 .9892 20 

Scenedesmus 0 - 350  0 .3206 + 2 . 1 1 75 0 .96 1 8  20 

1 09 



200 
• 

• 

s- 1 50 • 

y = 0 .264 1 x  - 1 . 9584 
E • 

r2 = 0 .9934 C: • • 

1 00 
• 

.D 
• 

.D 50 
• ♦ 

♦ 

0 

0 200 400 600 800 

· Chlorophyll a calculated by extract ion (µg r ' )  

Figu re 3 . 1 1  !n-vivo absorbance at 680 nm  verses extracted chlorophyl l a 

concentra t ion for the Cyanobacterium Microcystis aeruginosa. Red l ine shows 

be I fit .  

Prec i i o n  o f  ch lorophyl l  a extract ion method 

The results of the precis ion experiment performed on A1icrocystis aeruginosa 

samples are sho n in Tab le  3 . 3 .  The resul ts show that the prec i sion was greatest 

at the lower c ncentrat ions and decreased as the concentrat ion i ncreased . The 

RSD for fi ve repl icates varied from 1 . 38 to 4 .69 %. Th is  compares well with the 

publi ·hed meth d prec i sion of 5 . 62 % RS D (n = 7) (Arar 1 997) . It is thought that 

the incomplete extract ion of p igments from the cel ls of h igh concentrat ion 

sampl s results in the lower prec is ion at h igher concentrat ions. At very low 

concent rat ions near the i n stru ment l im i t  o f  detect ion, the p r  c i s ion wou ld also be 

expected to decrease. 
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Table 3 . 3 Compari son of precision for the chlorophyll a extraction method. 

_, -
"' ---· �"'-' ""'"-----

Sample set Concentration Number of SD RSD 

(µg r 1 ) data points 
----· -----------

Low 1 25 5 1 .85  1 .3 8  

Middle 346 5 1 0 .80 3 . 1 1 

High 468 5 26 .90 4.69 
�---='-''-''"•-"'=·.1:. .. ,_,.�,,_,,_-=--•-,,CJ>\�--�c;:0 .. � 

Estimated l imit of detect ion for in-vivo chlorophyll a 

The standard deviation of the basel ine noise level measured in Chapter 3 was used 

to calculate the LOD.  Three t imes the SO of the noise gives a level of 0 .001 5 AU 

at 500 nm and 0 .0024 AU at 780 nm. A level of 0 . 002 AU was chosen as a low 

level and a 0.005 AU as a s l ightly h igher level that may be more realistic of a 

highly turbid and therefore noi sier natural environment. Due to the differences in 

the intercepts between the five spec ies studied (Table  3 . 1 )  the estimated LOD 

corresponding to the two absorbance levels vari ed between the species. An 

average for all species was therefore calculated. For the lower level corresponding 

to 2 mAU an estimated l imit of detection of 8 µg r 1 chlorophyll a was achieved. 

At the s li ghtly higher level corresponding to 5 mAU an estimated detection of 20 

µg r 1 chlorophyl l a was achieved. 

The wide dynamic range makes the instmment very versatile, allowing the 

potential to monitor very h igh concentration algal blooms or laboratory grown 

cultures without the need for dilution. Furthermore, these results con firm the 

sensitivity and suitabi lity of the developed instrument for the proposed monitoring 

application . 

3 .3 .6  Cell numbers calibration 

The results of the regression of cell numbers versus absorbance at 750 nm are 

shown in Table  3 .4. All three species examined show a strong linear correlation 
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between in-vivo absorbancc a t  75 0 nm and the number of cells per m i ll i l i tre. The 

highest correlation of determ i nation of r2
==- 0 .9866 was obtai ned for Microcystis 

aeruginosa . The variabi l ity i n  the s lope of the cal ibrat ion · reflects the variety of 

cel l s ize, shape and internal s tructure between the three spec ies result ing in th1..: 

residua l  absorption in the near infrared varying between species .  l'vlicrocystis 

aeruginosa being the srna l ]e~t cell s ize of the spec ies stt1died showed the smal lest 

slope of 6-8 and the great s t  number of cel ls with in the absorbance range. 

Table 3 .4 Cal i brat ion parameters for cell number cal ibrati on . 

p c1es Range S lope In tercept r- umber of 

data points 

Microcystis 0-7 .0 '6 
6-8 -0 .0006 0 .9866 23 

Chlorella 0-2 .5+6 
r

7 +0.0699 0 .9770 23 

Scenedesmus 0-6 .5+6 3 -7 +0 .03 33 0 .9896 23 
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Figure 3 .  1 2  /11 -vivo absorbancc at 750 nm versu cel l s  per ml f r cenedesmus 

accuminatus. Red l i ne i ndicates b t fi t. 
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Limit of detection of cell numbers 

An est imated limit of detection was calculated using the Micracystis calibration . 

At the 2 mAU level the estimated l imit of detection was 4 .3  x 1 04 cell per 

mil l i l i tre, at the higher level of 5 mAU the level increases to 9 .3  x 1 04 cel ls .  The 

estimated limit of detection shows the cell sensitivity to be inline with the 

chlorophyll a sensitivity. These levels are specific to the Micracystis aeruginasa 

spec ies and represent the potenti al sensitivity for this species . Spec ies with a 

larger cel l  size would be  detectable at a lower number of cells. 

3 .4 Summary 

The results presented in this  chapter demonstrate that the in-viva absorbance 

spectra acqui red using the developed instrument agree with both the accessory 

pigmentation of the three algal classes and the wavelength peak maximum 

publ i shed by previous workers in  thi s  field. Therefore, the instrument is suited to 

the appl icat ion of using absorption features for monitoring of algal blooms . 

The major differences in p igment composit i on between the algal classes is clearly 

seen i n  the variation in the in-viva absorbance spectra. The difference spectra 

i l lustrate the major di fferences in accessory pigmentat ion and the regions of the 

spectrum where more detailed observation should be focused. The information on 

the di fferences in pigmentation and the resulting absorption features will be of 

great value i n  the c lassification of unknown samples to the correct class or genus. 

It i s  al so c lear from the differences between the absorbance spectra of species 

with in the same class, which therefore contain very similar p igmentation, that it is 

not only the p igment composition, which is affecting the shape of the absorbance 

spectrum. 

The results presented here demonstrate that with careful calculation, fourth 

derivative spectroscopy can be used on suspensions of algal cells . The high 

resolution of  the instrument provides detai l previously not observed with lower 
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reso lut ion instruments, allowing for the accurate detennination of peaks not 

c l early vi sible in the in-vivo absorbance spectrum because they form secondary 

peaks or shoulders . 

I t  appears from the results obtained here that the spectral variation provided by the 

accessory pigments may allow discrimination between the three algal classes. 

l .arge absorpt ion features suitable for classification are provided by phycocyanin, 

ch lorophyl l  h and c. Many smal l features are located with in the green window and 

may be dramat ical ly a ffected by the noise leve l .  The use of these minor features 

may therefore represent a chal lenge for any classification methodology. 

Th is  chapter also demonstrates that the concentration of chlorophyll a and the 

number o f  cells per unit volume of a sample can be determined from in-vivo 

absorpt ion spectra gained from the developed instrument. The calibration plots 

di ffer sl ight ly in their regression parameters between the species. Therefore the 

indiv idual calibrations are speci fic to single spec ies. The reasons for the 

d i  ffercnccs may be attributable to variations in cell size, fonn and internal 

structure, which combine to result in differences in the packaging effect . 

The chlorophyl l a cal ibrat ions show the effective range of the instrument . It is 

c lear that the l i near dynamic range of the developed instrument of up to 1 000 µg 

l 1 with an est imated l imit  of  detection of 8 µg r 1 chlorophyll a makes the 

instrument ideally suited to monitoring in eutrophic waters . The cell numbers 

cal ibrat i ons demonstrate the use of the neutral wavelength absorbance at 7 50  nm 

in determin ing the algal biomass .  The wide l inear dynamic range of the developed 

instrument demonstrates that an extensive range of cell numbers can be 

quanti fied. 
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CHAPTER 4 

THE INFLUENCE OF LIGHT INTENSITY AND NUTRIENTS 

AVAILABlLITY ON IN- VNO ABSORBANCE 

4.1 I ntroduction 

Light intensity and nutrient avai lability are two environmental variables that have 

a major influence on the dynamics and structure of the phytoplankton community 
in aquatic environment . Moreover, the bio-optical properties of algae and 
cyanobacteria are known to change under physiological acclimation and 

adaptat ion (Ki rk 1 994) . Modifications in the bio-optical properties of  

phytoplankton are of  fundamental importance to monitoring methods based on 

these properties. 

Whi le no single environmental factor regulates the growth of bloom forming 

cyanobacteria, l ight is the most critical (Mi llie et al. 1 990). The physiological 

responses to i rradiance levels and quality with respect to photosynthesis and 
optical properties have been extensively studied. The major adaptive responses 

and photoadaptat ion rates are wel l documented for marine and freshwater species 
(Kel lar and Paerl 1 980; Paerl et al. 1 983 ;  1 984; 1 985; Lewis et al. 1 984 ; Milli e  et 

al. 1 985a ;  Falkowski and LaRoche 1 99 1 ;  Prezelin et al. 1 99 1 ;  Kirk 1 994, Johnsen 

et al. 1 994; Schanz and Burri 1 995 and Schulter et al. 2000; Lutz et al. 200 1 ) .  

An  alteration i n  the ratios of the di fferent pigments is a common physiological 

response to changing irradiance. Previous work by SooHoo et al. ( 1 986) showed 

that the effects of photoadaptation to the absorbance characteristics were greater 

than that observed between the pigment signatures of specific species. Moreover, 

i f  thi s  i s  true, such adaptation could dramatically affect a classification 

1 1 5 



methodology based on pigment signatures. Therefore, it is important to record the 

adaptive responses using the developed instrument as the spectral changes may 
influence characteristic pigment features .  The detem1ination of spectral adaptation 

due to irradiance is certainly required before classification methodologies can be 
reliab ly applied to natural environments. 

In addition to the l ight induced changes, variations can occur which are due to 

nutrient deficiency. Nitrogen limitation was shown to have a significant effect on 

the optical properties of the marine chlorophyta Dunaliella tertiolecta (Sosik and 

Mitchell 1 99 1 )  and both the in-vivo absorption and fluorescence spectra of the 
freshwater cyanobacteria Microcystis aeruginosa (Lynch 1 999) . Using HPLC 

pigment analysi s  Schluter et al. (2000) showed that the ratio of chlorophyll a to 
accessory pigments was significantly influenced by nutrients in a wide range of 

estuarine and coastal phytoplankton species. 

As the in-vivo absorbance spectrum reflects the response to changing 
environmental and endogenous variables (Millie 1 995b ), the potential exists to 

use the alterations to the in-vivo absorbance spectrum to characterise the 
physiological status of a sample or population. Consequently, this presents the 

possibility of being able to differentiate between nutrient stressed populations, 

which have reached a maximum biomass, from healthy non limited populations 

with the potential to further increase in biomass. The developed instrument 

provides the opportunity to identify these changes due to the high resolution full 

spectrum. 

The aims of this  chapter are to use the developed instrument to detem1ine the 

variability in the in-vivo absorbance spectra of several selected freshwater algal 

and cyanobacterial species due to adaptation in response to irradiance and nutrient 
availability. Where specific pigments can be identified as responsible for the 

spectral change, the significance of such transformation will be discussed with 

reference to the taxonomic classification. Such variability must be identified, as 
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any class ification methodology used must include such variations to be valid and 

accurate in the classification of algal spectra. 

4.2 Materials and methods 

4. 2. 1 Culture and growth condition 

Species 

Four algal spec ies Microcystis aeruginosa, Anabaena variabilis, Chiarella 

vulgaris and Scenedesmus acuminatus were selected from those studied in 

previous experiments (Chapter 3) .  These species include unicellular, multicel lular 

and fi lamentous cell fo!Tils . Anabaena variabilis was chosen as a nitrogen fixing 

cyanobacteri um. 

Culture condit ions 

The four selected species were grown as 1 50 ml monocultures in 250 ml flasks at 

25 °C . A standard Jaworski ' s  Medium was used for the l ight adaptation cultures; 

for the nutrient adaptation cultures a modified Jaworski ' s  Medium was used (see 

nutrient levels Secti on 4.2. 1 ) .  Il lumination was provided by three 30 W Gro-Lux 

fluorescent tube l ights giving 20 µEinstiens m-2 s· 1 PAR for the nutrient adaptation 

cultures . For the l ight adaptation cultures three levels of irradiance were used (see 

incident i rradiance) . A 1 2 : 1 2  hour light dark cycle was maintained for all nutrient 

and l ight cultures .  

Incident irradiance 

Three levels of PAR were chosen to simulate probable levels of i rradiation in a 

natural environment. These levels were obtained by using two different l ight 

sources. The low light (LL) and medium l ight (ML) cultures were illuminated by 

GRO-LUX 30 W fluorescent tubes in a Brunswick Scientific incubator to an 

i 1Tadiance of 1 0  and 5 0  µEinstiens 111·2 s· 1 PAR respectively. The high l ight (HL) 

cultu res were i l luminated by an Elite Optics OHP proj ector model 9 1 4  with a 
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halogen lamp to an i rradiance o f  500 µEinst iens m-
2 

s-
1 

PAR. This type of lamp 

provides a h igh energy output and has a wel l  balanced spectrum c lose to natural 

sunl ight. Figure 4. 1 shows the spect ral output of the two l ight sources. Al l  

i rradiance measurements were made with a Li-Cor Li- 1 70 Quantum meter wi th  an 

underwater quantum sensor. 

5 

4 

.£ 3 -
(f) 
C 

Q) 

2 -

0 

400 450 500 550 600 650 700 750 

Wa.elength (nm) 

Figure 4 . 1 Spectral output from the two l ight sources. Fluorescent tubes (red) and 

halogen lamp (blue). Spectral intensity re-scaled for comparison . 

Nutrient levels 

Al l  spec ies were grown in  a Jaworsk i 's  Medium. The sources of  ni trogen (N) and 

phosphoms (P) were Ca(NO3)2 .4H20, NaNO3, KH2PO4 and Na2HPO4. J 2 H2O. 

Four d ifferent nutrient conditions were used as follows : 

I )  Optimal N and P level 

2) N l im i ted 

3) No N added 

4) P l im i ted 
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The Redfield atomic ratio of 1 6 : 1 for N :P was used as a standard non-limiting 

condition (optimal level) to provide adequate nutrients for healthy cell growth 

(Reynolds 1 984). Ratios for N and P limiting conditions were based on the work 

of Redfield et a l. ( 1 963) .  The nitrogen limiting culture with no source of nitrogen 

was used to allow Anabaena variabilis to fix gaseous nitrogen. Concentrations of 

nitrogen and phosphorus were kept high compared to levels that might be 

expected in natural waters to allow a reasonable biomass to be obtained before 

nutrient limitation was observed. Table 4. 1 shows the nutrient condition, 

corresponding levels of nitrogen and phosphorus and the N : P ratio . 

Table 4 . 1 Nitrogen and Phosphorus concentrations used to give different nutrient 

conditions. 

Nutrient status 

Optimal N and P level 

N limiting 

No N 

P limiting 

Nitrogen 

(µg r
l) 

8000 

2500 

0 

8000 

4.2.2 Measurement and data analysis 

!n-vivo absorbance 

Phosphorus 

(µg r
l) 

500 

500 

500 

320 

Ratio 

N :P  

1 6 : 1  

5 :  1 

25 : 1  

Absorbance spectra were recorded eve ry day from the early exponential growth 

phase until all cultures had reached a maximum density. From each culture, 5 ml 

of samples was taken, using sterile techniques, for analysis .  The standard 

operating procedure (Appendix C) was followed for the use of the instrument . 

Samples were analysed using the same settings as explained in Chapter 3 .  Where 

sample absorbance was above the dynamic range of the instrument the sample 

was quantitatively diluted using optically pure water to an absorbance within the 

range of the instrument and the result corrected by the appropriate dilution factor. 
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Spectral processing and data analysis 

All spectra were corrected to minimise scattering effects. The corrected spectra 

were saved for further analysis . Correction was made for any sample dilution by 

multiplying the original spectrum by the correction factor using specifically 

written software . 

Normalisation to 1 . 0 AU at the a band of chlorophyll a was performed using the 

spectral normalisation software (Chapter 2) to allow comparisons to be made 

between spectra. For each species the mean absorbance spectra for each specific 

nutrient condition was calculated as the mean of all the individual spectra 

recorded over the monitoring period. The mean spectra were used to show the 

spectral trends . 

Ratios of the absorbance at key wavelengths were calculated from the normalised 

absorbance spectra . Four key features where chosen : Chlorophyll a a band (680 

nm), Chlorophyll a Soret band (440 nm), Phycocyanin (630 nm) and Carotenoids 

(480 nm) . Ratios of normalised absorbance were calculated between: 

1 )  Phycocyanin : Chlorophyll a a band 

2) Carotenoids : Chlorophyll a a band 

3 )  Chlorophyll a Soret band : Chlorophyll a a band 

4) Phycocyanin : Carotenoids 

Two independent runs of all the experimental conditions were made in order to 

confirm the results gained. 

4.3 Results and discussions 

The results presented in this chapter are taken from the first of the two runs of the 

experimental conditions. Both data sets showed the same trends, however slight 
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variations in growth rates and the maximum biomass were observed between runs 

and therefore no direct comparison was made between the two data sets. 

4. 3. 1 Incident irradiance 

Distinct differences in the in-viva absorption spectrum were observed in all four 

species between the three l ight conditions. Variations to the spectral shape were 

identified to be a result of adaptation to the relative pigment composition of the 

algal species, in response to the light environment. The normalised mean 
absorbance spectra for the four studied species, grown under the three irradiance 
conditions are shown in Figures 4.2A, 4 .2B, 4.3A and 4 .3B.  The different light 
conditions are represented by the different coloured spectra on each plot . 

The normalised absorbance spectra for the cyanobacterium Anabaena variabilis 
grown under the three irradiance conditions are presented in Figure 4.2A. A clear 

increase in the absorbance with increasing irradiance was observed in the region 
of  low PAR ( 400 - 550  nm) . This can be attributed to the increase in 

photoprotective carotenoids. The large increase in photoprotective carotenoids is 
an adaptive response to the high light levels to prevent photooxidation, which is of 

particular relevance to surface dwelling cyanobacteria (Paerl 1 984) . Paerl et al. 
( 1 993) noted that between 85 - 90 % of the in-vivo absorbance at low visible 
wavelengths could be accounted for by carotenoid pigments, this supports the 

large increase in absorbance observed at low wavelengths in the Anabaena 

variabilis spectra. 

Prolonged periods of high light intensities of 320 µEinstiens m -2 s- 1 PAR have 

been proven to produce significant yellowing of algal and cyanobacterial cultures 

due to increased carotenoids. Photoprotective carotenoids also generally show a 

high absorption at slightly lower wavelengths than the photosynthetic carotenoids 

(Bidigare et al. 1 990) .  Thi s  suggests that the high absorbance between 400 - 450 

nm under the 500 µEinstiens m-2 s- 1 PAR high light level is the result of the 
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increased absorbance due to photoprotective carotenoids, which overlap the 

chlorophyll a peak. 

Figure 4 .2A clearly shows that for Anabaena variabilis the absorption in the 600 -

650 nm region increased as the light intensity decreased. This change can be 

attributed to the blue accessory pigment phycocyanin, which in cyanobacteria 

dominates the absorbance in this region. Phycocyanin has a well  documented role 

in increasing the photosynthetic efficiency of cyanobacteria under low light 

conditions, providing a competitive advantage over species without this pigment 

(Chorous and Bartram 1 999) . The results presented here for Anabaena variabilis 

agree closely with data presented by Millie et al. ( 1 990) on the bloom fanning 

cyanobacteria Oscil!atoria Agardhii. 

Unlike the trend observed for Anabaena variabilis, Microcystis aeruginosa Figure 

4 .2B showed very little variation in phycocyanin absorbance (600 - 650 nm) over 

the three light levels. Unexpectedly the 500 and 1 0  µEinstiens m-2 s- 1 PAR levels 

showed a similar absorbance at 63 0 nm. The reason for the lack of spectral 

variation may be because there was very little difference in the spectral quality 

between the three conditions. Consequently, it may be that a change in spectral 

composition of the light is required for significant adaptation in this species .  In the 

natural environment, change in light quality would be associated with change in 

intensity (Kirk 1 994). At the lower wavelengths between 400 - 500 nm the effect 

of increased photoprotective carotenoids is clear in the HL spectrum when 

compared to the LL and ML. This trend is very similar to that observed in 

Anabaena variabilis across the same wavelength range. 

Figure 4 .3A shows the normalised mean absorption spectra for Scenedesmus 

acuminatus at the three light levels .  Both this species and Chiarella vulgaris 

shown as Figure 4 .3B show less variation in the absorbance between 600 - 650 

nm compared to the cyanobacteria Anabaena variabilis. However, a clear 

difference 1s shown in Figure 4 .3B for Chlorella vulgaris the absorbance 

difference 1s for this species is l ikely to be a result of the photoprotective 
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carotcnoids extending into th is region of the spect rum. Chlorophyl l  b ab orbs as a 

shou lder at 655 nm on the a.. band f chlorophyl l a .  I l owever, l i tt le variation wa 

ob ·erved i n  the ab orbancc of th is  shoulder, most probab ly due to the 

nomrn l i  ation of the sp ctra .  Any reduction in chlorophy l l  b at the Soret band 

under low l ight conditions i masked by the absorbance of the photoprotect ive 

carotcnoids. 
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Figure 4 . 2  onnal ised in- vivo absorbance pectra form A) A nabaena variabi!is, 

B) Microcystis aeruginosa, gr n under Low l ight (blue), Med ium l ight  (gr en) 

and I l i gh l ight (red) . 
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Figure 4 .3  ormali sed in -viva absorbanee spectra form A) Scenedesmus 

sccuminatus and H)  Chiarella vulgaris cu ltures grown under Low l ight (b lue), 

Medium l ight (green) and H igh l i ght ( red) .  

In a l l  four spec ie stud ied the  ch lor ph I I  a Soret band a t  440 nm showed 

considerably greater absorbance under the h igh l ight condition compared to the 

low and medium l ight levels . t\t 440 nm, the absorba nce difference between the 

low and medium l ight levels wa smal l  for a l l  spec ies compared to that of th h igh 
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light leve l ,  see Figures 4 . 2  and 4 . 3 . The most s ignificant increase to the ratio of 

the S ret ( 440 nm) to a peak (680 nm) of chlorophyll a was observed i n  

Microcy tis aeruginosa and Chlore!La vulgaris where the rat io  i ncreased from 

1 .4 1 : I to 2 .97 : I and 0 98 :  I to 2 . 3 2 :  I respect ively. This  represents a doubl ing of 

the absorbancc at 440 nm under the h igh l i ght condit ions compared to that of t he 

low li ght. 

The change in pigment composi t ion can be more c learly shown usi ng ratios of 

absorbance at wave lengths that conespond to the key pigments, ch lorophyll a ,  

phycocyanin and carotenoids (see Section 4 .2 .2) .  Figure 4 .4 shows the ab orbance 

ratio calcu lated for Anabaena variabilis. The decrease in  phycocyan in  under h igh 

light i s  shown by the change in the rat io of the phycocyanin peak at 630 nm to the 

ch lorophyl l a peak. The ratio  decreased from 0 .99 :  I under the low l igh t  to 0 . 54 :  I 

under the h igh l ight .  The increased absorbance at 440 nm under h igh lffadi ances i s  

clearly s hown in  Figure 4 .4 .  Th i s  t rend agre closely with t he  work pub l i shed by 

John. en and Sakshaug ( 1 993) who showed in-viva absorbance values at  440 nm 

between 1 . 4 to  2 . 3  ti mes h igher than at 676 nm for l i gh t  adapted samples 

compared to shade adapted samples. The increase in  absorbance at 440 nm 

observed by  Joh nsen and Sakshaug was attributed to  the variation in pi gment 

packaging. The same hypothesi s can be postu lated here, that l ight adapted spectra 

show no or very l i ttle p igment packaging. Consequent ly, samples grown under the 

high l ight condit ions required di lut ion to bring the absorbance at 440 nm with in 

the dynamic r nge of the instrument, even though the absorbance at 680 was well 

within the l inear range of the instrument detem1ined in Chapter 3 .  
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Figure 4 .4 Pigment absorbance rat ios for Anabaena variabilis calculated from the 

normal ised  in-vivo absorbance spectra . Phycocyan in 630  nm : chlorophyl l a a 

band 680 nm (b l ue), caroteno ids 480 nm: ch lorophyl l a a band 680 n m  (red), 

chloroph_ 11 a Soret band 440 nm : c h lorophy l l  a a band 680 nm (green) and 

phycocyan in 630 nm : carotenoids 480 nm (purple) . 

4. 3 .2 Nutrient Limitation 

The normal i sed in-vivo absorbance spectra of the four spec ies studied showed 

consi stent changes in the spec tra l shape where nutrients were l i mi ting. F igure 

4 .5A shows the normal ised in-vivo absorbance spectra for Anabaena variabilis 

grown under the t h ree nutrient condit ions . Both the n itrogen and phosphorus 

l imit ing condit ions resul ted in  a grc' ter ab o rbance across much of the spectrum 

compared to the non-l imi t i ng condi t ions. The di fference in absorbance between 

the two nutri ent l imited spectra and the non- l imi ted spectra i s  c lea rly shown to 
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increase with decre s i ng wavelength, with the greatest d i fference ob�erved 

between 400 - 450 nm .  

The ni trogen l im i t ing culture for Anabaena variabilis (no ni trogen) showed 

continued growth under n i trogen l imiting concentrations due to the fixati n of 

gaseou n i trogen .  T j nder these condi t ions, the spectrum remai ned of the same 

general shape as the non- l im ited culture, but showed greater absorbance in the 400 

- 650 nm region . The phosphorus l im it ing cu lture showed a more extreme 

variation of the same trend, with the s lope of the spectrum be ing more upright at 

lower wavelengths, as a result both the phycocyan in  peak and carotenoid should r 

ar le. d ist inct .  The general i ncrease in the absorbance under the n i trogen and 

phosphorus l imi t ing condit ions cannot be d i rectly l i nked to spec i fic pigment 

variat ions. as the change is not restricted to a rea where spec i fic p igments absorb, 

but covers most of the spect rum. 

Figure 4 .5 B  shows the norma l i sed mean in -vivo absorbance spectmm for 

Microcystis aeruginosa grown under the three nut1ient condit ions. As observed i n  

the Anabaena variabilis spec tra the absorbance i s  greater under nutrient l im it ing 

condi t ions. I Towever, u nl ike in F igure 4.5A a h igher absorbance under nutrient 

l imi t ing condit ion was only observed between 400 - 550 nm.  The absorbance 

between 600 nm  and the norma l isa t ion point at 680 nm was very simi lar for the 

ph phorus l imi t ing and non- l imi t ing culture. Moreover, the ni trogen l imi t ing 

culture shows a much reduced absorbance due to phycocyan i n ,  i n  effect removing 

one or the dist i nct spec tra l  features of this class. The reduced phycocyan i n  

a b  orbance under n i trogen l im i ti ng condit ions observed in 1vficrocystis aeruginosa 

agrees w i th the resu lts of Lynch ( 1 999) who studied the effects of n i trogen 

l imitat ion on the same pecies. This trend could also expla in the h igh phycocyanin 

absorbanc for A nabaena variabilis und r the n i trogen l imi t ing conditions, as i t 

would se m that because th i s  spec ies is able to fix  atmospheric n itrogen the 

adaptation in reduct ion of phycocyan in  is  not observed .  
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Figure 4 . 5  ormal i sed in -vivo absorbance spectra from A) Anabaena variabilis, 

8) Microcystis aeruginosa, culture under control led nutrient conditions, N itrogen 

l imiting (blue), Phosphoru l i mit ing (red) and neither or P l i mit ing (green ) .  

Figure 4 .  A and 4 .6B show the in-vivo absorbance spectrum for the two 

Chlorophyceae spec ies, Scenedesmus accuminatus and Chlorella vulgaris 

re, p cti cly, grown under the three nutrient condit ions. Both spec ies show the 

same genera l  t rends i n  the spec lr I ariat ion ith nutrient l imi tat ion . pectra from 

cultures under nutrient str s sh w a greater absorbance across much of the 

sp c t rum. The great L di fferen c in ab rbance between the nutrient l im ited 

amplcs and the non- l imiting sample was observed at the lower avcl ngths 
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around the or t band of chlorophyl l  a. The absorbance difference dccrea c with 

increas ing wa elength between 5 00 - 650 nm the di fference is only r lat ively 

sma l l .  Very l i tt le d ifference i s  s en between the absorbance due to ch lorophyl l b 

at 655 nm f r both spec ies. 
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Figure 4.6 Norma l i sed in-vivo absorbance spectra from A) Scenedesmus 

accuminatus and 13) Chloreffa vulgaris cultures under con t rol led nutrient 

condi t ion , Nitrogen l im iting (b lue), Phosphorus l imit ing (red) and neither or P 

l imi t i ng (green) .  
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The changes in absorbance observed with nutrient deficiency cover a wide range 

of the spectrum. The general trend observed in all species was the yellowing of 

the sample colour; this is due to chlorosis caused by the reduction of the green 

chlorophyll pigments relative to the carotenoids. Chlorosis is commonly observed 

in plants and leaves due to mineral deficiency such as magnesium or iron. This 

explains the much greater relative absorbance in the blue compared to the red end 

of the spectrum where the chlorophyll a peak is located. 

4.4 Summary 

The work presented in this chapter has confirmed the ability of the instrument to 

identify the adaptive feature of algal and cyanobacteria by analysis of the in-vivo 

absorbance spectra. The adaptive responses observed were consistent with those 

documented in the literature. Furthermore, the ability of the instrument to acquire 

real time data on the physiological status of samples provides a distinct advantage 

over previous research using methods requiring significant sample preparation. 

There is potential for the rapid assessment of the physiological status of the algal 

and cyanobacterial populations using only the in-viva absorbance spectrum. It is 

evident from the result presented here that variability in the physiological 

responses of algae and cyanobacteria to light and nutrients cannot be ignored. 

Where the shape of the in-viva absorbance spectrum is to be used to model or 

classify samples both irradiance and nutrient conditions must be considered. 

This study is based on the properties of laboratory grown cultures, which vary 

slightly from natural samples .  This study does nonetheless represent a significant 

first step in determining the effects of these two important parameters on the in

vivo absorption spectra of freshwater algae and cyanobacteria. This experiment 

demonstrates the possibility in, and the importance of the use of in-vivo 

absorbance spectra for classification of natural samples. The spectra generated in 

this experiment will be used in the development of a methodology for the 

c lassification of unknown samples where the nutrient status and light history is 

not known. 
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CHAPTER S 

DEVELOPMENT OF CLASSIFICATION METHODOLOGIES 

5. 1 I ntroduction 

In t h i s  chapter the appl i cat ion of chemometric techniques for the classification of 

a lgae and cyanobactcria samples, based on in-viva absorption spectra gained from 

the dcvdopt..:d portable spectrophotometer, is described. Distinct differences 

between the th ree taxonomic c lasses and the individual species discussed in 

Chapter 3 al low an appropriate ly ski l led person to correctly classify the spectra 

into taxonomic c lasses. Computational methods to determine the differences 

between the in-vim absorbance spectra are however, more reliable and provide 

t he  potent ia l  for rapid automated classification . 

I n  the ,rnalysi s of  spectral data, the performance of the analysis is rel iant on the 

qual i ty of the imputed raw data. In the developed instrument, the CCD detector 

providl."s detai led in-rivo absorbance spectra with the beneficial characteristics of 

very h igh n..:solut ion, lmv noise and complete spectral coverage of the region of 

i nterL:st . fl igh qua l ity data, as p roduced from the developed instrument, provides 

opportun i ty for advancement and discovery using accepted analytical tools. 

Chcmon11..:trics can general ly be described as the application of mathematical and 

stat ist i cal inethods to improve the chemical measurement processes and or extract 

rnon.: usefu l  chemical i n formation from chemical and physical measurement data 

( Dc li.:rm.:z and Kemsley 1 997) .  The latter is particularly relevant to the work in 

th is  thesis, when.: complex mult i-dimensional data sets containing many spectra, 

t·ac h of several hundred variables, arc to be analysed. 
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Pri ncipal Component Analysis (PCA) i s  a bilinear modelling method, used for 

both data description and compression, where the spectral variance (underlying 

laten t st ructure) is described by means of a small number of uncorrelated variables 

( Adams 1 995 ). The principal of PCA is to reduce the dimensionality of a complex 

mul t i -di mensional data set , which contains a large number of interrelated 

vari ab les, wh i le reta in ing as much as possib le of the variation present in the data 

set . Th i s  is achieved by transforming to a new set of variables, of fewer 

d i mensions, the  princ ipa l components. wh ich are uncorrelated. This allows a clear 

vk\v of t he variance in thc mu lti variate data set (Jol l i tte 1 986). 

The idea of  P( 'A  is to fi nd the di rect ion i n  space, along which the distance 

hct wccn data points is tile largest . This can be translated as finding the l inear 

combi nat i on of the in i t ia l  variables, i .e .  t v,:o points that have very different co

ordi nates, and are located for away from each other in multidimensional space. 

These d irect ions of  combinat ions are termed Principal Components (PCs). PC ' s  

an: ort hogonal t o  each other, and computed so  that the first PC explains the most 

1.:ari ance i n  the data sd ; the next or second PC then explains the maj ority of the 

res idua l  i n frm11at ion nnt taken i nto account by the first PC . Th is  process can 

cunt i nue unt i l  t here are t he same number of PCs as there are variab les . However, 

idea l ly, t hi: fowi:st number of PCs. wh ich  explain most of the variance, are used 

( fol l i t tc  ! 1)X6 ). F igure 5 . 1 shows a s impl i fied representat ion of the princ ipal of the 

PC A methotl . 
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Figure � .  I Di agrammat ic representation of PCA. 

The repn:sl·ntat ion shown in Figure 5 . 1 can be also be shown as a simplified 

\'1.:rs inn of thL' l111 e modd e4uat ion in matrix notation as: 

Whl'n t he data Sl"t has hcen ful ly  processed by the PCA algorithm, it is reduced to 

two ma in  mat rices. the scon.:s and loadings, shown in Figure 5 . 1 .  The variation 

not taken i nto an:Dunt hy these two matrices (the model) is termed the residuals, 

shov, n  :h }:' 1 in t he mat rix notat ion .  The n:siduals for a given sample and a given 

variable an: computed as the di fference between observed values and fitted (or 

projl'l'h:d. or pr1,;dictcd ) values or tht variable on the sample. The residual (EA) 

mat rix  s!11lv. s the sam1: dimensional i ty as the original data set (A) .  

C lassl lkath111 rm.:thodolngks i n  chcmomctrics a im to  rel iably assign new samples 

t., e\ i �t in i.! das, .. �!'>. Sn!l lndep1:ndcnt Model l i ng of C lass Analogy (S IMCA) is a 
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supervised classification methodology based on PCA (CAMO 1 998). In SIMCA 

individual PCA models are constructed for each class. The models describe the 

sample variance within each class .  Each class model must be distinct from the 

other models to be useful in classification and may use a different number of 

principal components to explain the variance . Classification of new sample 

"unknowns" involves the calculation of new values for all variables, which are 

computed using the scores and loadings of each model and comparison with the 

actual values. The obj ect-to-model di stance is calculated using the combined 

residuals . The scores are also used to build up a measure of the sample ' s  distance 

to model centre, called leverage. Finally both object-to-model distance and 

leverage are taken into account to decide to which class( es) the unknown samples 

belong .  An important aspect of the SIMCA methodology is that there are three 

possible results : 

1 )  The sample is p roperly classified into one of the predefined c lasses . 

2) The sample does not fit any of the classes . 

3 )  The sample properly fits into more than one category. 

Confidence l imits can then be placed on any of the outcomes, because these 

decisions are made on the basis of stati stical tests (CAMO 1 998) . 

PCA i s  i deally suited for the analysis of in-vivo absorbance spectra, which by their 

very nature are a complex mixture of h ighly overlapping pigment absorption 

bands from the many pigments found in algae and cyanobacteria. The individual 

bands are hidden by the continuous nature of the spectrum. Consequently, changes 

in the pigment composition may only result in subtle changes to the spectrum. 

Therefore, the variables are co-linear i .e .  the variables are not independent, but 

share a lot of information, and may be termed semi-dependent . 

Several researchers have attempted to uti l i se multivariate methods to model and 

discriminate between algal samples. Most of the works have been conducted on 

marine spec ies, particularly ch lorophyl1 c containing spec ies that commonly form 
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phytoplankton blooms (Chapter 1 ) .  Of the few studies that have been conducted in 

this area, most showed reasonable success in the discrimination of algal classes 
using in-viva absorbance spectra from various sources. What these studies have 

not proven is the ability to use in-viva absorbance spectra from suspensions, 

which inherently have a high noise level, for the classification of freshwater algal 

species ,  particularly Cyanobacteria. This is especially true when the adaptive 

responses to light intensity and nutrient availability are considered together, as is 
commonly observed in the natural environment . 

The aim of  this  chapter is to use PCA combined with SIMCA to produce a 

rel iable and robust classification method for in-viva absorbance spectra gained 

from the developed monitoring instrument . Some species commonly found in 
freshwaters representing three taxonomic classes, whose absorbance properties 

were investigated in chapter three, were studied as examples . A further aim of 

this study is to include the variation in spectra, due to adaptive responses resulting 

from l ight and nutrients changes (Chapter 4 ), into the classification to make a 
comprehensive model that covers conditions that are common in the natural 

freshwater environment . The effect to the PCA models of the addition of noise to 

the absorbance spectra is di scussed. The potential to reduce the number of 

variables from the complete spectrum of 82 1 down to eight is also presented in 

this chapter. 

5.2 Materials and Methods 

5. 2. l Absorbance .spectra 

The in-vivo absorbance spectra used in th is chapter are taken from the work 

presented in  Chapters 3 and 4 .  The initial data analysis uses absorbance spectra 

from the e ight species presented in Chapter 3 .  In addition, data from one further 

spec ies 5)1J1echnococcus sp. a cyanobacterium was used. This additional species 

was grown under the same conditions as the spec ies presented in Chapter 3 .  For 
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each of the n ine species, twelve absorbance spectra (each an average of fifty) were 

randomly selected for the PCA. 

To test the e ffects of l ight adaptation on the PCA, spectra were taken from the 

results presented i n Chapter 4 .  F ive spectra (each an average of fifty) were taken 

at each l ight kvel for each spec ies, resul t ing in fifteen spectra for each of the four 

spc<: i cs .  S imi larly to test the eflcc t  of nLLtrient stress, five spectra (each an average 

of fi lly)  were taken for each of  the three condit ions, non l imiti ng i . e .  optimal N :  P 

rat io, n i t rugcn l im it ing and phosphorous l im i t i ng, fo r each of the four spec ies. 

A l l  spectra had previously been corrected for scattering e ffects and nonnalised to 

l .0 AU at 680 nm, to remove the effect of chlorophyll a concentrat ion .  

( \lnsc4tu.:nt ly, n o  further 11l)m1al i sat ion such a s  mean normali sing was applied .  

· 1  he number of variab les was reduced by t runcating the spectra. Wavelengths 

hclnw 400 nm and above 680 nm were d i scarded, as these contained little useful 

in fi)rmat ion (see Chapter 3 ) .  Atler truncation the spectrum contained 82 1 

variahks. 

5 .2. :}  Principal component ana�vsis 

PC \·\ wa-; perfrmncd using Unscrambler Vers ion 7 .6  (CAMO ASA, Norway) 

t:hL"n11.m11: trics so ftware, run under the Windows 95 operat ing system. PCA was 

l'arri i.:d out on the complete absorbancc spectra 400 - 680 nm (82 1 variables) . Al l  

1, ariabks were gi ven an equal \veigh t i ng of 1 . 0 as no wavelength variable was 

assumed to he or greater importance .  Ful l  cross val idat ion was used, form i ng the 

most eompn:hcnsi ve val idation method, where val idation was performed us ing the 

snme samples v.: i th t)n ly one sample bei ng left out at a t ime. 

P'ri nr ipa i  component loadi ng p lot:; were calculated fr>r the complete data sets. 

Tt1L·sc \vcrc ust.:d to dt:"scri he thc data structure in terms o f  variable correlat ions 

i<.knt i ly t he most impnnant principa l cmnponents. A l imit  o f  the first six 

pri ndral  compont'nb was dc !1ned. Senn: plot s  were a lso constructed as both 
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combinations of pairs of principal components, and using three principal 

components in a three dimensional plot. The score plots were used to show the 

location of the samples along each PC and dete1mine spatial relationships 

resulting in sample patterns and clustering. Bi-plots containing both loadings and 

scores were used to provide information about the relationships between loadings 

and scores, which were not clear on either plot individually. 

5.2. 3 Classijication 

Classification was performed using the SIMCA methodology in Unscrambler. 

l ndi vidual PCA models were created for each of the nine algal species using ten 

spectra (chosen at random from the total of twelve) to represent each species. 

These PCA class models were based on the optimum number of principal 

c omponents selected from the validation methodology. The remaining two spectra 

for each species were used to test the classification. The origin of the test spectra 

were withheld from the program, so the samples could act as "unknowns". The 

significance of the classification results was expressed using confidence limits. 

Test samples were also taken at random from the light and nutrient data to allow 

independent validation of the classification in the same way as for the nine 

species. Bar plots of the model-to-model distance were also used to show the 

distance between PCA classes; a distance of over three was used to identify 

distinctly different PCA classes . 

5. 2. 4 Addition of noise to spectra 

In order to investigate the influence of noise on the performance of the 

c lassification, cetiain levels of noise were added during the analysis .  Proportional 

noise at 2 % of the signal level and additive noise at a standard deviation of 0 .04, 

were both added to the spectrum of each sample using the add noise function in 

the software . Proportional noise is typically noise that affects the instrumental 

amplification and additive noise is typically noise that affects the measurement 

signal . These levels of noise were used to simulate the worst case where both 
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electrica l  no i se and environmental noise from sample movement were high. The 

values used were taken as the suggested values in the software (CAMO 1 998) .  

5. 2. 5 Reduced number �/"wavelength variables 

PCA and S [l'vlCA classi fication were a lso perfonned using only eight of the 82 1 
variahks .  The e ight variahlcs were chosen as wavelengths with most significant 

loadi ngs i n  thl' fi rst four princ ipal components of the full spectral analysis .  The 

e igh t  variahks rdate to wavelengths of 400, 460, 480, 5 14, 520, 630 ,  634 and 660 

nm .  A l l  e ight  variahks were given an equal weighting of 1 .0 .  The same full cross 

val idat ion \Vas used as wi th the ful l  spectrum. 

5.3 Results and discussions 

5. 3 . 1 Sine :,pedes/1wn three afgal classes all variables 

P( . A I .o�-�.En_g� 

F igu r..: 5 . 2  shmvs the princ ipa l component (PC )  loadings for PCs 1 - 4, computed 

for t he complck data set of ninety spectra from nine species. The four lines on 

hgurc '.' . :!  rcpn:sl'nt t he  four pri ncipal components . The loading plots describe the 

dm,1 st ructu re in terms of variable correlations. Moreover, each of the 82 1 

variahks has a loading on each PC, which reflects how much that variable 

contributed to t hat princ i pa l  component . The further from zero either positive or 

nt."gauve thL� gn .. ·ater the s ign i ficant of that variable to the principal component. 

Consequent ly, wh 1.: re t he spectra are normalised (680 nm) the loading is zero as 

then .. ' i s  no variani:c. 

The appi.:.trancc of the loading plots for the four principal components in Figure 

5 .1 sh1cm ,., signi fo:ant strw:.:ture, with areas of large deviation to both highly 

pnsi t i vc and high ly m:gat i vc loadings. The wavelength variables that show high 

loadings (e i t l 1 1: r p,1-; i t i vc or negat ive) and there fore contribute most to the principal 
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components corTespond by their wavelength, to the in-viva absorbance features of 

spec i fic pigments or p igment groups. A summary of the four principa1 

components and related p igments are presented in Table 5 . 1 .  

0. 1 0  400 nm 630 nm 666 nm 

chlorophyll a 482 nm phycocyanin chlorophyll b 
carotenoids 

\ 0.08 

0 .06 525 nm 

0.04 

0 .02 

0 .00 -

400 700 

-0.02 

-0.04 chlorophyll b 

480 nm carotenoids 
630 nm 

-0.06 
chlorophyll b 

chlorophyll C 

Wavelength (nm) 

Figure 5 . 2  Loadings for the fi rst four princ ipal components computed for the 

complete  data set of ninety spectra from nine algal spec ies. PC 1 = 85 % (dark 

blue), PC 2 = 1 0  % (red), PC 3 = 4 % (l ight blue) and PC 4 = I % (green). 

The first four princ ipal components comb ined explain 99.4 % of the total variance 

between the ninety spectra comprising the data set . It therefore can be assumed 

that the components extracted after the foutth princ ipal component consist most ly 

of non-sign ificant variations such as noise; this was confi rmed by visual 

inspection of loading plots for these principal components .  The fifth and s ixth 

principal components were there fore not used, in an e ffort to remove unwanted 

noise and keep the model s  simple. 
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Table 5 . 1 Summary of the first four principal components and the explained 

variance explai n and the l ikely corresponding pigments .  

Principal -··-·v��M��� Pigm�ts �i�"�-----� 

Componet'lt (011i ) load1·ng P · · I C 11 nnc1pa omponent 

8 5  

2 1 0  

3 4 

4 

(nm) (band name in brackets) 
------------------

630 

480 

400 

660 

630 

No pigments specifically 
identified 

Phycocyanin 

Chlorophyll b (Soret band) 

Chlorophyll a (Soret band) 

Chlorophyll b (a band) 

Chlorophyll c (a bands) 
5 1 8  Fucoxanthin and Diadinoxanthin 

666 
482 

Chlorophyll b (a band) 

Lutein 

The first pri ncipal component. PC l ,  shown in Figure 5 . 2  accounts for the most 

variance i n  t he data sd, exp la in ing 85  % of the total variance. The loading plot for 

t h i s  principal component shows a genera l  trend, with the positive loading 

i nneasing towards the shorter wavelengths. The structure of this loading plot 

conta ins no m,�j or features, only some small peaks at 462, 525 and 636 nm. 

Ihercfon .. \ th i �  principal component may be described as being non-specific, as it 

cannot be l i nkl.!d tn part icu lar p igment features observed in the raw absorbance 

spl.'c t ra .  Consequently, th is  principal component fmms an overall measurement of 

the spect ra l  shape. 

The load ing plot for the second principal component shown in Figure 5 .2 explains 

1 0  1! 0 , >f t he total variance. Un l ike the fi rst p ri nc ipal component, the structure 

;,,:orresponds to sptci fk absorpti on features. The h igh posit ive loading at 630 nm 

c:om!sp,1nds to ahsnrbanee at 630 nm in the in- vivo absorbance spectrum (Chapter 
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3) ,  due to the phycocyanin pigment in cyanobacteria. The negative loading at 480 

nm most probably corresponds to the Soret band of chlorophyll b, which is a 

major absorber within this region of the spectrum. A high negative correlation can 

be assumed between the loadings of PC 1 and PC 2 and their related pigments 

since the loadings are of different signs. Consequently, where phycocyanin 

absorbance is observed absorbance due to chlorophyll b should not be observed. 

Such hypothesis is logical as these two pigments are characteristic to the 

Cyanobacteria and Chlorophyceae classes respectively and are never found 

together in the same species (Rowan 1 989) .  These features suggest the second 

principal component can be successfully used in discriminating between 

Cyanobacteria with phycocyanin and Chlorophyceae with chlorophyll b. 

The third principal component loading (Figure 5 .2) accounts for only 4 % of the 

total explained variance, yet as in the second principal component the loading plot 

shows significant structure . High positive loadings at 400 nm and 660 nm 

correspond with the in-vivo absorbance peaks of chlorophyll ' s  a and b 

respectively. This therefore suggests that the normalisation procedure did not 

completely remove the variance by chlorophyll a. A negative loading with a 

maximum at 5 1 8  nm corresponds with absorbance due to the carotenoids, possibly 

fucoxanthin and diadinoxanthin (see Chapter 3 ) .  A negative loading at 630 nm 

corresponds with the in -vivo absorbance of both phycocyanin and chlorophyll c. 

This loading can be identified as due to chlorophyll c because the larger variance 

due to phycocyanin was accounted for by the second principal component. 

Chlorophyll c is present in only one of the n ine species fom1ing the data set. 

Therefore th is principal component could have a potential use in distinguishing 

the Baci l lariophyceae Asterionella .formosa from the other species . 

The fourth principal component (Figure 5 .2) accounts for less than 1 % of the total 

variance. Considering the total explained variance for the first three principal 

components is 98 .8  % it can be confirmed there is less useful information 

inc luded in this principal component compared to PC I ,  2 and 3 .  In PC 4 the two 

high positive loadings at 482 and 666 nm conespond with in-vivo absorbance 
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attributable to a carotenoid in the 480 nm region and the a band of chlorophyll b 
in the red end of the spectrum respectively. These two variables and the 
corresponding p igments are highly correlated, as both are positive. This suggests 
that when the absorbance due to chlorophyll b increases so too will the absorbance 
due to the specific carotenoids considered by this principal component. 
Consequently, although this principal component accounts for a very small 
amount of the total variance, it contains some detailed information that has the 
potential to aid separation and classification of absorbance spectra. The fourth 
principal component also contains a noticeable noise constituent, evident where 
the loading i s  near zero. This suggests that some of the unwanted noise from the 
data set i s  included in this principal component, and any lower principal 
component i s  likely to be dominated by noise. 

PCA Scores 

A score plot i s  a projection of the original data onto the new principal 

components, which allows the most revealing perspective for visualisation of 
spatial relationships, between samples, therefore allowing the easier detection of 

sample patterns, groupings or outliers . Combinations of either two principal 
components, in two dimensions, or three principal components in three 

dimensions may be used to interpret and explain the spatial relationships .  The plot 
of  the scores  for principal component one versus scores for principal component 

two is shown in Figure 5 . 3 ;  together, PC ' s  1 and 2 explain 95 % of the total 
variance of the data set . This combination produced the best clustering of the nine 

algal species, when using only two principal components .  Moreover, in this plot 

all nine species formed distinct clusters with no overlap between species, whereas 
all the other comb inations of two principal components failed to separate all the 

species and showed considerable merging of clusters of distinctly different 

species. 
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The location of the c lusters on the score plot Figure 5 . 3  can be explai ned by the 

load ings for each of the PCs shown in Figure 5 . 2 .  The clusters of Cyanobacteria l  

spec ies (Anabaena variabilis, Microcystis aeruginosa, Aphanizomenon flos-aquae 

and Synechococcus sp. )  are all located in  the top two quadrants of  the score p lot 

with posi ti ve PC 2 scores, because these species contain phycocyan in which is 

explained by the second principal  component as a major posi t ive loading. 

Therefore, the cyanobacteria (which all contai n  phycocyanin as a major accessory 

p igment) would be expected to be located in th is region of the score p lot . The 

height of the absorbance due to phycocyanin at 630 nm i n  the in -vivo absorbance 

spectrum determines the PC 2 score, and therefore the locat ion on the plot .  This is 

demonstrated by the Anabaena c luster, which has higher scores than the 

Jvlicrocystis c luster as a resu lt of the higher absorbance due to phycocyanin .  The 

second principal component is a lso assoc iated with absorbance due to ch lorophyll 

b at 480 nm. The Ch lorophyceae spec ies which all contain  chlorophyl l b are 
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therefore located with a negative score for the second PC within the lower two 

quadrants of the score plot. 

Although the first PC may be described as non-specific because it lacks any 

features that can be linked to specific pigments, this component nevertheless has a 

major effect in the separation of the clusters in Figure 5 . 3 .  The importance of low 

wavelengths to this PC consequently means that those species with high 

absorbance in the blue end of the spectrum have a high score for this principal 

component, and as a result are located to the right of the score plot . The effect the 

first PC has on the location of the clusters in Figure 5 .3  is best demonstrated by 

the Aphanizomenon and Asterionella clusters . An absorbance of over two in the 

blue region of the spectrum for both these species results in a high score from PC 

1 and accordingly the clusters for these species are located to the right of the score 

plot. The effect of this PC is less dramatic on the other species, which show a 

relatively similar absorbance in the blue region of the spectrum. However, several 

of the clusters which show very similar PC 2 scores, (Spirogyra, Scenedesmus and 

Staurastrum ) , would not be separated into the distinct c lusters observed in Figure 

5 .3 without the influence of the first principal component. 

A score plot of PC 2 versus PC 3 produced a clear separation of the four 

Cyanobacterial species from all the other species. However, separation was not as 

c lear as observed in Figure 5 . 3  using the first principal component. The 

Bacillariophyceae Asterionella failed to be separated from the Chlorophyceae 

Chlorella in this plot. This suggests that the first principal component is crucial 

and cannot be substituted for a principal component, which accounts for only a 

very small amount of the total sample variance. When principal component one is 

p lotted versus either p1incipal component three or four the small amount of 

variance represented by these lower principal components fails to successfully 

separate the algal classes into the clear clusters observed in Figure 5 . 3 .  

Figures 5 .4 A and B show three dimensional score plots using PC 's 1 ,  2 and 3 .  

The third principal component accounts for  4 % of  the total variance consequently 
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99 % of the total sample variance is explained by the three components. The third 
principal component, as previously explained, contains features that relate to 
chlorophylls a, b and c as well as some carotenoids. Consequently, the use of this 
p rincipal component improves the separation of the clusters . Moreover, the 
location of the samples and clusters in three dimensional space, give a better 
representation of the model distances used in the SIM CA classification. 

The spatial relationship of the data in Figures 5 .4 A and B follows the previously 
explained locations using principal components one and two. The third principal 

component separates the samples by the features of that principal component. 
Low scores  are observed for species containing chlorophyll c and the carotenoids 
which show a positive correlation with chlorophyll c i .e. :fucoxanthin. This trend 

is demonstrated by Asterionella, which is the only species containing chlorophyll 
c and fucoxanthin. High PC 3 scores result from both high absorbance at 400 nm 

and 660 nm ( chlorophyll b ) ,  but because the loading at 440 nm is  much greater 
than at 660 nm, this loading has a greater influence. Consequently, species with 
comparatively high absorbance at 400 nm (Anabaena and Aphanizomenon) are 
located with positive PC 3 scores on the Z axis and species with comparatively 

low absorbance at 440 nm (Microcystis and Staurastrum) are located with 

negative PC 3 score on the Z axis .  
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Figure 5 .4 A and B Three dimensiona l  score p lots u sing PCs I ,  2 and 3 ,  showing 
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different orientations to a id visual analysis. 
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Classification of unknown sampk:s 

For each of the nine class models. the optima l number of p rincipal components 

wa-· computed. The first th ree princ ipa l  components were us d in the models of 

. the Anabaena, Aphanizomenon, Chlorella, Micro(vstis, Scenedesmus and 

Spirogyra classes. Both the Asterionella and vnechococ us models used four 

p rincipal comp nents. The Staurastrum model required only the fi rst two 

p rincipal components to adequately describe this cla ·s. The c lassification a 

therefore mu ltidimensional us ing three princ ipal c mponent in most mod l ·, as 

show n i n  Figu res 5 .4 A and B .  F igure 5 . 5  sh ws the di stance between the 

Scenedesmus mode l and the other eight model- . It i s  clear from the heigh t  of th 

bars that al l  the models are very different, as a model  d istance or  three or more 

imp l ies two models a re quite d ifferent .  
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Figure 5 . 5  Model-to-model d i stances between the n i ne speci es models re lat i ve to 

the Scenedesmus model, using the opt imum number of PCs .  Bar colour represent 

the taxonomic c lass : Cyanobacteria (b lue), Ch lorophyccae (green) and 

Bacil lariophyceae (red) . Model-to-model distance is cornput d from the resu lts of 

fi t t ing a l l  samples from each c lass to their own model and to the other models. 
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The models distance or leverage is clearly related to the taxonomic class . The 

three models located closest (with the lowest model distance) to the Scenedesmus 
model are from the Chlorophyceae class . The models of all four Cyanobacteria 
showed a model distance of between 200 - 3 00 from the Scenedesmus model. This 

indicates these models are very different from both the Scenedesmus model and 

the other three Chlorophyceae models . The Asterionella model shows the greatest 

distance (> 3 00) from the Scenedesmus model, again indicating this model is very 

different from the Chlorophyceae models . There is less distance between the 

Asterionella model and four Cyanobacteria models but the difference is still 
significant . 

The use of the nme PCA models for classification yielded a l 00% correct 

classification at a confidence limit of 0 . 1 %. All the unknown samples from the 

test set were correctly assigned to the corresponding PCA class (algal species) . No 
samples were either j ointly classified to one or more classes or completely miss 

classified to an incorrect class. 

5. 3 .2  The addition of noise 

The addition of proportion noise at 2 % and addit ive noise at SD of +;_0 .04 can be 

seen on the absorption spectra for Anabaena variabilis and Scenedesmus 

acuminatus in Figure 5 .6 .  The addition of the noise component to the spectra has 

little effect on the structure of the loadings for the first three principal 
components . These still accounted for 99 % of the total sample variance. It is 

however particularly noteworthy that the fourth principal component (not shown) 

showed considerable change, suggesting this principal component is heavily 

influenced by noise . Therefore, although there are some features that can be 
l inked to pigments located in this principal component, they are likely to be of 

limited use because of the effect of noise . This does however demonstrate the 

power of PCA to remove the unwanted noise and allow the analysis to be 

performed on the significant noise free data only. 

1 48 

http:of+/_0.04


(1) 1 . 5 
(.) 
C 
C1l 

0 
(/) 

..0 
C1l 

"O 
(1) 
(/) 

i 

� 
0

.
5

1 

I 

0 J_ 

400 450 500 
T 

550 

Wa\€Iength (nm) 

600 650 700 

Figure 5 .6 Examples of in-vivo absorbance spectra for Anabaena variabilis (blue) 

and Scenedesmus acuminatus (red) with the addit ion of both proportion (2 %) and 

addit ive (SD 0 .004) noises. 

The fourth  pri nc ipal component, which explained the noi se, was not included i n  

the score p lot. Consequently, the excellent spat ial  relat ionship o f  the samples on 

the score plots of p1i.ncipal component one versus two and principal component 

one versus two versus three seen in the original data was m aintained. 

Subsequently, the c lassification abi l ity was not influenced by the addit ion of noise 

and al l  unknown samples e i ther with or without added noise were con-ectly 

class i fied at  a confidence l imi t  of 0. 1 %. 

5.3 . 3  Reduced number of variables 

Eight  variab les corresponding to the maximum loadings for the first four principal 

components of the full spectral data were chosen to model the sample variance 

with only a l imi ted number of variab les. Table 5 . 2  shows the eight  variables, the ir 
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wavelengths, the target principal components from the full spectra PCA and the 

corresponding pigments. 

Table 5 .2  The eight selected wavelength variables and their corresponding 

principal components and pigments. 

Variable Wavelength Corresponding Corresponding pigments 
(nm) PCs 
400 3 Chlorophyll a 

2 460 1 Non-specific 

3 480 2 Chlorophyll b 

4 5 14 3 Carotenoids 

5 5 20 4 Carotenoids 

6 630 2 Phycocyanin 
Chlorophyll c 

7 635  Non-specific 

8 660 ,., Chlorophyll b .) 

4 Chlorophyll b 

The first four principal components computed using only the eight variables again 

accounted for 99 % of the total variance of the data set. This suggests that the 

eight chosen variables explain the variance of the data as well or very nearly as 

well as the complete absorbance spectrum of 82 1 variables .  Moreover, this also 

suggests that of the 8 1 2 variables a large number explain the same features, due to 

the broad absorbance bands observed in the in-viva spectrum. Therefore, inclusion 

of all 8 2 1 variables unnecessarily complicated the PCA models .  

Figure 5 . 7 shows the bi-plot for principal components one versus two for the nine 

species using only the eight wavelength variables. A bi-plot enables the 

interpretation of sample p roperties and variable relationships simultaneously by 

plotting the scores and loadings on the same plot. In Figure 5 . 7  not all the eight 
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vaiiab les are uti l i sed. Those variables that are targeted to h igher principal 

components such as 5 1 4, 5 20 and 660 nm, are in  effect redundant and are located 

close to zero for both PC 1 and 2 .  A clear reduct ion in the values of the scores for 

both p iinc ipal components were observed when compared to the same plot using 

al l  the 82 1 variables .  The algal species were separated into the same c lusters as 

observed with the complete spect rum, a lthough c lustering was not quite as good 

as observed with the complete spectrum. The s l ight reduct ion in c lusteri ng i s  

l ikely to  be  a resul t  of  the removal of  in formation i n  the wavelengths not chosen 

as the eight. 
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Figure 5 . 7  Bi -p lot of scores and loading for PCs I versus 2 computed using the 

eight selected wavelength variables. Scores shown as coloured poi nts representing 

the algal species. Loadings shown as b lack t1iangles with wavelength i n  nm.  

The inf1uence of the eight chosen variables on the fi rst two principal  components 

is c learly shown in Figure 5 . 7 .  As in the analysis, using the complete spectrum, 

wavelength variables of 630 and 480 nm are fundamental i n  detennin ing the 

spat ia l  relationship of the samples on the second princ ipa l  component axis. These 

two wavelength variables form the major determinates of posit ive and negat ive 

second principal component scores due to their relat ionship to phycocyanin and 
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chlorophyll b.  On the first principal component, the variables all show positive 

loadings, hence samples with below average absorbance for those variables are 

located with negative scores and samples with above average absorbance are 

located with positive scores. Consequently, the va1iables in the blue region of the 

spectrum ( 400, 460 and 480 nm) are relatively important to the separation of the 

clusters along the PC 1 axis . 

The ability to correctly classify the unknov.rn samples was not influenced by the 

reduced number of variables. At a confidence limit of 0. 1 % the classification was 

1 00 % successful in correctly classifying all the "unknown" samples from the test 

set to the correct PCA class (species) . The model-to-model distances compared 

very favourably with the distances achieved using the selected wavelength range 

( 400 - 680 nm). 

5. 3. 4 Influence of adaptation effects resulting from light intensity 

PCA loadings 

Loading plots were computed for the data set comprising of spectra from four 

species grown under three light intensities; high light (HL), medium light (ML) 

and low light (LL). Based on previous discussions only the first four principal 

components were computed. The first principal component loading plot showed a 

very similar structure to that from the original data set of nine species under one 

light intensity. This  principal component however now accounts for slightly less 

of the total sample variance; 83 % compared to 85 % in the original data set . This 

indicates that the changes to the absorbance spectra, resulting from the adaptive 

responses to light intensity, must be accounted for more by the later principal 

components than the first principal component. 

The second principal component accounts for 1 2  % of the variance compared to 

the original 1 O %.  The loading plot shows a very similar shape, suggesting that 

th i s  piincipal component considers the same spectral variance (pigments) as the 

original data, but i s  now more important in terms of explaining the total variance. 
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The increased variance of this principal component can be linked to the two 

pigments responsible for the loadings (phycocyanin and chlorophyll b) .  Both 
these pigments are influenced by light intensity. 

The third principal component accounts for 3 % compared to the original 4 %.  
The loading plot i s  again very similar in shape to the principal component for the 

nine species. The fourth principal component accounts for less than 1 % in the 
l ight adapted data compared with 1 % in the original data set. This principal 
component also shows slight changes in the loading plot, as the negative loading 

at 524 nm, due to carotenoids, is not present in the light adapted data and the 
loading is generally noisier. 

The variance explained by the four principal components indicates a movement of 
importance away from the first principal component onto the second and third 

principal components . This suggests that it may be possible to maintain the 
excellent clustering obtained with the nine species from a single light intensity in 
this data set . 

PCA scores 
The first versus second principal component, which showed the best separation of 

the original data set, did not fully separate the four algal species under the three 
l ight conditions. Consequently, the third principal component would need to be 

included to determine the best spatial relationships. Figure 5 .8 shows the spatial 
relationship of samples to each other, plotted in three dimensional space, using 
PCs 1 ,  2 and 3 .  The use of three components allows the inclusion of the third 

principal component, which improves the separation and clustering. However, the 

interpretation of three dimension data becomes more complex. The same trends 
observed in the original data set, in two dimensions, can be applied to this data. 

Principal component two is again fundamental in the separation of chlorophyll b 

containing species (Chlorophyceae) with low PC 2 scores, from phycocyanin 

containing species (Cyanobacteria) with high PC 2 scores. Such a simple 
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dist inct ion is however compl icated by the effects of  l ight adaptation on the 

absorbance. 
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F igure 5 . 8  Three d imensional score p lot using PC 's  1 ,  2 and 3 ,  showing the spatial 

re lat ionships among the four species at three di fferent l ight i ntensity levels . 

Under LL we see h igh levels and correspondi ng absorbance, due to the 

photosynthetic p igments (chlorophy l l  b and phycocyanin) .  Hence there is a clear 

separation in space. However, under HL, a reduction in photosynthetic p igments 

lowers the absorbance due to these two characteristic pigments, and movement i n  

the  spat ia l  location of the  sample a long the PC 2 ax i s  is observed. Th i s  is 

demonstrated in Figure 5 .8 by HL Anabaena samples, which are located with a 

low PC 2 score, compared to the LL and ML samples. A c lear trend is a lso 

observed in Chlorella, with the LL samples located w ith low PC 2 scores i .e .  

greater absorbance due to chlorophyll b and the HL  samp le located wi th a much 

less negat ive PC 2 score i .e .  less ch lorophyl l b absorbance. From Figure 5 . 8  it can 

be observed that both Scenedesmus and Microcystis are not so heavily influenced 

by the second principal component. 
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The first principal component also shows a clear trend with samples from the HL 

environment, located with higher scores, due to the carotenoid absorbance 

increasing the absorbance in the blue. This is not as clearly shown on Figure 5 .8, 

due to the orientation of the plot. PC 3 can be seen to have an influence on the 

location of the samples, particularly the HL Anabaena samples, which are located 

with low PC 3 score, compared to the LL and ML samples. 

Classification of unknown samples 

Classification was first based on models for each species using the optimum 

number of principal components. Models were also computed for each light status 

for each species in an attempt to classify the light condition. Classification to the 

species and different light level was possible for all except the HL Anabaena at a 

confidence limit of 0 . 1 %. The HL Anabaena model was miss classified as 

Microcystis, due to the low distance to the Microcystis model. This can be seen in 

Figure 5 . 8 .  

5. 3 . 5  Influence of adaptation effects resulting from different nutrient conditions 

PC A loadings 

The loading plots for the first four principal components were very similar to 

those of the original and light adapted data sets . Little change was observed in the 

structure for the loading plots . Only PC 4 showed some deviation from the 

previously observed plots. The first four principal components accounted for very 

similar amounts of the total variance as the light adapted data set . PCs 1 ,  2, 3 and 

4 accounted for 83 %, 12  %, 4 % and 1 % of the explained variance respectively. 

The similarity of the loading plots to the original data set may be a consequence of 

the lack of relative pigment variation observed with nutrient limitation, therefore 

having little influence on the sample variance. 

PCA scores 

A score plot of the PC 1 versus PC 2 is shown as Figure 5 .9 . This plot of only the 

first two principal components clearly demonstrates the movement of the samples 

in the score plot with different nutrient levels . The clusters spread from their non 
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limited locations (N + P), which are very similar to the original data set, to the 
right of the plot (+ PC 1 score) and in varying degrees down the plot (- PC 2 

score) . The most significant shift in location was observed in the nitrogen limited 
Microcystis samples (< N), which on this two dimensional plot is located away 

from the other Microcystis samples . Consequently the < N samples for 

Microcystis do not form a cluster with all the other Microcystis samples, like the 

other three species. This is likely to be due to the inability of Microcystis to fix 
nitrogen. Therefore, unlike Anabaena, Microcystis is highly influenced by the 

available nitrogen. This suggested that classification would not be possible using 
only PCs 1 and 2 and that three PCs were required. 

Figure 5 . 1 0  shows the spatial relationship between the samples in three 

dimensions, using PCs 1 ,  2, and 3 .  This figure shows how the classification of the 

Microcystis class might be maintained when using three principal components, 
even though the <N samples are located with negative PC 2 scores due to low 

phycocyanin absorbance (see Chapter four) . Both Scenedesmus and Chlorella are 
clearly located in clusters on the plot with little spatial movement resulting from 

nutrient limitation . 

Classification of unknown samples 
C lassification was based on a single model for each of the four species using the 

optimum number of principal components. Classification of unknown samples 

from the test set was impaired by the spectral variation from nutrient limitation. 

Consequently correct classification of all unknown samples was only obtained at a 

confidence limit of 5 % compared to 0. 1 % in the non limited data set. 
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Figure 5 .9 Scores plot PCs 1 versus 2 for nut rient stressed samples. Labels 

i ndicate the nutrient status. Anabaena (dark b lue), Microcystis (green),  

Scenedesmus (light blue) and Chforella (brown). 
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spat ial relat ionships between the four species from the three nutrient condit ions. 
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5. 3. 5 Compilation of all data 

PCA loadings and scores 

As a final test of the methods, a ll the data used i n  the individual sect ion of this 

chapter was compi led. A total of 1 90 spectra were taken from the nine species. 

Four of the species included data from three l ight levels and two nut1ient l im ited 

cultures . As each spectra is an average of fifty, then the data set is made up of 

9500 spectra. The score and loadings were calculated for the complete data set. 

F igure 5 .  I I shows the loadings for the complete data set in three-dimensional 

space using PCs I ,  2 ,  and 3. Figure 5 . 1 2  shows the locations of samples in the 

score p lot using the same three p1incipal components. Consequently, by 

comparing Figure 5 . 1 1  and 5 . 1 2  it is  possible to get an overview of the locations 

of the scores and the in fluence of the loadings on the locations. The effect of using 

the eight se lected variables was also assessed and the same spatia l  relat ionships 

were observed. 
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Figure 5 . 1 1  Loadings plot in three dimensions using PCs 1 ,  2 and 3 .  The l ine 

represents the 82 1 variables from 400 - 680 nm. Labels represent key wavelengths 

and p igments on the outmost reaches (most i nfluential region) of the loading. 
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on four species giving a total of 1 90 data poi nts .  

C lass i fication of unknown samples 

C lassification abi l ity was i mpaired sl ightly by using the complete data set 

i ncluding the nutrient and l ight adapted data. PCA models were computed for 

each species. The opt imum number of principal components were used for each 

model . Chlorel!a, Microcystis, Scenedesmus and Spirogyra models used only two 

princ ipal components. Anabaena, Aphanizomenon and Spirogyra models  used 

three principal components. Both Asterionella and Synechococcus modes used 

four principal components. 

Unknown samples from the test data set were al l correct ly classi fied at a 

confidence l imit  of I O % .  However at 5 % the "unknown" Scenedesmus samples 

were jo int ly c lassi fied to both the Spirogyra and Scenedesmus c lasses. One of the 

Anabaena "unknown" samples was also jointly c lassi fied to both the Microcystis 

and Anabaena classes. Joint c lassi fication was expected when the influence of 

extreme l ight and nutrient l imitation were combined. It is  clear from the raw in

viva absorbance spectra in chapter four that ce1tain  adapti ve responses i . e .  light 
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and nutrients can make the in-vivo absorbance spectra, for different species, look 
very similar. Factors not studied in this thesis such as DOM and light quality are 

also likely to have similar influence to the absorbance spectrum and therefore 
affect the classification ability. It is however particularly noteworthy that no joint 
classification was observed between the three taxonomic classes, suggesting that 
even when including the extreme adaptation, classification to a taxonomic class is 
possible. 

5.4 Summary 

The developed instrument and specifically the quality of the full spectral data 

from the CCD detector is fundamental in the contribution of the data analysis  

techniques in this chapter. The high resolution spectrum provides significant 
advantages over traditional instruments, based only on a limited number of 
wavelengths, in both spectral interpretation and classification. A further unique 
achievement, which relies on the novelty of the instrument, is the ability to 
perform classification at site in near real time. The achievements made in optical 

based classification of algae and cyanobacteria presented in this chapter are 

wholly reliant on the performance of the developed instrument. 

Principal component analysis has been shown to be an excellent technique for the 

analysis of in-viva absorbance spectra. The reason for the success of the PCA 
technique can be put down to the nature of the in-viva absorbance spectra which 
theoretically is made up of many components from the many pigments found in 

algae and cyanobacteria, which when combined result in a continuous spectrum. 
The power of  the PCA technique was demonstrated by the first four principal 

components explaining over 99 % of the variance for the data set. These 
components could be clearly linked to specific pigments or pigment groups due to 

their wavelength maxima. A further advantage of the PCA technique was 

demonstrated by the fourth principal component, which was found to be heavily 

influenced by the addition of noise to the spectra. Consequently, by leaving this 
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principa l  component out of the analysis, spectral noise could effectively be 

removed . 

Score plots e i ther in  two dimensions (first and second principal components) or in 

th ree dimensions  ( first, second and third principal components) showed clear 

c lusteri ng or t he i ndi v idual species .  The clustering can be attributed to the clear 

connect ion hd\1-'cen taxonomically important pigments and the loadings for the 

fi rst t h ree princ ipal components. All unknown samples from the test set were 

succcss th l l y  dassi ticd to the cmrect PCA c lass . Moreover, these results suggest 

t hat va riab i l i ty  hctwcen the three taxonomic classes (Cyanobacteria, 

Ch lornphyccac and Baci llariophyceae) is greater than variabi lity between 

memhers of  the  same c lass. 

Thc su,.:c-:ssfu l  use of only eight wavelength variables for the classification of the 

unknown samp les at the same rate as observed with the complete spectrum, 

proved the c lassi ficat ion can be mai ntained using only a small number of 

imp1)rtant variab les .  Th is  leads to the potentia l to make the PCA and S IMCA 

mrKkls si mp ler, whkh wou ld be a di st inct advantage for real-time classification. 

· 1  ht i ncorpnrnt ion of adapt ive responses from l ight and nutrients represented the 

great1.:st cha l kngc, as i t  was c lear from the raw in-viva absorbance spectra that 

under 1.:e11a in condit ions there is  l i t t le d ifference between the spectra of different 

spcc ies . The \\.ork pn.:sented here shows that, by careful use of three principal 

1.'t l !Hpon<.:nts, c lassi fo.:at inn was possible to genus level for nearly all the samples, 

even under cxtn:me condit ions. Furthennore, for some species, the light and 

nut rient status  could also he estimated from the in-viva absorbance, providing the 

pos:- ih i l i ty of  indi rc.:t ly moni toring these parameters, using the physiological 

adaptat ions of the a lgae .:ind /or cyanobacte1ia present. 

The analys is pn.'si.:nh:d in this chapter is based on n ine common algae and 

<.:yant1h,1..: ti.:r i .1 spc,· ics gm\vn under laboratory conditions .  Such a study forms the 

i.:,st:n t i a l  fl r,._t step in th1.i app l ication of establ ished techniques (PCA and S IMC A) 
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into a new environmental monitoring application. The inclusion of further species, 

from both within the three taxonomic classes already studied and from new 

classes, would make the analysis more comprehensive but at the same time more 

complex. This should therefore form the next stage in the development of the 

classification methodology. 

The considerable potential of the combination of the developed instrument, 

providing high resolution in-vivo absorbance spectra, with classification 

techniques based on PCA and S IMCA, as an alternative classification method for 

identi fy potentially toxic cyanobacteria in real time, has been proven. The next 

chapter describes the application of the developed classification methodology to 

natural samples . 
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CHAPTER 6 

IN-SITU FIELD EXPERIMENTS AND LABORATORY SIMULATIONS 

6.1 Introduction 

Real-t ime measurement of algal populations for bloom prediction has long been 

an aim of aquatic scientists and water quality managers. At-site measurements of 

parameters such as nutrients, temperature and dissolved oxygen can now be made 

in real-time (Hart et al. 1 993). However, the complexity, and lack of suitable 

technology, has meant that real-time measurement of algal levels has only been 

possible using fluorescence based instruments (Pinto et al. 200 1 ) .  In-vivo 

absorbance when combined with the recent advances in optical sensing 

technology and powerful multivariate data analysis techniques, to utilises the full 

spectrum, provides a technique ideally suited to the at-site determination of algal 

levels and class composition in near real-time, providing a solution to this 

problem. 

This chapter describes the performance of the developed instrument and data 

analysis techniques on the analysis of algal and cyanobacteria samples . Two 

approaches were used to assess the performance of the instrument : 

In-situ field trials 

Field based monitoring was conducted at a number of freshwater locations. The 

instrument was taken into the field to measure algal spectra at-site for rapid 

assessment of the algal population . 
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Laboratory simulations 

The effect of different nutrient levels on algal cultures were carried out under 

controlled physical conditions of temperature, light intensity and different nutrient 

levels on the selected species . 

These two approaches allowed the instruments performance to be assessed under 

many different conditions, even if algal blooms did not occur at the chosen field 

sites at the t ime of monitoring. 

The aim of this chapter was to assess the performance of the instrument and the 

classification methodology on natural and simulated samples. The suitability of 

the technique and further development work will also be assessed. 

6.2 Materials  and methods 

6.2. l ln-situ field trials 

Field experiments were conducted at six sites, chosen to represent different 

freshwater environments, covering a range of s izes and uses (Table 6 . 1 ) .  Figures 

6 . 1 ,  6 .2 ,  6 . 3 ,  6 .4 and 6 . 5  show photographs of the chosen field sites. No attempt 

was made to conduct temporal monitoring at any chosen site, as the laboratory 

s imulations would provide time based data. Consequently, the instrument was 

used in the field to acquire in-vivo absorbance spectra in real time. The spectra 

were then classified to determine the algae and cyanobacteria present at-site. 

Several visits were made to the chosen sites between June and September 200 1 .  

Previous history o f  algal blooms in the monitoring sites comes from several 

sources. The Verulamium Lakes in St Albans have an information board, which 

contains detai ls of previous problems with blue-green algae and the associated 

risks to visitors . Both Wardown Park Lake and the River Lea in recent years have 

shown signs of algal blooms during the summer months. Rutland and Grafham 
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waters were both effected by toxic blue-green algal blooms in 1989 and 
subsequent years (NRA 1 990; 1 996;  Codd 1 99 1 ;  1 992). 

Table 6 . 1 Details of monitoring sites used for in situ field experiment. 

Name Location Nature of the Previous history of 
site algal blooms 

Verulamium St Albans, Recreational Yes Cyanobacteria 
Lake ' s  Hertfordshire park lake 

Wardown Park Luton, Recreational Yes Mostly 
Lake Bedfordshire park lake Chlorophyceae 

The River Lea Luton River Yes Mostly 

Bedfordshire Chlorophyceae 

Rutland Water Rutland Water storage Yes Toxic 

Leicestershire reservoir Cyanobacteria 

Grafham Water Cambridgeshire Water storage Yes Toxic 

reservoir Cyanobacteria 
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Figure 6 . 1 Verulamium Lake St Albans, Hertfordshire. 

Figure 6.2 Wardown Park Lake Luton, Bedfordsh ire .  
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Figure 6 .3  The R iver Lea Luton, Bedfordshire .  

Figure 6 .4  Rutland Water Rutland, Leicestershire. 
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Figure 6 .5  Grafuam Water, Cambridgesh ire. 

ln-situ measurements 

The sampl ing location was chosen as a point where access to main body of water 

was possible .  At each sampl ing site, samples were taken at approxi mately 40 cm 

depth from the water surface and the absorbance spectra measured immediately 

fol lowi ng the standard operat ing procedure (Appendix C ) .  Sampling time was 

between I pm and 3 pm. A 40 mm path length probe t ip (as described in Chapter 

3) was used. Background spectra were recorded using deion ised water as a blank. 

As in  the laboratory, each spectra was an average of  fifty, in order to reduce the 

noise leve l .  A moving average fi lter with a window of 2 1  values was used to 

smooth each spectrum. Al l  spectra were saved as text fi les on the laptop computer 

to allow direct import into the spectral analysis program for at-site c lassification. 
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6. 2. 2 Laborat01y sirnulation 

A natural sample from the Verulamium Lake field site, which contained a mixture 

of common freshwater algae, was used as the base of the laboratory simulation. 

Di fferent levels of nutrients (nitrogen and phosphorus) were added to the base 

sample in o rder to stimulate algal growth. Cyanobacteria were inoculated into the 

natural sample to promote a cyanobacterial bloom. 

ExQerimental design 

The s imulat ion experiment was designed under four different nutrient conditions 

( Table 6. 2) .  Simulat i on A formed the control with no nutrients or cyanobacteria 

were added. Simulation B had nutrients (nitrogen and phosphorus) added to give a 

non- l imit i ng atomic ratio of nitrogen to phosphorus of 1 6 : 1 . The culture was also 

i noculated \.Vith the cyanobacterium Microcystis aeruginosa. Simulation C had 

nutrients added, as in B but no cyanobacteria was added. Simulation D had 

nut rients (nitrogen and phosphorus) added at an atomic nitrogen to phosphorus 

rat io o f  5 :  1 (n itrogen-l imiting) and the culture was also inoculated with the 

Cyanobactcrium Anabaena variabilis. The four experimental conditions allowed 

di ffcrcnt species to dom inate the composition and provide a range of conditions to 

assess the i nstrument. All nutrients and cyanobacteria were added after the 

analysis of the simulations on day 0 .  Day 1 was therefore the first sampling day 

on wh ich the additions were measured. 

Sourct:s of n itrogen and phosphorus 
N itrogen and phosphorus were provided from the concentrated stock solutions 

used to make the Jaworski medium (Belcher and Swale 1 998). The nitrogen stock 

contained Ca(NO.\h and NaN03 and the phosphorus stock K2HPO4 and Na2HP04. 
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Table 6 .2 Details of the experimental design of the laboratory simulations. 

S imulation Nutrient status Cyanobacteria added to 

Concentration added give concentration of 

A (control) No added nutrients None 

B Non-limiting Microcystis aeruginosa 

8000 µg r 1 N 90 µg r 1 chlorophyll a 

500 µg 1" 1 p 

C Non-limiting None 

8000 µg 1" 1 N 

5 00 µg r 1 p 

D N limiting Anabaena variabilis 

2500 µg r 1 N 90 µg r 1 chlorophyll a 

500 µg r 1 p 

Samples / organisms 

Fi ve li tre natural samples were taken from the Verulamium Lake field site during 

the morning from the top 40 cm of the water. The sample was stored in a 5 L 

plastic container anp transported to the laboratory immediately. The chlorophyll a 

concentration was measured as 8 1  µg r 1 at-site. Microscope evaluation showed 

the lake sample to contain a mixture of species from the Chlorophyceae and 

Bacillariophyceae classes . No cyanobacteria were observed in the sample. 

Culture conditions 

All simulations were nm in 1 L volumes in beakers with clear acetate lids to 

reduce evaporation. Illumination to 20 µEinstiens m-2 s-1 was provided by two 

1 8W Gro-lux tube lights (Sylvania, Gennany) placed directly above the beakers 
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(Figure 6 .6) .  A 1 2 :  1 2  hour, l ight dark cycle was maintained throughout the 

experiment .  

. Al l  four simulations were gent ly stirred using magnetic stirrers (approx. 1 5 0 rpm), 

to simulate natural water movement. The beakers were p laced on a foi l l ined 

acetate sheet above the magnetic stirrers to prevent heat t ransfer result ing from the 

constant running of the sti rrers . Consequently a l l  the cultures were maintained at 

between 20 - 22 °C . Once a day, air was gently pumped through each culture for 

approximately 30  minutes using a fish pump and 2 mm bore s i l icon tubing. 

1 

D D 

5 

6 

7 

3 

Figure 6 .6 Schematic diagram of the experimental set up for the simulation 

expe1iment. 1 .  Gro-lux tube l ights, 2. Culture I L, 3. A i r  pump, 4. Air tube, 5 .  

Acetate l id .  6 .  I nsulated rack 7 .  Magnetic sti rrers . 

Measurement of absorbance 

Absorbance spectra were measured every day at approximately midday from day 

I to day 22, when the simulations were stopped. To record the in-vivo absorbance 

spectra, 5 ml of sample was taken from each of the beakers for analysis. The 
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standard operating procedure (Appendix C) was followed for the use of the 

instrument . All samples were analysed at between 20 - 25 °C using deionised 
water as a blank. A 40 mm path length probe tip was used in the acquisition of all 

spectra, with an exposure time of 0. 1 3  seconds. Fifty averages were acquired for 

each spectrum. A moving average filter with a window of 2 1  values was used to 
smooth each spectrum. 

6.2. 3 Chemical analysis 

Nitrogen and phosphorus were determined in their soluble forms. Therefore 

s imulation samples were filtered to remove all cells (cellular nitrogen and 

phosphorus) prior to chemical analysis. In total 1 2  ml of sample was filtered 

through a washed glass fibre filter paper (Whatmans GF/C, UK) in to a clean flask 

to allow enough filtered sample for both nitrogen and phosphorus assays. 

Nitrogen 

Nitrogen was determined by the standard wet chemical method for determination 

of Total Oxidised Nitrogen (TON) (Standing Committee of Analyst 1 98 1 ) .  Full 

details of the method are given in Appendix E. 

A fi ltered sample of 250 µl was added to a clean test tube and diluted with 2000 

µl of deioised water. Then 700 µl of 0.2 M sodium hydroxide solution was added 

fol lowed by 1 500 µl of hydrazine copper reagent. After each addition the sample 

and reagents were mixed. The test tube was then placed in a water bath for 1 5  

minutes at 40 °C. After 1 5  minutes 200 µl of sulphanilamide reagent was added 

and wel l mixed with the tube contents. The test tube was then left on the bench for 

20 minutes to allow the colour to develop. After 20 minutes, the absorbance was 

measured at 520 nm in a 1 cm quartz cuvette with a reagent blank as a reference 

using a Hewlett Packard 8452A diode array spectrophotometer. All standards and 

samples were run in duplicate and the mean used. Standards of 1 .0 ,  5 .0 ,  1 0.0, 

20.0, 3 0.0, and 40.0 mg r 1 were used to produce a calibration to determine the 
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concentration of the unknown samples. All the standards and simulation samples 

were run in duplicate and the mean value calculated. 

Phosphorus 

Soluble Reactive Phosphorus (SRP) was determined using the ascorbic acid 

method 4500-P (Clesceri et al. 1 998) . Full details of the method are given in 

Appendix F .  

The filtered sample at 10 ml was added to a clean test tube followed by 800 µl of 

5 N sulphuric acid, 240 µl of ammonium molybdate solution and 480 µ1 of 

ascorbic acid solution . The contents were then well mixed. The test tube was then 

placed in a water bath at 40 °C for 30 minutes. After 30 minutes, the absorbance at 

8 80 nm was measured in a 2 cm quartz cuvette with a reagent blank as a reference 

using a Unicam Visible/NIR spectrometer. 

Standard calibration series at concentrations of 1 00 .0, 200.0, 400.0, 600.0, 800 .0 

and 1 000 . 0  µg r 1 were prepared from a stock solution ( 1 000 µg r 1
) .  All the 

standards and samples were run in duplicate and the mean value calculated. The 

simulat ion samples were not run in duplicate due to the limited volume of the 

cultures and the 1 0  ml sample requirement for each analysis. 

6.3 Results and discussion 

6. 3. 1 Nitrogen and phosphorus calibrations 

Figure 6.7 shows the calibration graph for TON in the 1 - 40 mg r1 range. A linear 

relationship (r2 = 0 .9957) was achieved between the TON ( 1 .0 - 40 .0 mg r 1
) 

concentration and the absorbance at 520 nm. Precision was calculated from five 

replicates of each standard and expressed as the ± SD. The regression parameters 

shown in Figure 6. 7 were used to detennine the total oxidised nitrogen in the 

simulations. 
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Figure 6. 7 Cal ibrat ion graph for TON. Error bars represent prec ision (SD), which 

ranged from ± 0.0008 - 0.002 . 
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Figure 6 . 8  Cal ibration graph for soluble reactive phosphorus. E1Tor bars represent 

precis ion (SD), which ranged from ± 0.00 1 - 0.002. 
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Figure 6 . 8  shows the calibration for SRP in the 1 00 - 1 000 µg r 1 range. A linear 

relationship was achieved between SRP ( 1 00 - 1 000 µg r 1
) concentration and the 

absorbance at 880 nm (r2 = 0.9997) . Soluble reactive phosphorus was determined 
in the simulations using this calibration graph. 

6. 3 .2 ln-situfield experiments 

Rut land water and Gratbam water 

Site visits to both Rutland Water and Gratbam Water showed algal levels were 

very low as a consequence of  the comparatively low summer temperatures 

resulting in reduced algal growth and the control measures implemented by 

Anglian Water following the presence of toxic cyanobacteria in 1 989. Levels were 

found to be below the limit of  detection of the developed instrument in both 

waters .  Therefore, no data is presented for these sites . 

Verulamium Lake 

Figure 6 .9  shows three in-vivo absorbance spectra recorded from the main 
Verulamium Lake on 26/6/0 1 ,  12/7/0 1 and 1 /8/0 1 .  These spectra are typical 

cxamp les of the data gained using the instrument at this location. The spectra 

clearly show the a band of chlorophyll a at 680 nm, which is normalised to 1 AU 

for comparison . Note there is a slight variation in the peak wavelength between 

the three spectra. This can be attributed to minor differences in the algal 
physiology and not an error in the spectrophotometer. Subtle differences in the 

shape of the spectra indicate a slight difference in the species present on the 

26/6/0 l compared to the two later dates . This is probably a direct result of the 

warming of the water temperature over the summer. A shoulder on the red spectra 

(26/6/0 1 )  at 660 nm due to chlorophyll b indicates the presence of species from 

the Chlorophyceae class. The other two spectra do not show this spectral feature. 

Moreover, they both show an absorbance peak at 630 nm due to chlorophyll c, 

indicating the presence of species from the Bacillariophyceae class. The 630 nm 
chlorophyll c peak is less prominent in the spectra recorded on 26/6/0 1 .  
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Figure 6 .9 Normal i sed in-viva absorbance spectra from the main  Yerulamium 

Lake, St Albans, recorded from the same locat ion on the 26/6/0 1 (red), 1 2/7/0 1 

(green) and 1 /8/0 1 (blue). 

The shape of all three spectra in Figure 6 .9 indicate a mixed community 

compri s ing of speci es of both Chlorophyceae and Baci l lariophyceae a lgal classes. 

The sl ight  di fferences between the three spectra reflect the changes in  the spec ies 

composit ion over t ime .  Microscope analysis of samples in the laboratory 

confirmed the samples contained a mixture of several di fferent species from the 

Baci l lariophyceae alga l  c lasses, i nclud ing Navicula . Both Scenedesmus and 

Pediastrum were ident i fied as species from the Chlorophyceae c l ass. 

The resu lts have demonstrated that the c lassification of natural samples from the 

Yerulamium Lake s i te i s  possib le using the present technique. The results 

however highl ight the complexity of natural samples and the resu lt ing need for 

mult ivari ate c lassification methods, such as the SIMCA technique based on PCA.  

The three spectra from the Yerulamium Lake shown i n  Figure 6.9 are shown on 

Figu re s  6 . 1 0  A and B as points V l ,  V2 and V3 . Al l  three spectra (V l -3) are 
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located in three dimensional  space between the Chlorophyceae and 

Baci l lariophyceae species . This is made clearer by showing the three d imensional 

plot at two different orientations. The location on Figure 6 . 1 0  confirms that the 

spectra represent a mixture of a lgal species from the Chlorophyceae and 

Baci llariophyceae classes. 
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Figure 6 . 1 0  A and B Location of  samples from in-situ field experiments in a three 

dimensional PCA score plot . A and B show the data in two different orientations. 

Unknowns  in light blue. V l -3 = Verulamium lake, RL = River Lea and War = 

Wardown Park lake. 
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Wardown Park Lake 

fn-vivo absorbance spectra were recorded from Wardown Park Lake during a 

week long bloom of  spirogyra, a filamentous alga from the Chlorophyceae class. 

The blue plot on Figure 6. 1 1  shows an example of a typ ical in -vivo absorbance 

spectrum recorded during several visits . The red p lot is a spectrum from a 

laboratory grown culture of Spirogyra mirabilis. Both the spectra in Figure 6. 1 1  

have been normal ised to 1 AU at 680 nm to remove the chlorophyll a 

concentration di fference and al low compari son of the spectral features. The 

s imi lari t ies of the spectral characterist ics can be c learly seen in Figure 6 . 1 1 .  Both 

the spectra are very s imi lar, the only d ifference being the sl ightly higher 

absorbance in the natural sample between 400 - 640 nm. The sl ight i ncrease in the 

d i fference, with decreasing wavelength ,  suggests the difference between the 

spectra is due to the dissolved organic matter in the natural sample .  Dissolved 

organic matter shows a general increasing absorbance with decreasing 

wavelength , much the same as the di fference between the two spectra. 
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Figure 6. 1 1  Normalised in-vivo absorbance spectra form Wardown Park Lake 

2/8/0 1 (blue), comparison made to an in-vivo spectra from a laboratory grown 

cu lture of Spirogyra (red) . 
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Figures 6 . 1 0 A and B shows the location in three dimensional space of the spectra 

from Wardown park lake . The point represented by the spectra from the Wardown 

park lake (War) is located close to the two Spirogyra points that characterise that 

c lass. Using the SIMCA methodology spectra taken from Wardown Park lake 

during the Spirogyra bloom were all successfully classified to Spirogyra PCA 

class . The success of this classification can be attributed to the near complete 

dominance of spirogyra during the bloom and the SIMCA classification 

methodology contained a Spirogyra model. 

River Lea 

Figure 6 . 1 2  shows three examples of in-vivo absorbance spectra recorded from the 

River Lea during August 200 1 .  The normalised spectra show some clear features 

that relate to the pigments present and therefore give the identity of the major 

class of algae present . The two peaks at 590 and 630 nm respectively correspond 

to the two a bands of chlorophyll c. In addition the lack of any shoulder at 655 nm 

indicates an absence of chlorophyll b. Consequently, the pigment features indicate 

dominance by species from the Bacillariophyceae class. 

The shape of the spectra in Figure 6. 1 2  can be compared to the spectra recorded 

from the laboratory grown culture of Asterionella formosa in Chapter 3 (Figure 

3 .6) . The spectra are clearly similar but not the same, suggesting that a different 

genus is probably present in the sample. Microscope analysis of samples in the 

laboratory confirmed the algal species present in the sample were single celled 

from the Bacillariophyceae class . 

1 79 



3 

2 . 5  

2 

0 
(/) 

1 . 5  

(/) 

0 

0. 5 

0 

400 450 500 550 600 650 700 750 

Wa\elegth (nm) 

Figure 6 . 1 2  Nom1al ised in-viva absorbance spect ra form The River Lea 

downstream of Wardown Park, recorded during August 200 I .  The three spectra 

represent different days at the same locat ion . 

F igures 6 . 1 0  B shows the three data points to be located with high PC I scores 

and low PC 2 scores, there fore moving towards the Asterionella model .  The 

analysis of the spectra using the S lMCA classi fication methodology suggested 

that the spectra were from species within t he Baci l lariophyceae c lass as the data 

was c lose to, but not c lassi fied as the Asterionella model .  A large distance was 

observed from a11 the Cyanobacteria and Chlorophyceae models . This suggests 

that a S IMCA class ification based on more species would provide the potential for 

a c loser fi t .  

6. 3 .3  Laboratory simulations 

S imulat ion A (Control) 

The control showed no major change i n  absorbance and or cel l numbers over the 

twenty-two day moni toring period. Between day 0 to day 6 the chlorophyll a 

concentration varied between 30 - 80 µg r 1 • From day 6 onward the chlorophyll a 
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concentration declined to a concentration where by day 14 the level was below the 
l i m i t  of detection of the instrument . The same trend was also observed in the cell 
numhcr, dec l in ing after a peak at day 6 of 2 .0  x 1 05 cell per ml. 

The contro l  s imulat ion proved that the sample had reached a maximum biomass 

and without the addit ion of either nutrients or the inoculation of cyanobacteria no 

further i ncrease in the biomass was possible. The measured concentration of 

n i t rogen and phosphorus in the natural sample on day zero gave a nitrogen to 

phosphorus rat io of 1 0 : I i ndicating that n itrogen was limiting the growth. Regular 

v i s i ts  to Verulamium Lake (where the in it ial sample water was taken from) during 

the C(mrse of  the 22 day simulation showed agreement with the control 

s imulation, wi th no increase in algal b iomass measured as chlorophyll a. This 

shows the  control simulation provided no growth advantage over the natural 

sampk 

. �imulation B {Non-l imit ing + Microcysti s) 

Figure 6 . 1 3  shows the growth curves for Simulation B .  The plots of absorbance at 

680 and 630 nm and cel l numbers versus running time, show two peaks in 

hioma:-s nvcr the 22 day monitoring period. After the inoculation of Microcystis 

tl('rnginosa and the additional nutrients, a rapid increase in absorbance and cell 

number::; was observed. The in-vivo absorbance measurement from day 2 showed 

ahsorbance rat io between wavelengths of 630 and 680 nm was 0 .7 which is 

consistent with a Microcvstis dominance, presented in Chapter 3 .  The rapid 

increase in cyanobac.teria was also confirmed by microscope analysis of live cells 

from tht: culture. The increase in Microcystis aeruginosa was followed by a rapid 

dec l ine in the chlorophyll a absorbance and cell numbers, with a low of 5 1  mAU 

at 680 nm, corresponding to 1 50 µg r 1 chlorophyll a and 8 .7 x 1 04 cells per ml 

btt wccn days 6 and 7. The decline in the characteristic phycocyanin pigment, 

found in a l l  cyanohacteria, is shown by the decline in the absorbance at 630 nm, 

shovvn as the• blue plot on Figure 6. 1 3 .  As Microcystis aeruginosa was the major 

<.:yanohactcria present in this simulation, the decl ine in absorbance at 630 nm can 

he :1 ttributc<l to a decline in this species. 
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Figure 6 . 1 3  Growth curves for S imulation B, with the addition of nutrients and 

inoculation of Microcystis aeruginosa directly after the measurement on day 0. 
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The second feature of the growth b d · · 1 · · • o serve m s1mu at10n B was the large increase 
i n  absorbance and cell numbers after the decline of Microcystis aeruginosa cells . 
By day 9 the chlorophyl l a concentration and the number of cells had increased 
hack to a simi lar level observed under Microcystis aeruginosa dominance of 330 
µg r 1 ch lorophyll a and 5 .0 x 1 05 cell per ml . The absorbance ratio at wavelength 
6]0 : 680 nm had dropped to 0 .36  suggesting species from the Chlorophyceae 
c lass. wi th low absorbance at 630 nm due to the lack of phycocyanin, were 
dominat ing the algal population. M icroscope analysis confirmed the culture was 
dominated hy Scenedesmw,, with the presence of some diatoms and a very few 
sma l l  l!.licroc:vstis cel ls . As the Scenedesmus population increased the absorbance 
rat io dec reased forthcr to 0 .29 at the maximum biomass of 592 µg r 1 chlorophyll 
a on day D .  A tlcr day 1 3 the chlorophyll a concentration declined rapidly to a 

low of  1 2 1  µg 1 1 at day 22 . The cell numbers also show a rapid decline . Such a 

rapid dec l ine in  measured absorbance and cell numbers is likely to be the result of 

l'c l !s fal l i ng  out of suspension to the bottom of the culture due to stress and 

nut rient l imi tat ion . Such cells in the natural environment would fall down the 

water column . 

Figure 6 . 1 4  shows the nitrogen and phosphorus concentration in simulation B 

over the 22  day monitoring period. Generally, a clear decreasing trend occurred 

throughout the 22 day monitoring period. The nitrogen and phosphorus 

concent rat ion increased to 8 .4 mg r 1 N and 79 1 µg r 1 P within the first 24 hours 

due to the addit ion of both nutrients to the simulation. The added nitrogen and 

phosphonis was then rapidly taken up by the nutrient limited cells in the 

s imulatkm .  Figure 6. 1 4  clearly shows the dissolved nitrogen and phosphorus were 

taken up rapidly by the cells in the culture. A decline down to limiting soluble 

concentrations of phosphonis 88 µg r 1 was observed after only 6 days and 

l imi t ing concentrat ions of nitrogen 1 .4 mg r 1 after 1 3  days. The uptake and 

storage <>f n i trogen and phosphorus from their soluble forms into the cells 

consequent ly means that the cells are able to continue to grow for a limited period 

when t he s()luhlc concentrations are very low. Moreover, this explains the lag 

between the rapid nutrient uptake and the later peak biomass . 
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An attempt was made to classify the in-vivo absorbance spectra recorded from the 

s imulation in order to determine the species present. Good correlation between 

microscope analysis and SIMCA based classification was observed where one 

class dominated the population, (Microcystis or Scenedesmus). Spectra from days 

2 - 4 were correctly classified as Microcystis aeruginosa and days 1 0 - 1 6  as 

Scenedesmus .  However, where the dominance changed from the Cyanobacteria to 

Chlorophyceae, classification was unsuccessful as no PCA class was found to 

adequately match the data. Furthermore, where the population declined after day 

1 6  the spectra could not be successfully classified to the Scenedesmus PCA class 

even though thi s  species dominated the assemblage. This was most probably due 

to high absorbance at the low wavelengths of the spectrum resulting from nutrient 

limitation . 

S imulation C (Non-l imiting no algae added) 

Figure 6 . 1 5  shows the growth curves measured as absorbance and cell numbers 

for Simulation C. A steady increase in the chlorophyll a concentration and cell 

numbers was observed after the addition of nitrogen and phosphorus. At day 5 the 

absorbance ratio at wavelength 630 and 680 nm was 0.32 suggesting there were 

no cyanobacteria present in the culture. This was also confirmed by microscopic 

analysis .  The absorbance ratio decreases to 0.3 at the maximum biomass of 645 

µg r 1 chlorophyl l a on day 9, suggesting a complete or near complete dominance 

by species from the Chlorophyceae c lass. After only 9 - 1 0  days growth the 

absorbance and cell numbers rapidly declined. This is, as explained for simulation 

B, likely to be a result of cells falling out of suspension, as an accumulation of 

dead cells and cell debris was observed at the bottom of the culture vessel .  The 

increase in the absorbance at 630 nm in this sample was not attributable to the 

presence of  phycocyanin as there were no cyanobacteria present. More likely the 

absorbance at 630 nm is due to a number of small bands from chlorophyll ' s  a and 

b or could also be due to chlorophyll c from the small number of cells from 

species of the Bacillariophyceae class . 
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chlorophyl l  a (green) and 630 nm relating to phycocyanin (blue) expressed as 

mAU. Number of  cel ls per m1 x 1 06 (red) . 
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Figure 6 . 1 6  The changing t rend in soluble  nitrogen (blue) and phosphorus (red) 

over 22 days for s imulation C .  
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Figure 6 . 1 6  shows the changing trend of nitrogen and phosphorus concentration in 

simulation C over the 22 day monitoring period. Similar nutrient change trends 

were observed, compared to simulation B. The available nitrogen and phosphorus 

was rapidly taken up by the cells in the culture. The nitrogen concentration was 

7 .9 mg r 1 after the addition of the nitrogen but fell to 1 .3 mg r 1 after 14 days . A 

simi lar trend was also observed for phosphorus with a concentration of 790 µg r 1 

after the addition of phosphorus falling to 5 1  µg r 1 by day 7. Both these uptake 

t imes are s imilar to those observed in simulation B .  

Classification attempts on the in-vivo spectra from simulation C were confounded 

for the same reasons as discussed for simulation B. When the culture was in 

exponential growth (days 2 - 1 0) classification was possible. However, the 

classification was incorrect in identifying the sample to the Chlorella PCA class 

for days 2-5 , where microscopic analysis  shows this species was not present. This 

suggests that the mixed species composition from the Chlorophyceae class 

produced an in-vivo spectrum similar to that of Chlorella alone. This reinforces 

one of  the limitations of the present classification data set, in that it is limited to 

only nine species and this does not fully represent the possible species that may be 

encountered in natural samples. 

Simulation D (N limiting + Anabaena) 

The growth curves for Simulation D, measured as absorbance and cell numbers, 

are shown as Figure 6 . 17 . Simulation D showed a slow increase in biomass after 

the inoculation of Anabaena variablis to a concentration of 90 µg r 1 chlorophyll 

a. A long lag period is characteristic of cyanobacteria, which generally have a 

slower growth rate. Exponential growth is only observed after 1 0  days by which 

t ime simulation C had reached its maximum biomass. By day 22 the chlorophyll a 

concentration had increased to 1 355  µg r
1 and was still increasing. The 

phycocyanin absorbance at 630 nm follows the chlorophyll a absorbance closely 

and shows a 630 : 680 nm absorbance ratio of between 0.84 - 0.82 from day 1 3  

onwards, demonstrating the complete dominance of the culture by the Anabaena 

1 86 



variablis cyanobacterium. The abi lity of Anabaena to fix gaseous nitrogen is 

evident in the continued growth of the culture after the nitrogen concentration has 

fallen to a very low level . This demonstrates one of the key competitive 

advantages some cyanobacteria have. 

Figure 6 . 1 8  shows the changing trend of nitrogen and phosphorus concentration in 

s imulat ion D over the 22 day monitoring period. The addition of only 2 .5 mg r 1 

n i t rogen i s  evident in the lack of a large increase as observed in simulations B and 

C .  The uptake of nitrogen is however again rapid down to 1 .3 mg r 1 after 1 4  days. 

The uptake of  phosphorus can be seen as a decline in the available phosphorus 

a lter 7 days down 10 58  µg r 1 after which the concentration remains at a constant 

l imi t ing leve l .  

C lassi ficat ion was attempted for all spectra from simulation D over the 22 day 

mon itoring period. Between days O - 6 the spectra were not classified to one of the 

dass models. Joint c lassi fication was made to both the Anabaena and Microcystis 

PCA classes, between days 7 - 1 6 . Joint classification may be a result of the 

environmental conditions making the spectral shape similar to both the 

Jficrocystis model and the Anabaena model (Chapter 5) .  Microscopic analysis 

con fi rmed that the culture was dominated by Anabaena and no Microcystis cells 

were present . From day 1 7  to 22 the in-vivo spectra were all correctly classified to 

the Anabaena class. 
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Figure 6 . 1 7  Growth curves for S imu lation D with the addition of nutrients and 

Anabaena directly after the measurement at day 0. Absorbance at 680 nm relating 

to chlorophyl l a (green) and 630 nm relating to phycocyan in (blue) expressed as 

mAU.  
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Figure 6 . 1 8  The changing trend in soluble ni trogen (blue) and phosphorus (red) 

over 22  days for simulation D .  
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6.4 Summary 

The work presented in this chapter has shown the developed instrument and 

c lassi ficat ion methodology, based on PCA and SIMCA techniques, to perform 

wel l  i n  both field experiments and laboratory simulations. The reliability of the 

method was demonstrated where the algal population was dominated by single 

spec ies or a number of spec ies from the same taxonomic class, especially when 

the species matched the spec i es used to produce the PCA models .  Such conditions 

vvcre found in both the field experi ments, where algal blooms were observed, and 

i n  laboratory simulat ions during the exponential growth phase. 

The c lassi ficat ion abi l i ty was reduced where either the sample contained a mixture 

of species from several taxonomic classes or the dominant species was one that 

had not been inc luded in the n ine chosen species used in the classification models. 

Thi s  can be att ributed to the limited number of models, which cannot cover all 

poss ible spec ies encountered in natural samples. Furthermore, because the models 

used to classi fy the samples were composed of spectra from mon-algal cultures, 

these wi l l  only com�ct ly classify samples that are monospecific or near 

monospec ific i n  that parti cular class. This suggests that for the monitoring of 

mi xed compos i tion natural samples, which are commonly found during the lag 

phast: of  growth and early exponential growth phases, further species models need 

to he inc luded to i ncrease the range of species covered. However, under 

cxponcnt hi l growth conditions, when algal blooms represent a problem, the 

current kchn ique would be successfo l .  

For both field measurement and simulation experiment, the results have 

demonstrated the complexity of  the nature of algal samples. The potential of the 

portable inst rument in the analysis of complex environmental samples to provide 

accurate at-site near real -time classification and quantification has been proven. 
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CHAPTER 7 

CONCLUSIONS 

A significant advance has been made in the field of optical detection of algae and 

cyunohactcri a  by using u mult i -disciplinary approach uti l is ing recent technical 

advances in  e lectron ics ,  physics ,  optics and computing. A unique compact ful ly 

portuhlc instrument , desi gned specifical ly  for monitoring freshwater algae and 

cyunohucteria i n  cutroph ic freshwaters, has been developed. A novel solution to 

t he prohlcm of moni toring freshwater algae and cyanobacteria has been achieved 

hy provid ing a rapid non-i nvasi ve measurement that can be performed at site by a 

non-specia l i st .  

A lgae and, i n  particular, cyanobacteria, resulting from eutrophication of 
freshwaters. represents a major concern to water quality managers and 

env ironmental sc ien t i s t s .  It i s  wel l  recognised that current monitoring techniques 

<lo not provide sufficientl y rapid and accurate results of chlorophyll a 

conccntnit i ons .in<l species composition. Therefore, new advances in monitoring 

techniques arc requi red. Jn - l'ivo absorbance is a proven technique that can provide 

the rap id assessment of algal composition and total chlorophyll a level at site. 

Consequent ly ,  th is  can provide the water quality manager with up to date 

i n formation on the state of the water body allowing the immediate and cost 

effect i ve implementation of control measures, if required. 

7. 1 Instrument design, calibration and characterisation 

The capabi l i t y  of a mul t i  disciplinary approach uti l ising advancements in optical 

tcchnologicli to sol ve an environment monitoring problem has been proven . The 
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significance of the new technologies as shown in this thesis has been 

demonstrated in the field study and laboratory simulation experiments. 

The novel instrument design incorporates several new advances m optical 

technology. A miniature CCD based spectrometer allows rapid acquisition of the 

ful l  absorbance spectrum between 200 - 850 nm in less than 170 mS, at a high 

resolution of 1 .3 nm (FWIW). A miniature combined tungsten and halogen l amp 

provides l ight output across the ultraviolet and visible regions al lowing 

absorbance measurements to be made between 250 - 850 nm. A dip probe, based 

on reflectance, gives an effective 40 mm path length and provides a novel 

alternative to a conventional flow cel l .  The distinct advantages of the dip probe 

are its s impl icity compared to a flow cel l ,  in that it does not require a pump to fill, 

and, because i t  i s  easy to c lean ,  biofouling problems are eliminated. The use of 

miniature technologies allowed the instrument size to be kept small to al low ful l  

portabi lity to be achieved. The instrument measures 280 mm x 205 mm x 65 mm 

excluding the probe and including the battery weighs only  3 .2  kg. A specifical ly 

developed control program (< 1 MB) ,  written in LabVIEW, will run on either a 

desk top or a l aptop computer (Windows 95 platform) and allows easy operation 

of the instrument via a single user friendly control panel . Data acquisition i s  

performed using a low cost 1 2  b i t  I O0K.Hz DAQ card, avail able in a credit card 

size format for laptop use. The spectral data i s  directly available for either analysis 

of the chlorophyll a concentration or taxonomic classification . Spectra are saved 

in text file format (30 KB) for further data processing and analysis .  The 

instrument specifications are l isted in Appendix G. 

The instrument has been shown to have excellent performance characteristics 

comparable  with an industry standard diode array bench top spectrophotometer 

(Hewlett Packard 8452A). Wavelength accuracy confirmation using a standard 

holmium-oxide filter confirmed the wavelength calibration provided by the 

manufacturer. A 5 m V noise level on the lamp intens ity spectrum gave an average 

SIN ratio of 576: 1 over the 400 - 750 nm region. This represents a very l ow 

combined noise level from the l amp, detector and electronics, particularly 
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cons ideri ng  the miniature nature of the instrument. The baseline noise level in 

ahsorbance units showed only a 0 .00 1 AU variation at 780 nm, over five hundred 

measurements .  Spec i fi c  assessment of the l amp stabi l ity proved a preci sion of less 

than 0.4 %, RSD was obtainable over 10 minutes in the 400 - 850 nm range. Over 

an extended period , the lamp unit showed only a comparatively smal l 0 .003 V/h- 1 

ch ,mgc . The photometric accuracy of the i nstrument can be considered excellent. 

Compari son of molar absorptivity values obtained from cobalt ammonium 

su lphate st andards measured with the developed instrument with standards values 

set hy t he IU PAC commission on physiochemical standards showed no si gnificant 

di fferences .  

The i n :-.t ru merH was shown to  have a l inear photometric response up to  1 .2 AU 

whL·n h.:skd w i t h  c:oba l t  ammonium su lphate standards from 0.05 to 0 .25 M. The 

1 0  mm prnhc t i p  gave a coeffic ient of determination of r2 = 0.9989 (n = 6) 

cumpan.:J wi th  ,.:: 
= 0.998:2 (n = 6 )  measured on the Hewlett Packard 8452A 

spcet rnphntom�tcr within 0.05 -- 0 .25 M concentrations . A four times increase in 

sensi t i v i t y  was acli i c\'ed with the 40 mm path length compared to the standard 1 0  
? 

mm lengt h ,  \vh i lc st i l l  retaining excel lent coefficient of determination (r = 

0. ()()95 .  n = 8 )  and l i near photometric response up to 1 .2 AU. 

Photomctn1  .. ; precision i n  the instrument was shown to decrease in an exponential 

fash ion as the rncan ahsorhancc increased. Consequently ,  the photometric range 

which provides the greatest precis ion was defined as up to 1 .5 AU. Therefore , the 

im·c i s ion nf measurements made in the linear regi on of the instrument up to 1 .2 

A l  I can he c<msidcrcd excel lent. Photometric stabi l i ty assessed as the absorbance 

uf a c1 )pper sul phatL· standard was shown to be consi stent with the overall 

i nstrument stabi l i ty .  Over 1 0  minutes a 0 . 1 2  % RSD was achieved for 30 

rt�p !kaks of a 0.457 AU standard. The stabi l i ty of the absorbance measurement 

remai ned ,ixcd lcnt over 1 20 minutes and 400 replicates gave a 0.4 % RSD. 

Tcmpcratun: \Va:,; st'wwn to have un e ffect on the CCD detector; the standing 

. h 5 - 34 °C . t:h.1rgc nn the cc:D was shown to increase w1t temperature over 

t Iow1..:n:r, th�: noise level on the standing charge showed no mcrease. 
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Consequently, the temperature effects do not represent a major problem, as the 

detector is well insulated. 

7 .2 Data analysis 

In-viva absorbance spectra, recorded using the developed instrument, from 

laboratory cultures and natural samples showed spectral features that are 

consi stent with previous research in thi s field and rel ate directly to the taxonomic 

pigment composition of the respective classes . Specific features were found 

throughout the studied species  that relate to certain pigments . Ch lorophyl l a 

exhibited three consi stent features, a smal l shoulder between 4 1 1 - 42 1 nm, the 

Soret band at between 434 - 440 nm and the a absorption band  between 676 - 683 

nm . Chlorophyl l b,  in spec ies of the Chlorophyceae c lass ,  was only clearly shown 

at the a band as a shoulder between 647 - 655 nm. This is due to the high 

carotenoid absorbance in the Soret region . Chlorophyl l c, in species of the 

Bacil lariophyceae class ,  exhibited three clear features relating to the a bands at 

587,  6 16 and 635 nm. Phycocyanin, in species of the cyanobacteria c lass ,  showed 

three c lear features, a small shoulder between 585 - 595 nm, two peaks at 6 1 5  -

62 1 nm and 628 - 632 nm. The large number of overlapping carotenoids made 

identification of specific carotenoid  features very di fficult . The variation in peak 

wavelengths for the same pigments between species can be attributed to the high 

resolution of the instrument, which was able to detect slight physiological 

differences. The determination of these pi gment features provides a di stinct 

advantage over fluorescent based monitoring, which commonly only measures 

chlorophyl l  a. 

The identification of pigment features and the high precision of the developed 

instrument al lowed the accurate quantification of chlorophyll a and the potential 

for the quantification of several other pigments. The 40 mm optical path length 

combines the advantages of both high sensitivity, with detection down to 8 µg r 1 

chlorophyl l a, and a wide linear dynamic range of up to 1 000 µg 1 " 1 chlorophyl l  a. 

Consequently, the instrument allows direct measurement of dense algal and 
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cyanobacterial samples without the need for quantitative field di lution. The 

instrument also al l ows the number of cells per unit volume to be estimated using 

the absorbance at 750 nm. For the unicellular cyanobacterium Microcystis 

aeruginosa a linear range up to 7.0 x 1 06 cells per ml (r2 = 0.9866) was obtained 

with an estimated limit of detection of 4.0 x 104 cells per ml. This again 

demonstrates the wide linear range and sensitivity of the instrument. However, as 

the cel l  s ize and shape directl y influence the absorbance at 750 nm, this method i s  

most sui ted to analysis of mono-algal laboratory cultures . 

As part of the multi -di sciplinary approach, recent advances in  portable computing 

power were uti li sed to a l low advanced mathematical data analysis methods to be 

used. This allowed the unique advantage of rapid at site c l assification of in-vivo 

absorbance spectra to be achieved. The use of chemometric methods of PCA and 

SIMCA, for the anal ysi s and classification of the complex in-vivo spectra from the 

developed instrument , has been proven a highly effective method for the 

classification of unknown algal and cyanobacterial samples . Using the PCA 

technique, the variance between complex in-vivo absorption spectra is expl ained 

by only  four principal components , which between them account for 99% of the 

variance between the samples. The principal components were successfully linked 

to specific pigment features, thus al lowing interpretation of score plots based on 

the principal components . C lassification based on the SIMCA methodology, 

where models are produced for each species and new samples are compared to 

each model and classified to the nearest one within set confidence limits, proved 

successful in c lassifying  to taxonomic class level and furthermore, classification 

was possible to genus level within the l imited number of species examined. 

The addition of noise was found to have little effect on the classification abi lity of 

the method, as the noi se was explained by the fourth principal component and 

could therefore be l eft out of the classification. Classification using only eight 

selected wavelength variables, that related to the most significant loadings on the 

four principal components ,  was almost as successful in classifying unknown 

samples as the complete spectrum of 821 variables , thus leading to the potential to 
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produce a very simple model. Adaptive effects were found to increase the spectral 

variability and therefore reduce the spectral differences between the taxonomic 

classes and individual genus studied. This was found to have a subsequent effect 

on the c lassification ability of the program, which was only maintained at a higher 

confidence limit of 5 %. Moreover, the successful classification under these 

conditions proved the potential for the indirect assessment of the previous l ight 

hi story and nutrient status of the sample. 

7.3 Application of the instrument 

The complete instrument and associ ated classification methodology has been 

proven to perform for both laboratory simulated bloom conditions and at site 

analysis of natural samples .  The analysis of laboratory simulations proved the 

abi lity of the method for high temporal resolution monitoring, with the potenti al 

for sub hourly monitoring, if required. The cl assification methodology was proven 

to provide rapid identification of the dominant algal or cyanobacterial genus,  even 

where the sample composition was continual ly  changing during the different 

phases of growth . 

The instrument was al so proven to perform for the at-site analysi s of natural 

samples, where there was no previous knowledge of the species composition, 

nutrient status and light hi story. Classification was proven to only be possible 

where natural samples matched the species used to produce the classification 

models .  Where the n atural species composition was a mixture of species or a 

species that was not modelled, no classification was possible, suggesting the need 

for further models to include other common species . 

7.4 Achievement of the aims 

1) A unique instrument has been developed which i ncorporates miniature 

technologies to provide a portable, rugged and simple to use instrument for 
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the at site monitoring of algal and cyanobacteria in freshwaters. The 

instrument provides accurate quantitative information on algal and 

cyanobacteria levels and qualitative taxonomic data to allow a rapid 

assessment of the taxonomic composition. The instrument incorporates a 

miniature high resolution CCD based spectrometer, which allows the rapid 

acquisition of the spectrum between 200 - 850 nm at a high resolution (0.3 

nm). The rapid acquisition allows a large number of spectra to be acquired 

and averaged to reduce the noise level. The high resolution of the 

spectrometer showed a very high level of detail revealing minor spectral 

features, which would not be observed when using a standard bench top 

spectrophotometer. The unique instrument provides a significant 

contribution to the field of optical detection and monitoring of algal and 

cyanobacteria. 

2) Spectral features that relate to the three most common freshwater 

taxonomic classes; Cyanobacteria, Chlorophyceae and Bacillariophyceae, 

were identified in nine common freshwater algae and cyanobacteria. The 

specific pigment features that characterise the three classes were shown to 

form major classification features. Smaller spectral differences due to 

pigment composition, cel l size and shape were found to result in subtle 

differences between different genera of the same taxonomic class. The 

chlorophyll a concentration was determined by the chlorophyll a peak 

height at 680 nm, providing a rapid near real-time estimate of the 

chlorophyll a level that is comparable to results gained using other 

methods. 

3) The effects of incident irradiance and nutrients stress on the in-vivo 

absorbance spectrum were examined. The ful l  spectral nature of the 

instrument al lowed the dete1mination of changes in pigment composition 

as an adaptive response to both incident irradiance and nutrients stress. 

Adaptive responses were found to have a major influence on the shape of 
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the in-vivo absorbance spectrum and allow indirect measurement of the 

l ight  hi story and or nutrient status .  

4 )  The  c lassification methods based on PCA and SIMCA provided important 

stati stical information in the classification of the studied species from three 

taxonomic c lasses and provide an alternative to discriminate analysis . 

Classification was proven possible to genus level as a direct result of the 

h igh spectral detai l provided by the instrument. The addition of noise 

proved to have very little effect on the classification abil ity. Furthermore, 

the inclusion of data recorded from l ight adapted and nutrient stressed 

samples, al lowed a more comprehensi ve coverage of all possible 

environmental factors . 

5 )  Field trials of the instrument and data analysis methods for at site analysis 

of natural samples demonstrated the rel iability of the instrument under 

fie ld conditi ons. The best results were obtained when field samples 

matched the genera of the laboratory grown sample used to test the 

instrument and develop the classification models .  Laboratory based 

simulation experiments proved the instrument was able to work under 

bloom conditions, where the species composition rapidly changed. 

Classification under these conditions was also shown to work best where 

samples matched the genera of the laboratory grown samples . 

7 .5 Relevance to the water industry and governmental agencies 

The developed instrument is ideal ly suited for use in both the water industry and 

by environmental scientists working for governmental agencies , where there is a 

need for portable instruments to monitor algal level s .  Within the water industry, 

optical techniques are already used for monit01ing water quality at fixed locations, 

as no suitable portable monitoring instrument is currently available. Methods 

already used include UV determination of organic contamination in drinking 
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water. Direct optical methods are chosen as they provide continuous or near 

continuous measurements, without the need for expensive reagents and personnel .  

The developed instrument allows a further parameter to be monitored providing 

these advantages. The instrument is partially relevant to the monitoring of algal 

and cyanobacteri al levels in freshwater drinking reservoirs to allow early 

detection and implementation of control measures . 

The Water Framework Directi ve (WFD) (2000/50/EC) i s  the most significant 

piece of European water legi s lation for over twenty years . With relevance to 

aquatic flora, the introduction of thi s  legis lation wi l l  mean algal and 

cyanobacteri al monitoring, which i s  currentl y carried out to varying degrees (there 

i s  no current national cl assification scheme) wil l  need to be extended. Such 

increased moni toring and the introduction of a classification scheme is most 

probably beyond the logi stical confines of the traditional monitoring methods. 

Monitori ng agencies such as the Environment Agency in England and Wales wil l 

therefore need to review the methodologies they use for monitoring algae and 

cyanobacteria .  Methods based on bio-optical anal ysis provide fast, accurate and 

comparable results, which meet the aims of the WFD. Currently, portable 

instrument s  are used by the Environment Agency for the measurement of many 

parameters, including nutrients, temperature and chlorophyll by fluorescence as 

alternati ves to expensive l aboratory based analys is .  The move to at site analysis 

from laboratory based analysis is predicted to continue as instrumentation 

develops, to al low regulatory agencies to meet future monitoring standards . The 

developed instrument forms the next generation of instrument for assessing the 

aquatic environment, where tougher European legislation means that standards 

must be met across Europe. 

7.6 Suggested future work 

Further research and development work has been identified that was beyond the 

scope of this thesi s . Future work should focus on the i) Refinement of the 
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developed instrument and data analysis methodology; i i )  Application of the 

instrument to uti lise its novel features for research and routine use . The following 

sections detai l future work within theses areas . 

7. 6. 1 Instrument development 

Instrument sensiti vity 

An increase in sensiti vity would make the developed instrument usable in a wider 

range of waters including waters of low trophi c  status, oligotrophic fresh and 

marine waters , where algal levels are general ly  below 10 µg r 1
• To make the 

instrument usable in these waters the sensiti vity of thi s  method needs to be 

improved to a level comparable with the fluorescence technique, whi le retaining 

the unique advantages of the in-viva absorbance technique. The Liquid 

Waveguide Capi l l ary Cel l  (LWCe) represents a recent ly developed technological 

advance in analytical instrumentation providing ultra h igh sensiti vity absorbance 

measurements .  The LWCe uses a hol low core, with internal volumes of only 1 2 .5 

- 240 µl , surrounded by a lower refracti ve index cladding materi al to achieve total 

internal reflection and minimal l ight loss over di stances of up to 1 00 cm. 

The LWCC has recently shown potential , in prototype form, for the monitoring of 

marine phytoplankton (Kirkpatrick et al. 2000). However, due to the low internal 

di ameter of between 500 - 550 µm the currently avai lable L wee i s  not suitable 

for monitoring natural waters containing algae. Samples must be pre filtered to 

remove any debris that would block the waveguide . This makes the current 

configuration unsuitable for field applications .  Manufacturers of the L wee are 

current I y developing a large bore (> 1 mm) L wee specifically designed for 

application where sample size i s  not l imited. Such a cell would be ideally suited to 

monitoring phytoplankton and would provide detection to below I µg r
1 of 

chlorophyll a. 
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Integrated instrument control, quantification and classification . 

Simplicity in instrument contro l ,  data analysi s and display of the results is 

important where an instrument is to be used by a non-specialist . In its current 

form the developed instrument and data analysis methods are user friendly and 

simple to operate but run as separate programs on the computer. Future work 

should involve the integration of the present control program with the data 

analysi s programs. Thi s  would have the advantage of providing instant 

quantitative and taxonomic information without the need to move data to a 

separate program. Under a single program the option of different data analysi s 

tasks would be avai l able on the control panel . The potential also exi sts to remove 

the need for a PC or laptop computer and use a specific integrated computer. 

7. 6. 2 Development cf classijication methods 

Expans ion of species models 

The PCA / SIMCA based c lassification method provides the opportunity to bui ld 

on the relati vel y smal l number of species used in thi s study. Further models can 

be added to i nc lude more genera from further taxonomic classes. The number of 

model s  i s  l imited only by the abi l i ty of the instrument to identify different spectral 

features .  Consequent ly ,  so long  as the in-vivo absorbance spectra are identifiably 

different ,  either as a result of the pigments present, the adaptive response to 

environmental factors or the cell size and shape , c lassification should be possible. 

Further work should include looking at more species within the three classes . 

Further taxonomic c lasses such as the Rhodophyceae , Phaeophceae and 

Dinophyceae could also be inc luded. Ideal ly, a large database should be 

constructed and different c lassification sets consi sting of groups of species 

selected for different waters , i .e .  cutrophic freshwater, oligotrophic freshwater or 

marine .  Each set of model s would consist of model s of species common for that 

environment . 
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Expansion of environmental conditions 

The studies presented here on the adaptation to the spectral features of algae and 

cyanobacteria should be developed to include a wider range of conditions. The 

construction of a large database of spectra from different genera recorded under 

different combinations of conditions would allow the detailed examination of the 

effects of combinations of these environmental variables . This also leads to the 

potenti al for rapid and rel iable indirect determination of the physical environment 

influencing the algal population. Factors that should be included in further study 

include l ight quality, as this i s  a major factor influencing the algal population 

(Kirk 1 994) . Nutrients including si l ica and trace elements e.g. (Harper 1 992) and 

di ssolved organic matter (Bri caud 1 98 1 ) should also be inc luded. The compilation 

of a database of the influence of these factors is a major task but has the potential 

to provide s ignificant benefits. 

Analysis of mixtures 

The comprehensive study of algal mixtures was beyond the scope of this thesis .  

Such research represents a major next step that must be made if in-viva 

absorbance is to become extensively useful , particularly where toxic algae and 

cyanobacteria form a minor component of the algal composition, but remain a 

toxic hazard, as in the matine environment. 

This s tudy proved the multivariate data analysi s techniques to be ideally suited to 

the complex nature of in-vivo absorbance spectra from algae and cyanobacteria. 

Other researchers have attempted to analyse spectra recorded from mixtures of 

species in order to identify species that are present in mixed natural populations . 

However, the work presented by these authors i s  fundamentall y  l imited in that it 

has not taken into account the spectral variability due to environmental conditions. 

Consequently, the models are simplistic and do not truly represent what is likely 

to occur in the natural environment. A major area of the research presented here 

was the identification of the major adapti ve features  of common freshwater algae 

and cyanobacteria. Thi s  data can now be used in future work to accurately model 
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mixtures of different genera under different environmental conditions .  The 

analysis of mixture must be based on multiple l inear regression methods such as 

Parti al Least Squares Regression or Principal Component Regression as thi s  

provides a quantitative measure .  Both these regression methods can be performed 

using the Unscrabler software used in the current research .  

7. 6. 3 Application of the instrument 

The developed instrument should now be used for routine monitoring and 

academic research of the freshwater environment. There i s  potenti al for use in 

routine monitoring programs for the earl y detection and characterisation of algal 

and cyanobacteri al material to allow warning of potenti al bloom events . The 

instrument also has potential for use in academic research into freshwater 

l imnology and eutrophicati on ,  possibl y as pm1 of an integrated lake classification 

methodology. The potential for h igh spatial resoluti on al lows researchers to study 

variations in algal populations over relati vel y small di stances and, if combined 

with at-site nutrient analysi s ,  thi s would provide detai led information of 

si gni ficant interest to freshwater scienti sts invol ved in cyanobacterial bloom 

formati on, movement and contro l .  The abi l i ty for rapid and uncomplicated 

measurement also leads to the potenti al for long term monitoring studies to gain 

valuable c ontinuous records of chlorophyl l  levels and species composition, as 

minimal time i s  required to gain the requi red data. 

7.7 Commercial development 

The current instrument and associated data analysi s methodologies have been 

proven to work extremely wel l under a wide range of conditions .  The number of 

avai l ab le instruments that would rival a commercial instrument based on the 

research presented here i s  smal l ,  as the review of current instruments in Chapter 1 

demonstrates . The market for instruments that provide at site, real time 

quantitati ve pigment analysi s and taxonomic c lassi fication is al so likely to 
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increase. Consequently, there i s  potential for commercialisation. However further 

development, as outlined above and corresponding funding would be required. 
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APPENDIX A 

Ocean Optics wavelength calibration for S2000 Spectrometer 

Built For: 
Model; 
Descripti:on: 
Grating: 

Bandwidth: 
Options Inst:i!lled: 
Serial Number: 

Wavcle.ngth 

253.65 
295.73 
302. 15 
313 . 16  
334. 15  
365.02 
4-04.66 
435.S4 
546.0S 

579.07 
696,54 
706.72 
727.29 
738.40 
75 1 .50 
763 51 
772.40 
794.82 
801 .48 
826.45 

:Regression Fit : 
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600 Llll.es Blazed at 400 nm 
W0-850 run 
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I2J328 

Pix: # Pix."i 

199 3960 1 
3 14 98596 
329 108241 
�58 128164 
415  11ms 
500 2500[)0 
609 37088 1 
696 484416 
IOU 1022121 

1 107 1225449 
1463 21 40369 
1 494 2232036 
1559 24104S1 

1 594 2540836 
16:35 2673225 
1674 2802276 
1702 28%804 

1775 3150625 
1796 3225516 
1879 3:530641 

Calibnttion Cocfficietm 
Fki;t Cotln�ieot 
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253 .39 
296.63 
302.23 
313.02 
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365 .33 
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578.86 
696 .49 
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75 1 ,30 
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177.) 68114 
0.99999923 
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Stray Light: yellow dye 
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2.90 00550 
4.00 RG&50 
1.70 FG3 
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-0.04 
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APPENDIX B 

Connections for the PC+ DAQ card and S2000 spectrometer 

---"'""•"-'--

-"•-'•• 

Function S2000 Pin assignment Pin No. 

Connection PCI 1200 DAQ 

Video in l ACH2 3 

Analog Ground 5 AISENSE/ AIGND 9 

Analog Ground 5 AGND 11  

Digital Ground 9 DGND 13 

Read Enable 25 PB5 27 

Convert Trigger 10 EXTCONV 40 

Master Clock 11 OUTBO 41 

Integration Clock 23 OUTB2 46 

+5 V DC 13 +5V 49 
,.,.,.,�--,�--�- s; ·  __ ,, �.. . .... ,, .- �""" , __ ,., .... 
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APPENDIX C 

Standard Operating Procedure for the instrument 

Reagents and equipment: 

1 .  Samples 
2 .  Deionised water 
3 .  Portable  spectrophotometer instrument 
4. Appropri ate path length probe tip (5 , 10  or 40 mm) 
5 .  Sampling vials x 2 

Procedure :  

l .  Connect data acquisition cable between computer and instrument. Turn on 
instrument and computer and open control program from shortcut on desktop . 
Al low 10  minutes for the instrument to warm up. 

2. Transfer approximately 10 ml of deionised water into the blank vial and place 
probe tip in the vial .  Tap the vial gently to remove any bubbles caught in the 
probe tip .  

3 .  Run the control program software and press START. The software wil l  be i n  
the default intensity mode . 

4 .  If the lamp intensity spectrum is below 5 V increase the intensity to 5 V using 
the exposure t ime control . Note the lamp intensity must not exceed 5 V at any 
wavelength . 

5 .  Stop the software by pressing the red STOP button. Adjust the number of 
average from the default of 5 to 50 and then and set the mode to absorbance. 

SET UP COMPLETE 

6. Press the START button to restart the software with the new settings 

7 .  Press the DC button to record the dark current spectrum, this wil l  appear in the 
upper of the two small graphical displays . 

8 .  Press the  BG button to  record the background spectrum, this will appear in  the 
lower of the two smal l graphical displays. 

9. Remove the b l ank vial with the deioni sed water, add approximately 10 ml of 
sample to the sample vial , and place the probe tip in the new vial .  Again, tap 
the vial gently to remove any bubbles caught in the probe tip. 
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10 .  Press the SAMPLE button to record the sample absorbance spectrum, thi s  wi l l  
appear on the main graphical di splay. 

1 1 . To correct the spectrum for scattering effects set the pink correction button to 
YES, thi s  then displays the corrected absorabnce at 3 key wavelengths. 

1 2 . To s ave the spectrum press SA VE. This will save the next complete spectrum 
of n averages 

Notes: 

The stored dark current and background data can be updated by pressing the DC 
or BG buttons respectively. However the program must be in  intensity mode and 
the probe must be in deioni sed water. 

The save mode may be changed from single (default) to continuous to allow the 
continuous acqui sition of the absorbance at two wavelengths. Note the location to 
save the data to must be determined in the path field before the save button in 
pressed. 

The data smoothing method may be changed from moving average (default) and 
the size of the window may also be changed. This can be performed while the 
program i s  running but wi l l  only execute on the next complete spectrum. 
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APPENDIX D 

Modified method for the determination of chlorophyll a. 

Reagents and equipment: 

1 .  Acetone, 100% Analytical grade 
2 .  Acetone, 90% v/v Aqueous solution 

To 450 ml of analytical grade acetone in a glass bottle add 50 ml of deionised 
water and mix wel l .  
Note: Acetone is  a hazardous waste and cannot be poured down the drain. 
Waste acetone should be poured into a labelled container for disposal. 

3 .  Glassware for preparation and storage o f  solutions and pigment extracts. 
Washed in deioni sed water and acid free. 

4 .  Tissue grinder 
5 .  Acid free fine sand for grinding 
6 . Centrifuge or simi lar tubes chemical ly  resistant to acetone 
7 .  Fi lter apparatus and GF/C glass fibre fi l ters (Whatmans) 

Procedure : 

l .  Col lect algal sample. 

2 . Fi l ter 200 ml of algal sample  through GF/C filter to concentrate the sample. 

3 .  Place the  fi l ter paper in a tissue grinding tube and cover with 5 ml of  90  % 
acetone solution . Macerate wel l ;  add a small quantity of fine acid free sand if 
required. 

4. Transfer the contents of the grinding tube to a centrifuge or similar tube 
covered in foi l .  Using a further 5 ml of 90 % acetone solution wash out the 
grinding tube into the new tube. Allow the solution to stand for 24 hours at 
4°c.  

5 .  Clarify the extract by  passing i t  through a GF/C filter. Wash the filter with 90 
% acetone solution to make the total volume of the extract 25 ml. Keep the 
extract in the dark to prevent pigment degradation . 

6 .  Measure the absorbance at 750, 664, 647 and 630 nm. 

Note I: Zero the spectrophotometer with 90 % acetone solution. 
Note 2: The absorbance at 750 nm should be set to zero. 
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Calculations : 

The foll owing formula is used to determine the concentration of the extract: 

Where: 

CE = concentration (mg r 1
) of chlorophyll a in the extraction solution analysed 

Aa = Absorbance (AU) at 664 nm 
Ab = Absorbance (AU) at 647 nm 
Ac = Absorbance (AU) at 630 nm 

The concentration of the extract CE must be divided by the concentration factor to 
give the correct concentration in the original sample. 

Concentration of original 
sample (mg r 1 ) Ori ginal sample volume / extract volume 

To express the concentration in µg r 1 chlorophyll a the results must be divided by 
1 000. 

References: 

Arar, E. J .  ( 1 997) Method 446.0 In Vitro determination of Chlorophylls a, b ,  c l  + 

c2 and pheopigments in Marine and Freshwater Algae by Visible Spectroscopy. 

U.S .  Environmental Protection Agency. 
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APPENDIX E 

Modified method for the determination of nitrogen (TON) in algal cultures 
and natural waters. 

Reagents and equipment :  

1 .  Deioni sed water 
2 .  0 .2  M Sodium Hydroxide solution 

To 900 ml of water add 8 .0g of sodium hydroxide and dilute to 1 L 
3 .  Stock copper sulphate solution (stable for 6 months) 

To 80 ml of water add 1 .2 g of cupric  sulphate pentahydrate and dilute to 100 
ml 

4. Hydrazine-copper reagent (stable for 1 week) 
To 800 ml of water add 1 . 5 g of h ydrazine sulphate and 1 .5 ml of stock copper 
sulphate so lution dilute to lL 

5 .  Sulphani lamide reagent (stable for l week) 
To 750  ml of water add 1 00 ml of orthophosphoric acid and mix.  Add 0 .5 g of 
N- 1 -naphthylethylene di amine dihydrochloride and 1 0  g of sulphanilamide 
and completely dissolve. Di lute to 1 L store in an amber bottle. 

6 .  Nitrate stock standard ( l  mg  NO3 a s  N per ml) 
Add 6 .070g of dried Sodium Nitrate mw 84.99 to 800 ml of water and dilute to 

7. Working standards ( 1 -40 mg r 1
) 

Make by di lution of stock standard 
8 .  Test tubes for ana lysis 
9. Pipette capable of delivering  µl volumes 
1 0 . Water bath set to 40 °C 
1 1. Cuvettes ( 1  cm path length) 
1 2 . Spectrophotometer set to measure the absorbance at 520 nm 

Procedure: 

1 .  Pipette 250 µI of filtered sample into a clean test tube 

2 .  Add 2000 µI of deionised water and mix 

3 .  Add 700 µ I  o f  0 . 2  M Sodium hydroxide solution, mix 

4. Add 1 500 µl of Hydrazine-copper reagent and mix 

5 .  Place test tube i n  water bath at 40 °C for 1 5  minutes 

6 .  After 1 5  minutes add 200 µl of Sulphani lamide reagent and mix 

7 . Place test tube in  rack on bench 
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8 .  After 5 minutes from the time of  adding the Sulphanilamide reagent measure 
absorbance at 520 nm using a reagent only blank 

Note All samples should be run in duplicate and the mean value calculated 

Standard covering the 1 - 40 mg r 1 range should be used to produce a calibration 
graph of absorbance at 520 nm versus TON. 

The concentration of unknown samples can then be calculated using the 
calibration graph. 

References 

Standing Committee of Analysts , ( 198 1 ) .  Oxidised nitrogen in waters Methods for 
the examination o_f' waters and associated materials, HMSO London, UK 
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APPENDIX F 

Modified method for the determination of phosphorus (SRP) in algal cultures 
and natural waters. 

Reagents and equipment: 

1 .  Deioni sed water 
2. Sulphuric aci d  SN solution 

Add 70 ml cone H2SO4 to 400 ml of water, make up to 500 ml 
3 .  Ammonium molybdate solution 

Dissolve 20g of (NH4)6Mo7O24.4H2O in 500 ml water 
4. Ascorbic acid O .  lM solution (stable for 1 week at 4 °C) 

Dissolve 1 .76 g of ascorbic acid in 100 ml water 
5 .  Stock phosphate solution (50 µg  PO/P ml 

Dissolve 1 09 . 5  mg KH2PO4 in 500 ml 
6. Working standards ( 1 00- 1000 µg r 1 P) 

Made by dilution of the stock solution 
7. Test tubes for analysi s 
8 .  Pipette capable of  delivering µl volumes 
9 .  Water bath set to 40 °C 
10 .  Cuvettes 2 cm 
1 1 .  Spectrophotometer set to measure the absorbance at 880 nm 

Procedure: 

1 .  Pipette 1 0  ml of fi ltered sample into a clean test tube 

2 .  Add 800 µI  of 5N Sulphuric acid and mix 

3 .  Add 240 µI o f  Ammonium molybdate solution, mix 

4. Add 480 µl O . l M  Ascorbi c acid solution and mix 

5 .  Place the test tube i n  a water bath at 40 °C for 30  minutes 

6. After 30 minutes measure the absorbance at 8 80 nm in a 2 cm cuvette using a 
reagent only  b lank 

Note All samples should be run in duplicate and the mean value calculated 

Standard covering the 1 00 - 1000 µg r '  range should be used to produce a 
calibration graph of absorbance at 880 nm versus SRP. 
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The concentration of unknown samples can then be calculated using the 
calibration graph. 

References : 

Clesceri , L. S . ,  Greenberg, A. E. , Eaton, A.  ( 1 998) Standard Methods of the 

Examination of Water and Wastewater 20th Edition, APHA, USA 
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APPENDIX G 

Portable algal monitoring instrument specifications 

Parameter Specification 
-------·-·-··- - ---------------------------
S ize (w x d h) 280 mm x 205 mm x 65 mm excluding probe 

Weight 3 .2 Kg including battery 

Temperature range 

Power Supp ly  

Battery l i fe 

Instrument contro l  

Operat ing p latform 

Datu acquis i t ion 

Optical Pathlength 

Sample size 

Spectral range 

Spectra l  reso lution 

Ti me to record spect rum 

Measurement range 

Limit of Detection 

Absorhancc resolution 

Absorbance stabi l i ty 

Noi se leve l 

Spectral Classificat ion 

Data capaci ty 

5 - 35 °C 

12 DC main s  converter or rechargeable battery 

5 hours from ful ly  charged 

Lab VIEW control program run on PC or laptop 

Windows 95 

1 2  bit 1 00 KHz 

5, l 0 or 40 mm in reflectance configuration 

From 5 .0 ml 

200 - 850 nm 

1 .3 nm (FWHM) 

170 mS 

Linear to 1 .2 AU equivalent to 1 000 µg r 1 chlorophyll a 

8 µg r 1 Chlorophyll a 

0 .000 1 AU 

0.4 °h RSD over 1 20 minutes 

SIN ratio 475 : 1  Baseline noi se 1 mAU 

PCA I SIMCA (CAMO Unscrambler) 

Limited only by hard dri ve capacity 
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