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ABSTRACT

Diatoms have been proven to be reliable indicators of water quality in many countries of the world
particularly Europe. The potential use of diatoms as indicators of water quality in South Africa was
tested in the studies in this document. This study evaluates the potential use of diatom based indices
by testing it against a macroinvertebrate index (SASS 5) and evaluating the variation in the index
scores of the two indices due to changes in chemical water quality and habitat. It was concluded that
the diatom monitoring system performs well as bioindicator of water quality. It was also concluded that
it should be used as a complementary system to the much used SASS 5 invertebrate index. This
conclusion was made due to the fact that diatoms react more directly to changes in water quality than
macroinvertebrates (SASS 5), and macroinvertebrates react more readily to changes in habitat than
diatoms.

A further part of the study was to assess whether aut-ecological or diversity based diatom indices
performed best in South African conditions. This study found that the ecological indices were more
sensitive to changes in water quality than the diversity indices. The diatom based indices that
performed best as water quality indicators were the specific pollution sensitivity index (SPI) and the
biological diatom index (BDI). A standard method for the sampling, preparation and enumeration for
diatoms to be used for index score generation is also suggested to ensure the comparability of diatom
based index data to facilitate use of such biomonitoring data for management purposes.

The main focus of the study was to eliminate some of the obstacles for the use of diatoms as
bioindicators of water quality in South Africa. It is believe that this aim has been accomplished in the

study.

Keywords: diatoms; Bacillariophyceae; bioindicators; SASS 5; species diversity indices; water

quality; aut-ecological indices.
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UITTREKSEL

Daar is reeds in verskeie lande, veral in Europa, bewys dat diatome betroubare bioindikatore van
waterkwaliteit is. In hierdie studie is die moontlike gebruik van diatome as indikatore van
waterkwaliteit in Suid-Afrika ondersoek. Die studie evalueer die potensiéle gebruik van
diatoomindekse deur die resultate wat daarmee verkry is, te vergelyk met die resultate wat verkry is
deur die gebruik van ‘n makroinvertebraatindeks (SASS 5), en deur die verskille tussen die twee
indekse as gevolg van veranderinge in chemiese waterkwaliteit en habitat te evalueer. Die
gevolgtrekking word gemaak dat die diatoommoniteringsisteem goed vaar as ‘n bioindikator van
waterkaliteit in Suid-Afrikaanse riviere, en dat dit as ‘n aanvullende sisteem tot die gewilde SASS 5
invertebraat-indeks gebruik behoort te word. Hierdie gevolgtrekking is gemaak op grond daarvan dat
diatome meer direk op waterkwaliteit reageer as makroinvertebrate (SASS 5), maar dat
makroinvertebrate weer tot ‘n groter mater deur veranderinge in habitat beinvloed word as diatoom
indekse.

‘n Verdere deel van die studie was om te bepaal of beter resultate met out-ekologiese indekse of
spesiediversiteitsindekse in Suid-Afrikaanse toestande verkry word. Hierdie studie het bevind dat
ekologiese indekse meer sensitief is vir veranderinge in waterkwaliteit as diversiteitsindekse. Die
indekse wat hulself as goeie indikatore van waterkwaliteit bewys het, was die spesifieke
besoedelingsensitiwiteitsindeks (specific pollution sensitivity index; SPI) en die biologiese
diatoomindeks (biological diatom index; BDI).

‘n Standaard metode vir die versameling, voorbereiding en kwantifisering van diatome tydens die
saamstel van ‘n indekstelling word ook voorgestel. Die doel hiervan is om die vergelykbaarheid van
diatoomgebaseerde indeksdata te verseker, ten einde die gebruik van sulke biomoniteringsdata vir
bestuursdoeleindes moontlik te maak.

Die hooffokus van die studie was om sommige van die struikelblokke, wat tans verhinder dat diatome
as bioindikatore van waterkwaliteit gebruik word, uit die weg te ruim. Daar word vertrou dat die studie
in hierdie doel slaag.

Sleutelwoorde: diatome, Bacillariophyceae, bioindikatore, SASS 5, diversiteitsindekse,

waterkwaliteit; out-ekologiese indekse.
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GLOSSARY

Aut-ecological indices: Aut-ecological indices use the relative abundance of species in

Biodiversity:

Biological indicators:

Biological integrity:

Biomonitoring:

Biotic indices:

Glossary

Assemblages and their ecological preferences, sensitivities, or tolerances to

infer environmental conditions in an ecosystem (Stoermer & Smol, 1999).

in different contexts may denote: the number of different species present in a
given environment (species diversity); the genetic diversity within a species
(genetic diversity); the number of different ecosystems present in a given

environment (ecological diversity) (Lawrence, 1995).

communities, whether plant or animal, with a narrow range of ecological
tolerance that may be selected for emphasis and monitored because their
presence and relative abundance serve as barometer of ecological conditions

(Barbour et al., 1999).

the ability of an ecosystem to support and maintain a balanced and adaptive
community of organisms, having species diversity, composition and
functional organization comparable to that of the natural habitats of the region

(Karr & Dudley, 1981).

the use of a biological entity as a detector and its response as a measure to
determine environmental conditions. This is usually done through biological

surveys and toxicity tests (Barbour et al., 1999).

Biotic indices are constructed when each taxon from a particular group of
organisms is assigned to a sensitivity rating or ‘score’ based on the tolerance
or sensitivity to particular pollutants. The scores of all the individual taxa at a
site are summed and/or averaged to provide a value by which the integrity of

the biotic community at the site can be gauged (Ollis et al., 2006).

XX



Diatom:

Ecological integrity:

Ecosystem health:

Ecosystem stability:

Habitat:

Macroinvertebrates:

Pollution:

Glossary

common name for a member of the class Bacillariophyceae, a group of algae
characterized by delicately marked thin double shells of silica (Lawrence,

1995).

the ability of the physical, chemical and biological components of an
ecosystem to support and maintain a balanced, adaptive community of
organisms having a species composition, diversity and functional
organization comparable to that of natural ecosystems within a region

(Meyer, 1997).

a healthy ecosystem is sustainable and resilient, maintaining its ecological
structure and function over time while continuing to meet social needs and
expectations. This concept explicitly incorporates both ecological intetrity
(maintaining structure and function) and human values (what society avlues

in the ecosystem), (Meyer, 1997).

ability of an ecosystem to withstand or recover from changes or stresses

imposed from outside (Lawrence, 1995).

the locality or environment in which a plant or animal lives (Lawrence, 1995).

any invertebrate of invertebrate larva whose size is measures in millimetres

or centimetres rather than microscopic units. Such species are on of the main

groups of organisms sampled in surveys of water quality (Lawrence, 1995).

any harmful or undesirable change in the physical, chemical or biological

quality of air, water or soil as a result of the release of e.g. chemicals,

radioactivity, heat, large amounts of organic matter (as in sewage). Usually

XXi



Resilience:

Species:

Species diversity:

Species evenness:

Species richness:

Taxa:

Water Quality:

Glossary

applied to changes arising from human activity although natural pollutants,

e.g. volcanic dust, sea salt are known (Lawrence, 1995).

ability of a living system to restore itself to its original condition after begin

disturbed (Lawrence, 1995).

organisms forming a natural population or group of populations that transmit

specific characteristics from a parent to a offspring (Barbour et al., 1999).

the number and abundance of different species within a given area, which is
one measure of biological diversity, a diverse environment having relatively

small numbers of many different species (Lawrence, 1995).

uniformity in the distribution of individuals among the species encountered

(Metcalfe, 1989).

the number of different species within a given community or area (Lawrence,

1995).

the members of any particular taxonomic group e.g. a particular species,

genus, family (plural of taxon), (Lawrence, 1995).

Water quality is the combined effect of the physical attributes and chemical
constituents of a sample of water. The idea of water quality is a human
construct, implying value or usefulness, and indeed the quality of any sample
of water depends on the point of view of the user. A water quality variable is
any of those attributes of constituents that vary in magnitude and whose

variations alter water quality (Dallas & Day, 1993).
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1. INTRODUCTION

1.1 Fresh water management

Water is one of the most important resources for life and economic growth. It is important to realise
that freshwater is a finite resource with little potential for increase. More than 99% of the water on
earth occurs either in the ocean or polar deposits and is not easy to utilise due to prohibitive cost of
desalinisation and distribution of such water. The remaining 1%, constituting the freshwater
resources of the world, collectively experience accelerating rates of quantitative and qualitative
degradation. This degradation results to a large extent from both population growth and the
expanding utilisation and consumption because of technological growth. Unless the demands of the
rapid growth in water supply are rapidly controlled, a freshwater crisis at a global level is imminent

(Wetzel, 1992).

In South Africa, the availability of fresh water is particularly limited. South Africa has been classified
as a semi arid country due to a low average rainfall which is in the order of 450 mm annually. The
fact that surface water is not evenly distributed across the country further exacerbates the problem.
The need for the proper management of water is especially important for water stressed countries
such as South Africa as it may well determine economic growth potential of the country in years to
come. South Africa has long recognized that water is one of its prime limiting natural resources

(Huntley et al., 1987; Department of Water Affairs, 1996a).

The fact that the decline in quality of available water is one of the major problems facing this country
has been recognised by Davies and Day (1998) in their book “Vanishing Waters”. In the last ten
years the potential crisis in freshwater quantity and quality has also been recognised internationally
and governments throughout the world have reviewed their policies so as to achieve sustainability of
water resources. This is especially true in the South African context where the government
introduced the National Water Act (Act No. 36 of 1998), which dictates water resource policy and

practise (Walmsley, 2000).
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In the National Water Act (NWA), the Department of Water Affairs and Forestry (DWAF) takes the
primary responsibility as custodians of water resources and its management in South Africa. The
tenor of the democratic reform process and the underlying cornerstone of the government’s water law
reform process is encapsulated in a preliminary section of the NWA, which states that the National
Government is the public trustee of the nation’s water resources and is to “...ensure that water is
protected, conserved, managed and controlled in a sustainable and equitable manner for the benefit
of all persons in accordance with its constitutional mandate” (DWAF, 1996a). With respect to water
quality, the mission of DWAF is to ensure the fitness of South Africa’s surface water, groundwater and
coastal marine resources, for water uses and for the protection of aquatic ecosystems on a
sustainable basis (DWAF, 1996a). For the purpose of the current study, priority will be given to

surface water resources and even more specifically lotic (riverine) aquatic ecosystems.

Water quality

According to the South African Water Quality Guidelines (DWAF, 1996b), the term water quality is
used to describe the physical, chemical, biological and aesthetic properties of water that determine its
fitness for a variety of uses and for the protection of the health and integrity of aquatic ecosystems.
Many of these properties are controlled or influenced by constituents that are either dissolved or
suspended in water. The guideline furthermore defines the term water quality constituent as any of

the properties of water and/or the substances suspended or dissolved in it.

From the above-mentioned we can deduce that the quality of water is subjective and that it leans
heavily on requirements of the user of the water resource. Traditionally water quality was used to
describe water that is suitable for use for human activities such as domestic, agricultural and industrial
use (Hohls, 1996). For this reason, water quality monitoring constituted mainly of chemical analysis of
grab samples to assess the usability of water for the various mentioned applications. The main
reason for this was that, although the behaviour of water constituents are complex, it has been
studied well and can therefore be monitored fairly easily and predicted with some degree of

confidence (Dallas & Day, 1993).
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Even though, as mentioned in the previous section, the mandate of DWAF includes the protection of
the aquatic ecosystem, the management of water resources will firstly be done in the spirit of Batho
Pele (People First). This point was reiterated by Minister Buyelwa Sonjica, (Minister of Water Affairs
and Forestry) in a speech at the International Conference on Water for Food & Ecosystems in 2005
on the reconstruction and development of our country. In closing she stated that: “I would like to end
by saying that the South African slogan Batho Pele (People First) must be upheld, because if we put
people first we will ensure sustainable utilisation and protection of our limited water resources to
support social and economic activities. There is a slogan used by my Department, which
encapsulates the approach we are trying to implement. It is an approach that balances economic,
social and environmental needs in the use of water. It is an approach that sees the protection of the
aquatic ecosystem as integral to the sustainable production of food, the sustainable development of
rural communities, the future of the country. The slogan is a simple one, but a powerful one, and one

that carries a message for all of us. The slogan is ‘Ensuring some for all for ever, together”(Sonjica,

2005).

The above-mentioned quote makes important points. Firstly it establishes the main beneficiary of
water quality management namely man. It is therefore logical that tools (such as indices) that provide
information for the management of water resources should have the suitability of water resources for
the use of man as focus. High levels of dissolved and suspended constituents in water limit the use of
water from a human perspective and therefore can be classified as relatively poor water quality. The
opposite is true for good water quality. It is in this context that the term ‘water quality’ is used

throughout the thesis.

The second important point that is made is that the means by which to ensure sustainability of water

is by protecting the environment, especially aquatic ecosystems.

Chapter 1 4



Aquatic Ecosystems

There is widespread evidence that freshwater ecosystems, and rivers in particular, are amongst the
most threatened ecosystems (Ollis et al., 2006a). The NWA however recognised that in order to
protect the full range of “goods and services” (e.g. provision of water, disposal of waste, supply of fish,
plants and other biota) provided for humans by rivers, the entire ecosystem must be protected.
Probably the most important benefit to be gained from properly functioning ecosystems is that such a
system can perform a self cleansing function and, if protected, can replenish the resource (Malan &
Day, 2002). In many ways the focus on ecosystem health complicated the monitoring and
management of surface water resources. The main reason for this being that aquatic ecosystems are
highly complex and variable and that a multitude of interrelated physical, chemical and biological
factors affect the ecological integrity of such ecosystems (Ollis et al., 2006a). Many recent articles
also suggest that the most effective way of protecting freshwater ecosystems and their biota is to

focus policy directives and management actions on biological integrity (Ollis et al., 2006a; Karr, 1992).

1.3 Biological integrity

Karr and Dudley (1981) defined biological integrity as “the ability of an aquatic ecosystem to support
and maintain a balanced, adaptive community of organisms having a species composition, diversity,
and ecological functional organisation comparable to that of natural habitats within a region”. When
human activities in aquatic ecosystems are minimal, the biological communities are resilient and
continue to resemble those that were shaped by the interactions of their natural physio-chemical
environment and are said to have biological integrity. If human activity impact heavily on an aquatic
ecosystem, it may reach a point where the composition of the biological communities have been
disrupted to the point where it will not be able to reach biological integrity and several wetland

functions are diminished or lost (Karr, 2000).

The concept of biological integrity may also be connected to the concept of ecosystem stability. This

“

is clear from the work of May (1976), in which it is stated that “ecosystem stability can be defined as
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the ability of a system to recover to an equilibrium state after disturbance, or simply the persistence of

the system”.

In many cases species diversity has been linked to ecosystem stability. The diversity-stability
hypothesis asserts that species vary in their traits and that in a highly diverse (species rich) systems
there will be some species than can compensate for the loss of others should disturbance occur in
such a system (Pimm, 1984; Elton, 1958). Thus, species rich systems are more likely to be
considered stable. Another common view of this hypothesis is that it predicts a decrease of diversity
as pollution increases. The pollution intolerant species decline in abundance and the pollution
tolerant species can grow rapidly without competition for space, nutrients, or other resources. This
results in community abundance patterns of heavy dominance and fewer species (Van Dam, 1982).

This being said, it is important to recognise that ecological systems are inherently complex, composed
of many interacting biological and physical components. Predicting the behaviour of such complex
systems is difficult but management and policy decisions require information on the status, condition,

and trends of ecosystems (Anreasen et al., 2001).

As human activities degrade watersheds, the aquatic communities they support are modified to
varying degrees (Adams et al., 1998; Onorato et al., 1998). Human activities can alter the interactions
between organisms and their physio-chemical environment. When the interactions of aquatic plants
and animals with their environment are disrupted, many of the functions provided by such are

diminished or lost.

Ollis et al. (2006a), states that a multitude of factors affect the ecological integrity of river ecosystems
and that these factors may be grouped into classes such as water quality, flow regime, habitat
structure, biotic interactions and energy sources. Furthermore, according to Dallas and Day (1993),

the actual species that make up any aquatic biological community are largely determined by:

i) water quality;
ii) the types of biotope availability;
iii) the degree of movement of water;
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iv) historical distribution of species; and

v) other components of the biota.

It is therefore logical to assume that aquatic communities can integrate and reflect the effects of
chemical and physical disturbances that occur in river and wetland ecosystems over extended periods
of time. The biotic integrity or health of the biota inhabiting the river ecosystem provides a direct and
integrated measure of the health of a river as a whole (Roux et al., 1999). Different taxonomic groups
may therefore serve as assessment tools (Siligato & Bohmer, 2002). It has long been known that
some components of the aquatic flora and fauna of streams and rivers respond in a predictable
fashion to changes in the physical and chemical nature of water (Chutter, 1998). Due to the
abovementioned relationships, it has been possible to construct biotic indices to assess one or more
aspects of the aquatic environment. When such indices are used to assess ecological systems (for

example a river) it is often referred to as biomonitoring.

1.4 Biomonitoring

It is a well established fact that important decisions should be based on sufficient data. But what
should the nature of that data be, specifically in relation to South African water sources? Using
indicators are an ideal means by which progress towards integrated water resource management can
be monitored; providing a summary of conditions, rather like temperature and blood pressure are

used to measure human health (Walmsley, 2000).

Matthews et al. (1982) define biomonitoring as “the systematic use of biological responses to evaluate
(primarily anthropogenic) changes in the environment with the intent to use this information in a
quality control programme”. Biomonitoring and bioassessment are based on the assumption that
measurements of the response, condition and/or community integrity of biota can be used to assess

the ecological integrity of an ecosystem (Ollis et al., 2006a).

Because of the difficulty of analysing for every potential pollutant in a sample of water, and of

interpreting the results in terms of the severity of impact, it makes sense to turn to aquatic biota for
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assistance (Eekhout et al.,, 1996). The goal of a biological index is not to measure every possible
biological attribute; doing so is indeed impossible. The goal of biological indices is to identify those
biological attributes that respond reliably to human activities, are minimally affected by natural
variability, and are cost effective measures (Karr & Chu, 1999). Biological monitoring can provide a
low-cost, moderately sensitive mean of monitoring water quality (Gratwicke, 1999) and have been

widely used to assess biological river quality (Bonada et al., 2006).

Numerous methods have been developed for the bioassessment of the integrity of aquatic systems.
Some of these are based on some or other aspect of a single species, but most are based on the

attributes of whole assemblages of organisms (De la Rey et al., 2004).

Several groups of aquatic fauna and flora have been used for the construction of biological indices in
aquatic environments. These include fish (An et al., 2002; Kleynhans, 1999; Karr, 1981)
macroinvertebrates (Chutter, 1998; Hilsenhoff, 1987; Chesters, 1980), diatoms (Lenoir & Coste, 1996;
Kelly & Whitton, 1995; Coste & Ayphassorho, 1991; Coste in Cemagref, 1982; Descy, 1979) and
vegetation (Kemper, 2001). Although some methods have been available for many years,
biomonitoring has only recently become a routine tool in the management of South Africa’s inland

waters (Davies & Day, 1998).

There are several different approaches to use (aquatic) biological communities as bioindicators.

These approaches can be broadly classified as follows (Roux et al., 1993):

e Bioassessments are based on ecological surveys of the functional and/or structural aspects of

biological communities;

e Toxicity bioassays are a laboratory-based methodology for investigating and predicting the

effect of compounds on test organisms;

e Behavioural bioassays explore sub-lethal effects of fish or other species when exposed to

contaminated water; usually as on-site, early warning systems;

e Bioaccumulation studies monitor the uptake and retention of chemicals in the body of an

organism and the consequent effects higher up the food chain; and

Chapter 1 8



e Fish health studies deal with causes, processes and effects of diseases; and can form a

complementary indication of overall ecosystem health.

The focus of the current study is on bioassessment indicators. Two of the most important indicator

types in this category are biodiversity indices and aut-ecological indices.

1.5 Comparing species diversity/species richness indicators to biotic indices and aut-

ecological indices

1.5.1 Species diversity/species richness indicators

Diversity indices attempt to combine data on abundance within species in a community into a single
number. The definition of species diversity proposed by Margelef (1958) has been preferred by many
other authors Washington (1984), Hulbert (1971) and Pielou (1966). According to this definition
species diversity is a function of the number of a species present (species richness and abundance)
and the evenness with which the individuals are distributed among the species (species evenness of
equitability). Metcalfe (1989) defines species diversity indices as “the mathematical expression which
use the components of community structure namely, richness (number of species present), evenness
(uniformity in the distribution of individuals among species), and abundance (total number of
organisms present), to describe the response of a community to the quality of the environment”. The
assumption underlying the diversity approach therefore is that undisturbed environments will be
characterised by high diversity or richness, an even distribution of the individuals among the species,

and moderate to high counts of individuals (Metcalfe, 1989; Mason et al., 1985)

The most widely used measure of diversity is the Shannon-Wiener formula (Metcalfe, 1989). Diversity

indices based in the information theory (including Shannon-Wiener index) are the best known indices

of diversity as well as the most commonly used (Washington, 1984).
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The Shannon diversity index (H’) is calculated with the following formula:

H = - ip,- log, pi

i=1

in units per individual per unit volume or area, where p; is estimated from n;/N as the proportion of the
total population of individuals (N) belonging to the ith species (n;) and using logarithms to the based 2.

In an ecological context, H' measures the diversity in a many-species community (Wetzel, 2001).

Species diversity indices based on benthic diatom assemblages are regularly used to determine the
impact of anthropogenic actions and pollutants on aquatic systems (Cunningham et al., 2003; Gracia-

Criado, 1999; Gomez, 1999).

According to Metcalfe (1989), diversity indices are considered to have the following advantages:
1. They are strictly quantitative, dimensionless, and lend themselves to statistical analysis;
2. Most are relatively independent of sample size;
3. No assumptions are made as to the relative tolerances of individual species, which may be
very subjective; and
4. They can be applied equally well to measures of biomass which are less labour intensive than

counts of individuals.

In order to promote the responsible use of species diversity indices, the limitations of such indices as
well as criticisms against such indices also need to be addressed. Metcalfe (1989) lists the following

criticisms against diversity indices:

1. Values will vary considerably depending upon: the equation used to calculate them, the
method of sample collection, the extent of identification (species diversity being greater than
generic diversity), and the location and nature of the river being studied.

2. While standards have been set for the interpretation of the index values, the scales are not
universally applicable. For example, not all undisturbed communities have inherently high

diversity; therefore, it is not always possible to correlate certain values with ecological
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damage. Furthermore, wide variations in values have been reported for unpolluted
conditions.

3. In the calculation of diversity indices, individual species are reduced to anonymous numbers
which disregard their pollution tolerances. It is as important to know which species are
present as it is to know how many. Diversity index values cannot tell us if the community is
composed of pollution-tolerant or —intolerant species. Furthermore, diversity indices are
ratios of two variables and, as such, have serious statistical implications. When variables are
compounded into ratios, the variances of the numerator and denominator are ignored and the
resulting ratio will have greater variability than either of the two variables from which it was
derived.

4. The response of a community to increasing pollution is not necessarily linear. In fact, there is
evidence that moderate pollution can cause an increase in abundance without excluding
species, with the result that the index values actually goes up.

5. Diversity indices have generally been applied to the extremes of the pollution scale, i.e.
pristine vs. downstream of an effluent discharge. Not enough testing has been conducted in

the middle range which represents most ambient waters of concern.

Another potential problem with the use of diversity indices has been discussed by Washington (1984).
In his review paper he concluded that no simple answer could be given as to the relationship between
diversity and ecosystem stability. In discussing the work of Connell (1978), he also stated that
environmental instability may actually increase diversity above equilibrium levels. Connell’s proposed
the concept of the Intermediate Disturbance Hypothesis (IDH) which suggests that the diversity of

species may be highest in areas which experience intermediate frequencies of disturbance.

The IDH is one of the most frequently suggested non-equilibrium explanations for the maintenance of
species diversity in ecological communities (Roxburgh et al., 2004). The concept explains the
contrast between the obvious variety of species existing in natural systems and the competitive
exclusion principle which predicts that competition selects for the fittest species and leads to the

exclusion of others (Fléder & Sommer, 1999).
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Townsend et al. (1997) suggest the following explanation of how the hypothesis may work in an
ecosystem:

“At one extreme, patches that are frequently and/or intensely disturbed are expected to
exhibit low species richness because few species are able to colonize during the brief periods
between disturbances or tolerate the high intensities of their impact. At the other end of the scale,
patches in which disturbances are infrequent and/or or low intensity are expected also to be poor in
species because they become dominant by competitive superior taxa. Richness should be highest at

intermediate levels of disturbance because rapid colonizers and more competitive species co-occur.

Due to the potentially complex nature of the relationship between species-diversity and environmental

disturbance, the suitability of diversity indices as indicators of water chemistry is debatable.

An alternative to species diversity/species richness indicators are aut-ecological indices”.

1.5.2 Biotic indices and aut-ecological indices

Biotic indices are an approach to water pollution making use of the indicator organism concept, and
as such, do not represent community structure as species diversity indices do. According to Ollis et
al. (2006a) biotic indices are constructed when “each taxon from a particular group of organisms is
assigned to a sensitivity rating or ‘score’ based on the tolerance or sensitivity to particular pollutants.
The scores of all the individual taxa at a site are summed and/or averaged to provide a value by which

the integrity of the biotic community at the site can be gauged”.

Aut-ecological indices are based on the same principle: in such indices long term data gathered about
the tolerances of a species are used to compile an index which can, in turn, be used to deduce
environmental conditions from the species composition by taking into account the specific tolerances
of the species in the community surveyed (De la Rey et al., 2004). In other words, aut-ecological
indices use the relative abundance of species in assemblages, their ecological preferences,

sensitivities, or tolerances to infer environmental conditions in an ecosystem (Stoermer & Smol,

Chapter 1 12



1999). In the current study biotic indices and aut-ecological indices are therefore used

interchangeably.

Biotic indices have been generally used in the aquatic sciences, and until 1984, they have only been
applied to water pollution (Washington, 1984). These indices can be constructed to measure specific
pollutants or general environmental conditions. Bonada et al., (2006) describe the advantages of

biotic indices as highly robust, sensitive, cost-effective, easy to apply and easy to interpret.

As for the species diversity/richness indicators (Section 1.5.1) several limitations on the use and
usefulness of biotic indices have been raised over the years. Although this has not subtracted from
the widespread use of such indices, it is important to reflect on the limitations in order to gain the

maximum benefit in terms of management information from the results produced by the indices.

Biotic indices are likely to be specific for one (maybe two) particular types of pollution as indicator
organisms cannot be equally sensitive to all types of pollution (Washington, 1984). It is important to
note that biotic indices do not measure community structure as a whole (as is the case in species
diversity indices). Therefore, the index scores will not reflect impacts which the index was not

designed to accommodate.

Another drawback of most biotic indices is that they are unlikely to be universally applicable because
indicator organisms vary from region to region, limiting the use of such an index (Washington, 1984).
Furthermore, the lack of ecological data of organism groups limits the use of biotic indices, because
ecological data of the organisms is needed to construct a biotic index. In this respect, species
diversity indices may be used regardless of ecological knowledge and may therefore be applied in

areas where such information is scarce.

1.5.4 Aut-ecological indices as used in the current study

Aut-ecological indices use the relative abundance of species in assemblages, their ecological

preferences, sensitivities, or tolerances to infer environmental conditions in an ecosystem (Stoermer &
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Smol, 1999). Put in another way, aut-ecological indices make use of the niche requirements and
habitat preferences of the individual species or higher taxonomic groupings. In such indices long term
data gathered about the tolerances of a species are used to compile an index which can, in turn, be
used to deduce environmental conditions from the species composition by taking into account the
specific tolerances of the species in the community surveyed. These indices can be constructed to

measure specific pollutants or general environmental conditions.

1.6 River Health Programme

Biotic indices have been found to be of great value for acquiring data on the health of water bodies

and the management thereof worldwide as was explained by Section 1.5.2.

For this reason the South African Department of Water Affairs and Forestry (DWAF), as custodians of
the water resources of the country, initiated the development of a National Aquatic Ecosystem
Biomonitoring Programme (also called the River Health Programme or RHP) during 1995 (Roux,
1997). The RHP was designed in response to a specific information need, namely, to assess the
ecological state of riverine ecosystems in relation to all the anthropogenic disturbances affecting them
(RHP, 2006). The programme assessment philosophy is based on the concept of biological integrity
and it makes use of biological indices, as well as indices for assessing in-stream and riparian habitats

(RHP, 2008).

The main objectives of the River Health Programme can be summarised as follows (RHP, 2006):
e Measure, assess and report on the ecological state of aquatic ecosystems;

e Detect and report on the spatial and temporal trends in the ecological state of aquatic

ecosystems;
e I|dentify and report on emerging problems regarding aquatic ecosystems; and

e Ensure that all reports provide scientifically and managerially relevant information for the

national aquatic ecosystem management.
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The RHP makes use of several indices, focusing on different animal groups. These include the Fish
Assemblage Integrity Index (Kleynhans, 1999), the South African Scoring System (SASS) making use
of macroinvertebrates (Chutter, 1998) and the Riparian Vegetation Index (RVI) (Kemper, 2001). As
part of the present study, diatoms have also been included in the State of the Rivers report for the
Crocodile West — Marico River catchments (Appendix A). In this report a diatom based index (SPI)
was used as proxy for the water quality in river stretches. This same data was then also utilised for
the compilation of manuscript three. Due to the fact that the thesis contributed to the mentioned RHP
report, it was decided to include it as appendix to this document as it is seen as a valuable

contribution made to the management of river health in the specific catchment.

For the sake of the rest of the present study, prominence will be given to the macroinvertebrate index
(SASS 5), and the diatom indices such as the specific pollution sensitivity index (SPI) and the

biological diatom index (BDI).

A recent approach to biomonitoring in South Africa is the establishment of reference conditions.

According to the European Water Framework Directive (European Commission, 2000) a reference
condition is the expected background conditions (in this case of river fauna composition) with no or
minimal anthropogenic stress as well as satisfying the following criteria:
a) It should reflect totally, or nearly, undisturbed conditions for hydromorphological
elements, general physical and chemical elements, and biological quality elements.
b) Concentrations of specific synthetic pollutants should be close to zero of below the

limit of detection of the most advanced analytical techniques in general use.

Reynoldson et al. (1997) define the reference condition as the condition that is representative of a
group of minimally disturbed sites organized by selected physical, chemical, and biological
characteristics. The article goes further to state that a reference condition is mainly used for
comparing the biological attributes of individual test sites with a group of reference sites expected to

be similar.
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The reference-condition approach differs fundamentally from other approaches commonly used for
water quality assessment (e.g. traditional studies using before and after, or control and impact
designs) in that sites rather than multiple collections within sites, serve as replicates (Reynoldson et
al.,, 1997). According to this concept, the degree of impairment at monitoring sites is therefore

obtained from comparison to such reference conditions.

The abovementioned approach aids management of systems by alerting managers that certain
impacts causes an aquatic assemblage or ecosystem to respond in some way that is outside the
natural range of variation (Roux et al., 1999 as quoted by Ollis et al., 2006b). This concept of
reference condition is incorporated in the River Health Programme through the introduction of Eco-
classification which refers to the determination and categorisation of the Present Ecological State
(PES; health or integrity) of individual biophysical attributes of the river that is being assessed,
compared to the natural or close to natural reference condition. These biophysical attributes refer to
the drivers (e.g. physico-chemical, geomorphology, hydrology) and biological responses (e.g fish,

riparian vegetation and aquatic macroinvertebrates) of an aquatic ecosystem (RHP, 2006).

The derivation of reference conditions has however proved challenging and several papers has
recently been published investigating techniques for the derivation of reference conditions for
macroinvertebrates in South Africa (Ollis et al., 2006b; Dallas & Day, 2007; Dallas, 2004). Currently
DWAF is busy compiling a document of reference conditions for river health programme sites across

South Africa. This document should be available early 2009 (Thirion, 2007).

1.6.1 Macroinvertebrates

Macroinvertebrates are currently the most broadly used bioindicators in aquatic environments
(Bonada et al., 2006; Metcalfe, 1989; Washington, 1984), and several indices have been based on
this particular group. Murray (1999) concluded that invertebrate communities respond relatively
quickly to localised conditions in a river, especially water quality, though their existence also depend

on habitat diversity, they are common, have a wide range of sensitivities and have a suitable life cycle

Chapter 1 16



duration that could indicate short to medium term impacts on water quality. Metcalfe (1989) listed the

following advantages for using this group:

1. They are differentially sensitive to pollutants of various types and react to them quickly;
macroinvertebrate communities are capable of a graded response to a broad spectrum of
kinds and degrees of stress.

2. The communities are ubiquitous, abundant and relatively easy to collect. Furthermore, their
identification and enumeration are relatively easy.

3. Macroinvertebrates are relatively sedentary and are therefore representative of local
conditions.

4. The organisms have life spans long enough to provide a record of environmental quality.

5. Their communities are very heterogeneous, consisting of representatives of several phyla,
and the probability for reacting to a particular change in the environmental condition is,

therefore high.

Ollis et al., (2006a) added that macroinvertebrates are also fairly inexpensive to collect, particularly if
qualitative sampling is undertaken. In addition to having a long enough lifespan to be able to provide
a record of environmental quality, the life spans of these organisms are also sufficiently short to

enable the observation of recolonisation patters following perturbations.

A biotic index based on macroinvertebrates was compiled by Chutter (1998) in order to evaluate water
quality changes in rivers. The South African Scoring System (SASS), as the index is known, has
been revised several times and is currently in its fifth revised form called SASS 5 (Dickens & Graham,

2002).

The system is widely used in South Africa mainly due to the facts that (1) the system is rapid,
affordable (especially when compared to chemical analysis) and does not require sophisticated
equipment, and (2) the system is relatively easy to apply and identification to a sufficient level by

trained non-specialist.
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However, there are a few restrictions regarding the use of macroinvertebrates in biomonitoring and
water quality assessment such as:

1. The distribution and abundance of macroinvertebrates are affected by a wide range of factors
other than discernible water quality effects (e.g. flow, nature of substrate, habitat and food
availability) (Dallas 2007; Dallas & Day 2007; Dickens & Graham, 2002; Chutter, 1998;
Dallas, 1997);

2. They may not show responses to certain types of water quality impacts, such as some
herbicides;

3. Scores may be affected by biotope availability (Dallas & Day 2007; Ollis et al., 2006b ;
Chutter, 1998; Dallas, 1997);

4. Seasonality may affect SASS scores (de la Rey et al., 2008; Dallas & Day 2007);

5. The SASS method has been developed for perennial, lotic systems with low to moderate flow
regimes, so it is not applicable in lentic systems of estuaries, and should be used with caution

in ephemeral systems (Ollis et al., 2006b).

Furthermore, the composition of the aquatic invertebrate community is always modified
immediately downstream of dams and weirs. This is also often true for downstream of bridges

(Chutter, 1998). This decreases the potential uses of SASS.

1.6.2 Diatoms

This section of the introduction repeats portions of the summary on the use of diatom indices in

manuscript one, included in this study (De la Rey et al., 2004).

No single group of organisms is always best suited for detecting the diversity of environmental
perturbations associated with human activities. If the maintenance of ecosystem integrity is the aim of
environmental management of a river system, the need to monitor the status of different taxonomic
groups is vital. Diatoms provide interpretable indications of specific changes in water quality, whereas
invertebrate and fish assemblages may better reflect the impact of changes in the physical habitat in

addition to certain chemical changes (McCormick & Cairns, 1994).
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The diatoms (Bacillariophyceae) comprise a ubiquitous, highly successful and distinctive group of
mostly unicellular algae, with the most obvious distinguishing characteristic the possession of
siliceous cell walls (frustules). As autotrophic diatoms contribute significantly to the productivity of

such ecosystems, they frequently form the base of aquatic food chains (Cox, 1996).

Diatoms are abundant, diverse and important components of algal assemblages in freshwater bodies.
They make up a large portion of total algal biomass over a broad spectrum of trophic states (Kreis et

al., 1985).

Diatoms are used as biological indicators for a number of reasons:

e They occur in all types of aquatic ecosystems, also extending into damp sub-aerial habitats.

e They collectively show a broad range of tolerance along a gradient of aquatic productivity,
individual species have specific water chemistry requirements (Round et al., 1991; Werner,
1977).

e They have one of the shortest generation times of all biological indicators (Rott, 1991). They
reproduce and respond rapidly to environmental change and provide early warnings of both
pollution increases and habitat restoration success.

e They are sensitive to change in nutrient concentrations, supply rates and silica/phosphate
ratios (Tilman et al., 1982; Tilman, 1977). Each taxon has a specific optimum and tolerance
for nutrients such as phosphate (Bennion et al., 1996; Reavie et al., 1995; Bennion, 1994;
Fritz et al., 1993; Hall & Smoll, 1992) and nitrogen (Christie & Smol, 1993), which can usually
be quantified to a high degree of certainty.

e They assemblages are typically species rich. Considerable ecological information may be
gained from this diversity of ecological tolerances. Moreover, the large number of taxa
provides redundancies of information and important internal checks in datasets, which
increase confidence of environmental inferences (Dixit et al., 1992).

e They respond rapidly to eutrophication and recovery (e.g. Zeeb et al., 1994). Because
diatoms are primarily photoautotrophic organisms, they are directly affected by changes in

nutrient and light availability (Tilman et al., 1982).
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e Rapid immigration rates and the lack of physical dispersal barriers ensure there is little lag-
time between perturbation and response (Vinebrooke, 1996).

e The taxonomy of diatoms is generally well documented (Krammer & Lange-Bertalot, 1986-
91). Species identifications are largely based on cell wall morphology.

e Diatoms can be found on substrata in streambeds even when dry, so they can be sampled at

most times of the year (Stevenson & Pan, 1999).

Round (1993) lists numerous reasons why diatoms are useful tools of biomonitoring, amongst which
the following bear special relevance to the South African situation: methods are cost effective, data is
comparable, techniques are rapid and accurate, and identifications and counts can be done by non-

specialists with a biological background if they are provided with illustrated guides.

Although some of the following information is already part of the introductory sections of the various
articles presented elsewhere in the document, it was deemed necessary to compile a thorough
section on the aut—ecological diatom based indices in the introduction. This will make up the content

in the following paragraphs.
A number of diatom-based aut-ecological indices are based on the weighted average equation of
Zelinka & Marvan (1961) and have the basic form

2 .SV
Z;a.ﬂ*’j

index =

where a; = abundance (proportion) of species j in sample, v; = indicator value and s; = pollution
sensitivity of species j.
Diatom indices function in the following manner: In a sample from a body of water with a particular
level or concentration of determinant (e.g. orthophosphate-phosphorus), diatom taxa with their
optimum close to that level of determinant will be most abundant. Therefore an estimate of the level
of that determinant in the sample can be made from the average of the optima of the pollution
sensitivity (‘s’) of all the taxa in that sample, each weighted by its abundance (‘a’). This means that a

taxon that is found frequently in a sample has more influence on the result than one that is rare. A

further refinement is the provision of an ‘indicator value’ (‘v’) which is included to give greater weight
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to those taxa which are good indicators of particular environmental conditions. In practice, use of
diatom indices involves making a list of the taxa present in a sample, along with a measure of their
abundance. The index is expressed as the mean of the pollution sensitivity of the taxa in the sample,
weighted by the abundance of each taxon. The indicator value acts to further increase the influence

of certain species (de la Rey et al., 2004; Harding et al., 2004).

In 1979 Descy proposed the first true diatom index using the equation of Zelinka & Marvan (1961) on
the basis of an investigation carried out on the Belgian section of the Sambre and Meuse Rivers
(Prygiel et al., 1999). In the following paragraphs a brief summary will be given of some of the diatom

indices currently in use in several different countries for assessment of inland waters.

Using Descy's method or DES (1979) Coste (in Cemagref, 1982) proposed an index known as the
Specific Pollution sensitivity Index (SPI). The SPI index is based on 189 surveys carried out during the
years 1977 to 1980 at sites in the Rhone-Mediterranee-Corse basin national monitoring network. The
index has been updated since 1982 in order to incorporate changes in taxonomy and new knowledge

of diatom ecology.

Following the SPI, a Generic Diatom Index (GDI) was proposed (Coste & Ayphassorho, 1991)

containing 174 taxa, including new genera proposed by Round et al. (1990).

The wide use of GDI and SPI in France lead to the creation of the Biological Diatom Index (BDI;
Lenoir & Coste, 1996) to meet the need for an index capable of being applied to monitoring networks
throughout the whole of France. The BDI was designed on the basis of 1332 biological and
physicochemical surveys and includes 1028 diatom species and varieties. To maximise the usability
of the BDI morphologically similar species that are difficult for the non-specialist to identify with light
microscopy were combined, this reduced the number of taxa. Rare species (less than 5% of the

inventory) were eliminated from the list, which resulted in 209 taxa being kept (Prygiel & Coste, 1999).

The Zelinka and Marvin equation was also used in the construction of many other diatom-based

indices including the Artois-Picardie Diatom Index or APDI (Prygiel et al., 1996), Slade€ek’s index or
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SLA (Sladecek, 1986), the Eutrophication/Pollution Index or EPI (Del’lUomo, 1996), Rott's Index or
ROT (Rott, 1991), Leclercq and Maquet’s Index or LMI (Leclercq & Maquet, 1987) etc. Such indices
mainly vary from the SPI and BDI in terms of species included in the calculation and the tolerances
assigned to such species and are all included in the statistical package OMNIDIA version 3.1

(Lecointe et al., 1993).

The indices most used in the current study are the Biological Diatom Index (BDI) as well as the
Specific Pollution Sensitivity Index (SPI). The SPI has one of the broadest species bases for the
calculation of the index and therefore was a reasonable option for testing in South Africa that may not
have the same environmental conditions as France where it was developed. It is also one of the most

use diatom indices in Europe (Lenoir & Coste, 1996).

The BDI index was a refinement of the indices in use in France before 1996. This refinement was
based on a database of 1332 surveys originating from the whole of France. This data was analysed
using multivariate statistics until a number of key indicator species was identified. In all the system
takes into account 209 taxa of which 57 were matched group i.e. included 2-6 morphologically similar

species grouped under one name (Lenoir & Coste, 1996).

The indices have been used with success in several European countries including Poland

(Kwandrans et al., 1998) Finland (Eloranta, 1994) and Portugal (Almeida, 2001).

The study of diatom flora extends back as far as the middle of the 19" century with work done by
Ehrenberg (1845) and Cleve (1881). In the 1950’s and 1960’s Cholnoky produced work on many
diatom species from South Africa (e.g. Cholnoky 1960). The potential use of diatoms as indicators of
water quality was also initiated by Cholnoky from South African diatom flora. In a publication in 1968,
Cholnoky applied a variation of the community analysis of Thomasson (1925 as quoted in Taylor
2004), to assess water quality using diatom community composition. Cholnoky would use the relative
abundance of certain taxa to assess or track changes in specific water quality constituents (e.g. the
relative abundance of Nitzschia spp. to assess nitrogen changes in rivers). This study was probably

the precursor for the modern diatom indices as used in the current study.
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In the 1970’s and the 1980’s, Schoeman and Archibald produced work on the systematics and
ecology of South African diatoms, culminating in the work: ‘The diatom flora of South Africa’
(Schoeman & Archibald, 1976). In a 1976 publication, Schoeman used diatom indicator groups to
evaluate changes in water quality. From this study Schoeman concluded that diatom associations
may be used to assess the conditions of rivers. Schoeman also tested the ‘saprobian classification
system’ as developed by Lange-Bertalot (1979) in a South African River system and found strong

correlation between water quality constituents and diatom community composition.

As can be seen from the abovementioned, South African diatom research was developing parallel to,
and even leading the way in terms of using diatoms as indicators in rivers system. Unfortunately this

ceased with 1979 work of Schoeman and little work has been done on diatoms for the 20 odd years.

Diatoms, as indicators of water quality, were only again investigated in depth in South Africa by Bate
et al. (2002). The investigation attempted to relate a descriptive index (Van Dam et al., 1994), based
on a dataset for the environmental tolerances of diatom species found in the Netherlands, to water
quality in South Africa. The environmental variables generated by the Van Dam et al. (1994) index
include: pH, conductivity, oxygen requirements, trophic status, saprobian status and habitat
requirements of a selected number of diatom species found in waters of the Netherlands (Van Dam et

al., 1994; Taylor 2004).

Bate et al. (2002) came to the conclusion that benthic diatoms could be a useful addition to the
National Biomonitoring Programme for Aquatic Ecosystems (NBPAE) as the diatoms give a time-
integrated indication of specific water quality components. However, Bate and co-workers went on to
state that the particular data set tested in their study, could not be transposed directly for use under
South African conditions. For this reason the present thesis investigates the potential use of several

other numerical, rather than descriptive, diatom indices developed in Europe

The above-mentioned background forms part of the context in which the work for this thesis was

performed. The next section elaborates on the specific aims of the various studies included in the

thesis.
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1.7 Current project

Concerns have been expressed as to the transfer and comparison of data between the Northern and
Southern Hemisphere (Round, 1991). It is well known that some species have the same morphology,
but questions still remain concerning the range of ecological tolerances of these various species. This
is a valid concern when distance, climatic condition, and other environmental pressures are taken into

account.

However, Kelly (1998) introduced the concept that diatoms are ‘subcosmopolitan’, i.e. they occur
anywhere certain environmental conditions are fulfilled. This concept suggests that geographical
location is not the determining factor in the distribution of diatom species and the composition of
communities, but it is rather the specific environmental variables at a specific site that determine this

distribution.

Diatom indices may be able to provide answers to the problems involved in monitoring rivers for the
inorganic nutrients which cause eutrophication, organic loading, ionic composition and dissolved

oxygen (Kwandrans et al., 1998).

Diatoms, although used extensively in Europe as well as other parts of the world, have not been used
as bioindicators in the River Health Programme before 2005. The most recent State of the Rivers
Report (River Health Programme, 2005, in Appendix A) did include diatoms as a proxy for water
quality in the Crocodile (West) Marico Water Management Area. The author formed part of the team
of the North-West University that gathered diatom based bioindicator data for almost 60 sites in the
mentioned water management area. The inclusion of the diatom based indices was based on proven

effectiveness of the diatom based indices world wide.

But how effective are these biological based indices in assessing river health and water quality? Are
some of the indicators better suited to certain tasks than others? Do we need any additional
biomonitoring tools or are the current ones sufficient to evaluate the state of our rivers? How

comparable is the data that we do gather from some of these indices?
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These questions, as well as some others, are the topics of discussion in this document. The
document consists of five separate manuscripts, each of which is focused on a specific research
question identified to promote understanding of some of the bioindicators used in the River Health
Programme. Since diatom based indices are the least known of the mentioned biomonitoring
systems, and therefore present the most questions in terms of application, a large portion of the
document is spent on this particular type of index. Another objective of the studies presented in this
document was the quantitative evaluation of index response to water quality and habitat availability, a

theme that has been largely ignored in evaluating bioindicators.

The individual focus of the various manuscripts to gain insight into the mentioned issues will now be

discussed.

Manuscript one begs the question of whether diatom based indices can be used effectively in South
Africa. SASS (a macroinvertebrate based system) was used as the index to which compare the
response of the diatom based indices. SASS was selected as the comparative index because in
many ways, it has become the standard for the rapid bioassessment of rivers in South Africa and it

yields fast and cost effective results (Dickens and Graham, 2002).

In manuscript two the importance of comparability of results from various operators in the field of
biomonitoring was investigated. The paper is a review paper of diatom based monitoring techniques
in terms of sampling, preparing and enumeration of diatom cells. As diatom based systems are in its
infancy in terms of use in South Africa, it was recognised as an opportune time in which to suggest

protocols to ensure comparability of gathered results.

The primary question of manuscript three was whether diatom based indices that were developed in
other countries may be use in South Africa. This focuses on two main aspects namely do we
encounter the same species in South African rivers as the ones used for bioindication in the countries
in which the indices where developed and does these species have the same tolerances as in the
country in which the indices was developed. The article also hints at the diatom based indices

developed in other countries that may be more useful in South Africa.
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The aim of manuscript four is to establish assess aut-ecological and diversity based diatom indices for
their application in evaluating water quality. Both types of indices have been employed in such
assessments in various international studies, and the most applicable for South African conditions

needed to be determined.

The final manuscript evaluates the relationship of diatom based indices and SASS 5 with water quality
and habitat integrity. The paper compares the reaction of the two types of indices to changes in
habitat and water quality. This is important to ascertain as it would advise on which one index to use
when evaluating river health, or if both types of indices should preferably be used as complimenting

systems.

The outcome of the five papers presented in this document should provide enough motivation for the
inclusion of diatoms as bioindicators in South African Rivers. It will also shed light on how accurately

macroinvertebrate and diatom based indices reflect changes in water quality and habitat integrity.

This study may be viewed as additional to the work of Taylor (2006). Some of the work presented in
this document was performed in conjunction with the mentioned author. The current document
however also evaluates the diatom based indices against species diversity indices as well as other
biotic indices (SASS 5 in particular) to establish the additional value that may be gained from the use

of such indices.

The choice of the river systems used in the study is one of practical consideration. In order to
evaluate the diatom index’s ability to measure water quality as well as compare its performance to
indices such as SASS 5, it was necessary to join programmes and available efforts. The cost of water
quality analysis would have been prohibitive if such a route was not followed. This approach led to
large portions of Gauteng, North West and Mpumalanga provinces to be surveyed in this study, and
included water quality range from mostly natural to poor. It is believed that the studies as reported in
this document as well as the thesis by Taylor (2006), provide ample proof that diatom based indices

may be used with confidence in river systems in South Africa. A data disk containing all the water
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chemistry data as well as index data such as SASS 5, BDI, SPI and IHAS is included as part of the

document in order to facilitate future inquiries into the studies.
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Determining the possible application value of diatoms as
indicators of general water quality: A comparison with SASS 5

PA de la Rey*, JC Taylor, A Laas, L van Rensburg and A Vosloo
School for Environmental Science and Development, North-West University, Potchefstroom Campus, 2520, South Africa

Abstract

The applicability of aEuropean numerical diatom index, the Specific Pollution sensitivity Index (SPI), wastested in ariver system
where the SPI scores were compared both to chemical water quality and to scores yielded using a macro-invertebrate index of
riverinehealth namely the South African Scoring System (SASS5). Thisinvestigation showed that the SPI reflectscertain elements
of water quality with ahigh degree of accuracy. Due to the broad species base of SPI, few problemswere encountered when using
this system in the Southern Hemisphere. The conclusion is that SPI or a similar diatom index will provide a valuable addition to

the suite of biomonitoring tools currently in use in South Africa.

Keywords: biomonitoring, diatoms, SASS 5, SPI diatom index, general water quality

Introduction

Welive onasubcontinent recognised for itsunpredictablerainfall.
South Africaisasemi-arid country, and the decline in the quality
of availablewater isone of the major problemscurrently facing the
country (Davies and Day, 1998). There are several factors that
contributeto thedeclineinwater quality, themost important being
industry, intensive and careless agricultural practices and the
population explosion, which increases the demand for domestic
water supply. The National Water Act 36 of 1998, repealed and
replaced over 100 previous acts. The preliminary section of the
Act, states, “...water is (to be) protected, conserved, managed and
controlled in a sustainable and equitable manner for the benefit of
all persons ..."

Under Act 36 of 1998, activities that pollute or degrade water
resources require a licence issued by the Department of Water
Affairs and Forestry (DWAF). The Act stipulates that “...an
applicant may be required to provide an assessment of the likely
effect of the proposed activity on the resource quality...”. Li-
cenceswill not beissued for periods longer than 40 years. Provi-
sionismadefor the periodic review of thelicence at intervalsthat
must not exceed 5years. Theimportant component of thisperiodic
review is that quality monitoring forms an essential part of the
conditions of many such water licences.

Biological monitoring techniqueshave beenintroduced aspart
of routine monitoring programmes due to certain shortcomingsin
standard physical and chemical methods. Because of thedifficulty
and cost of chemically analysing every potential pollutant in a
sample of water, and of interpreting results in terms of impact
severity, it makes sense to monitor aquatic biota. Results from
biological monitoring are cost effective and the results can be
obtained rapidly. The main advantage of abiological approachis
that it examinesorgani smswhoseexposureto pollutantsiscontinu-
ous. Thus species present in riverine ecosystems reflect both the
present and past history of the water quality in theriver, alowing
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detection of disturbancesthat might otherwise be missed (Eekhout
et a., 1996).

Biological communitiesreflect theoverall ecological integrity
by integrating various stressors, thus providing abroad measure of
their synergistic impacts. Aquatic communities, both plant and
animal, integrate and reflect the effects of chemica and physical
disturbances that occur over extended periods of time. These
communities can provide a holistic and an integrated measure of
theintegrity or health of the river as awhole (Chutter, 1998).

Numerousmethodshavebeen devel oped for the bi oassessment
of theintegrity of aquatic systems. Some of these are based on one
or other aspect of a single species, but most are based on the
attributes of whol e assemblages of organismssuch asfish, algae or
invertebrates. Although methods have been available for many
years, biomonitoring hasonly asrecently as 1996 becomearoutine
tool in the management of South Africa’ s inland waters (Hohls,
1996).

Benthic macro-invertebratesarerecognised asval uableorgan-
ismsfor bioassessments, duelargely totheir visibility to the naked
eye, ease of identification, rapid life cycle often based on seasons
and their largely sedentary habits (Dickens and Graham, 2002).
Currently, the backbone of the National River Health Programme
is SASS (South African Scoring System), a macro-invertebrate
index developed by Chutter (1998). The SASS system has under-
gone several refinementsto suit all conditions; the most recent of
these modifications is SASS 5 (Dickens and Graham, 2002).
However, Round (1991) lists severa reasonswhy animal compo-
nentsof an ecosystem may not provideasatisfactory index system:

e Animals have complex reproductive cycles which are often
linked to the seasons,

¢ Animalsarelargely motileand thismay causedifficulty during
sampling,

¢ Animalsmay have many different life stagesand may undergo
metamorphosis,

e Animals have specific habitats and niches;

e Theyareactively grazed; and closely linked to flow conditions
andthuswill not usually beevenly distributed from headwaters
to estuaries, and
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e Watercourses, which are too deep to wade across, may prove
difficult if not impossible to evaluate using a macro-inverte-
brate index along the length of the stream.

Finally, the composition of the aquatic invertebrate community is
awaysmodifiedimmediately downstream of damsandweirs. This
is also often true downstream of bridges (Chutter, 1998) and
therefore decreases the potential uses of SASS.

Nosinglegroup of organismsisalwaysbest suited for detecting
the diversity of environmental perturbations associated with hu-
man activities. |f themaintenance of ecosystemintegrity istheaim
of river management, there is a need to monitor the status of
different taxonomic groups. Diatoms provideinterpretableindica-
tionsof specific changesinwater quality (Kwandranset al., 1998),
whereas invertebrate and fish assemblages may better reflect the
impact of changes in the physical habitat in addition to certain
chemical changes (McCormick and Cairns, 1994).

Thediatoms(Bacillariophyceae) compriseaubiquitous, highly
successful and distinctive group of unicellular algae, with the most
obvious distinguishing characteristic the possession of siliceous
cell walls (frustules). As autotrophs, diatoms contribute signifi-
cantly to the productivity of such ecosystems, frequently forming
the base of aquatic food chains (Cox, 1996).

Diatoms are abundant, diverse and important components of
agal assemblages in freshwater bodies. They comprise a large
portion of total algal biomass over a broad spectrum of trophic
states(Kreisetal., 1985). Diatomsare used ashiological indicators
for anumber of reasons:

e They occur in all types of aguatic ecosystems.

e They collectively show a broad range of tolerance along a
gradient of aquatic productivity, individual species have spe-
cific water chemistry requirements (Werner, 1977; Round,
1991).

»  They have oneof the shortest generation timesof al biological
indicators(Rott, 1991). They reproduce and respond rapidly to
environmental change and provide early warnings of both
pollutionincreasesand habitat restoration success. It takestwo
to three weeks before changes are reflected to a measurable
extent in the assemblage composition (Round, 1991; Kelly et
al., 1998).

» They aresensitiveto changein nutrient concentrations, (Pan et
a., 1996). Each taxon hasaspecific optimum and tolerancefor
nutrientssuch asphosphate (Hall and Smol, 1992; Reavieetal.,
1995; Fritz et a., 1993; Bennion, 1994, Bennion et al., 1996)
and nitrogen (Christie and Smol, 1993), which can usually be
quantified to a high degree of certainty.

* Assemblagesareusually diverse and therefore contain consid-
erable ecological information. For this reason, and because it
iseasy to obtain large numbersof individuals, robust statistical
and multivariate procedurescan beused to analyze assemblage
data. (Dixit et a., 1992).

e Theyrespondrapidly to eutrophicationandrecovery (e.g. Zeeb
et al., 1994). Because diatoms are primarily photoautotrophic
organisms, they aredirectly affected by changesinnutrient and
light availability (Tilman et a., 1982).

* Rapid immigration rates and the lack of physical dispersal
barriersensurethereislittlelag-timebetween perturbation and
response (Vinebrooke, 1996).

e The taxonomy of diatoms is generally well-documented
(Krammer and Lange-Bertalot, 1986-91). Species identifica-
tions are largely based on frustule morphol ogy.

» Diatoms can be found on substrata in streambeds even when
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dry, sothey can besampl ed at most timesof theyear (Stevenson
and Pan, 1999).

Round (1993) lists numerousreasonswhy diatomsare useful tools
of biomonitoring, amongst which the following bear especial
relevance to the South African situation; methods are cost- effec-
tive, data are comparable, techniques are rapid and accurate, and
non-specialistswith abiol ogical background candoidentifications
and countsif they are provided with illustrated guides.

Concern hasbeen expressed about thetransfer and comparison
of data between the Northern and Southern Hemisphere (Round,
1991). Itiswell known that some species have the same morphol -
ogy, but questions still remain concerning the range of ecological
tolerances of these various species. Thisis avalid concern when
distance, climatic condition, and other environmental pressuresare
taken into account. However, Kelly et al., (1998) discuss the
concept, that diatoms are ‘ subcosmopolitan’, i.e. they occur any-
where when certain environmental conditions are fulfilled. This
concept suggeststhat geographical location isnot the determining
factor in the distribution of diatom species and the composition of
communities, but itisrather the specific environmental variablesat
a specific site that determine this distribution.

Diatomindicesmay beableto provideanswerstotheproblems
involved in monitoring riversfor theinorganic nutrientsthat cause
eutrophication, organic loading, ionic composition and dissolved
oxygen (Kwandrans et a., 1998).

The aim of the study was to ascertain whether the numerical
diatomindex developedin Europehasapotential usefor indicating
general water quality in the North West Province. Bate et al.
(2002), in astudy on South African rivers, cameto the conclusion
that benthic diatoms could be a useful addition to the national
biomonitoring programmeasthey giveatime-integratedindication
of specific water quality components. However, Bate et al. (2002)
went on to state that the particul ar data set tested in their study that
of VanDam et al. (1994), could not be transposed directly to South
African conditions. For thisreason the current study investigates
the potential use of another autecological diatom index developed
in Europe (France).

A further aim of the study was to establish whether diatom
species are indeed sub-cosmopolitan as stated by Kelly et al.,
(1998), by determining the number of species actually used in the
calculation of the chosen index.

SASS 5 was chosen for comparison as it is widely used in
biomonitoring river systems in South Africa and is currently
considered as the industry standard for biomonitoring.

Materials and methods
Sampling sites

Twelve sampling sites in the Mooi River in the North West
provinceof South Africawerechosenfor thisstudy. Thestudy was
conducted during May 2003. Study siteswere chosen to represent
arange of water quality and the impact of some of the tributaries
entering the Mooi River. The study sites (Fig. 1) extended from
below Klerkskraal Dam (M1; 26°30,86" S, 27°07,40' E), down-
stream to the Prozesky Bird Sanctuary in Potchefstroom (M5;
26°34,13' S, 27°06,03 E). The four tributariesthat formed part of
the study were the Wonderfontein Spruit (WFS), an unnamed
tributary near Boskop Dam (T3), Wasgoed Spruit (WS) in
Potchefstroomaswell asL oop Spruit (L S) enteringtheMooi River
at the Prozetsky Bird sanctuary.

Land usein the upper reaches of the Mooi River catchment is
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Figure 1
The Mooi River system (North West Province, South Africa)
showing the location of the sampling sites used in the study

mainly agricultural with activities such as peat and informal
diamond mining occurring further downstream. Gold mining and
sewage effluent entersthe Mooi River through the Wonderfontein
Spruit. The unnamed tributary (T3) introduces water from a canal
into the Mooi River just above Boskop Dam, from an unknown
source. Effluents from heavy industry (e.g. a fertilizer manufac-
turer) as well as storm water drain into the Mooi River from
Potchefstroom via the Wasgoed Spruit. Loop Spruit is mainly
influenced by agricultural activities.

The study also included samples above and below two major
dams in the system namely the Boskop Dam and Potchefstroom
Dam.

SASS 5 and ASPT scores

Macro-invertebrates were collected as prescribed by the SASS 5
protocol and the SASS 5 and ASPT (average score per taxon,
calculated as the total SASS score divided by the number of taxa
contributing to the SASS score) indices calculated according to
standard methods (Dickens and Graham (2002); Chutter (1998)).

Diatoms

Sample collection

Threetofivedifferent bouldersat any particular site(Round, 1993)
were sampled from different positionswithin adefined 10m reach,
inariffleif possible. Asfar as possible, boulders (>256 mm) free
of filamentous algae and obvious siltation were selected. The
diatomswereremovedto provideacompositesample. Thediatoms
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were sampled from the upper surface of the boulder with a stiff
toothbrush and the epilithon collected in a 250 m¢ sample bottle,
suspended in distilled water (Kelly et al., 1995).

Preparation and identification

Samples were allowed to settle for 24 h and the supernatant
decanted. Samples were first examined live to establish if a
considerable number of dead cellswere present. Thiswasdone, as
only living cellswill be ableto provide areflection of recent water
quality. The samples were then oxidised in a saturated solution of
potassium permanganate. Carbonateswereremoved using concen-
trated (32%) hydrochloricacid (Pienaar, 1988). Sampleswerethen
rinsed with distilled water and collected by centrifugation, using
five successive runs at 2 500 r-min?. Clean valves were then
mounted in Pleurax (Hanna, 1949).

Diatoms were identified under phase contrast using an oil-
immersion lens at 1 000 x magnification. The nhomenclature fol-
lows Krammer and Lange-Bertalot (1986-91). At least 400 valves
(400-500) were identified for each sample (Prygiel, 2002).

Description of the SPI diatom index
The index used is based on the weighted average equation of
Zelinkaand Marvan (1961) and has the basic form:

rle a;S\Vv;

index="_—
=1 &V
]
where:

a = abundance (proportion) of speciesj in sample
v, = indicator value
s = pollution sensitivity of speciesj.

The performance of the index depends on the values given to the
constants sand v for each taxon and the values of theindex ranges
from 1 to an upper limit equal to the highest value of s. For SPI
(Specific Pollution sensitivity Index; CEMAGREF, 1982), the
maximum value of 5 (converted to 20 by the software package
OMNIDIA; Lecointe et al., 1993) indicates clean water. SPI isa
comprehensive index, with values of s and v available for over
1 300 species (Coste et al., 1991).

Chemical analysis

Chemical analyses were performed according to Standard Meth-
ods (1995) by accredited laboratories namely Mogale City local
municipality water |aboratory andtheAgricultural Research Coun-
cil: Institute for Soil, Climate and Water, Pretoria.

The following water quality variables were analysed in the
water quality laboratories: total nitrogen (total N), ammonium
(NH,), total phosphate (total P), chemical oxygen demand (COD),
five day biological oxygen demand (BOD,), sulphate (SO,) and
chloride (Cl),

Several variableswere determined in-stream with acalibrated
temperature/pH/conductivity/oxygen meter (YSI 556 MPS
Multimeter, USA) at the time of sampling. These included:
temperature (temp.), pH, electrical conductivity (EC), dissolved
oxygen (DO,) and turbidity.

The variables were chosen to represent general water quality
according to the monitoring requirements for domestic and indus-
trial wastewater release (DWAF, 1999). The BOD, was added to
this suite to provide an indication of organic load according to the
analysislist of Kwandrans et al. (1998).
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Data analysis

Correlation and stepwise forward multiple regressions were car-
riedoutusing STATISTICA version6. Prior to statistical analysis,
thedistribution of thewater quality datawasanalyzedfor normality
(STATISTICA Version 6). Where the data showed a skewed
distribution the datawerelog,  transformed. The SPI diatom index
was calculated in the database OMNIDIA (Lecointe et al., 1993).

Multipleregressionswere performed on thedatato establishif
there were any physical or chemical variables that influenced the
indices other than the ones that showed clear significant correla-
tionsin Table 4. Forward stepwise regression was used for this
purpose. This regression method takes the independent variable
with the greatest contribution and adds it to the model first.
Independent variablesarethen selected for inclusion based ontheir
incremental contribution over the variable(s) aready in the equa-
tion. Independent variables that are closely correlated in the
correlation matrix may not all beincluded but rather other variables
that also contribute to the variation in the index scores. For this
reason this method can give important additional information
about the factors that influence the various index scores over and
above purecorrelations. Adjusted R?values are used asindicators
of the level of success with which the independent variables are
able to explain the variation in the index values. This value was
chosen asthe Adjusted R?takesinto account thesamplesizeaswell
asthe number of variables used (Hair et al., 1998). Since 12 sites
may be deemed arelatively small sample size the value will give
more reliable confidence values than the R or R? values.

In this study the ASPT value (7) for Site M2C was deemed to
be an outlier due to its exaggerated residual value by comparison
with the other sites. According to Hair et al. (1998) the definition
of anoutlier, in strict terms, isan observation that has asubstantial
differencebetweenitsactual and predicted val uesof the dependent
variable (a large residual) or between its independent variable
values and those of other observations. The objective of denoting
outliersisto identify observationsthat are inappropriate represen-
tations of the population from which the sampleis drawn, so that
they may be discounted or even eliminated from the analysis as
unrepresentative. For this reason M2C was not used in the calcu-
lation of the correlation matrix nor in the multiple regression for
ASPT.

Results and discussion

Theresultsof thewater quality analysisaregivenin Table1. When
assessing the water quality data qualitatively, according to the
variables tested, it appears that the lowest water quality was
observed in the Wasgoed Spruit. The stream contained elevated
levels of chloride, sulphate, ammonia and other minerals and
displayed the highest electrical conductivity in the system.

The highest levels of biological oxygen demand and sulphate,
aswell aselevated level sof chemical oxygendemand, chlorideand
total nitrogen were observed in the Wonderfontein Spruit. The
influence of the Wonderfontein Spruit on the Mooi River can be
seen when comparing the chemical data from sites M1 and M2.
Sulphate levelsincreased considerably from M1 to M2 dueto the
confluence of the Mooi River with the Wonderfontein Spruit.
Increasesin chemical oxygen demand, chloride and total nitrogen
werealso observed inthe Mooi River after the confluence of these
two streams.

Table 2 shows the values produced for the variousindices for
the different sitesin the Mooi River catchment. For the interpre-
tation of the variousindices limit classes are givenin Table 3 and
4. The lowest SASS 5 and ASPT scores were recorded in the
Wonderfontein Spruit (WFS) that shows major deterioration in
water quality, while the diatom index showed the water to be of
moderate quality. The lowest SPI score was recorded in the
Wasgoed Spruit (WS), which displays a value that can be inter-
preted as bad water quality, while SASS 5 and ASPT for the same
site show values that indicate only some deterioration in water
quality.

From Table 2 it would seem as though the diatom index (SPI)
ismore sensitiveto the elevated physical and chemical parameters
(that were measured for this study) in the Wasgoed Spruit than the
two other indicestested. Thiswould concur with Willemsen et al.
(1990), who in a study of theimpact of stormwater in the Nether-
lands, concluded that diatoms were more sensitive to these dis-
charges than were benthic invertebrates; they attribute this to the
inability of diatomsto migrate away from unfavourableconditions
and to recolonise when conditions have improved.

SASS5 showed avery low index valuefor the Wonderfontein
Spruit that can be explained by the influence of organic pollution.

TABLE 1

General water quality variables as measured in the Mooi River (May 2003)
Site Temp. o, EC pH | Turbidity| Total P | COD BOD, NH, |Total N Cl SO,
code
M1 16.12 | 13.16 | 408 7.67 3.20 0.18 6 0.00 0.05 0.25 13.77 7.05
WFES | 1211 | 11.72 | 617 7.19 2.00 0.14 46 1.70 0.04 2.20 64.61 | 270.99
M2 13.10 | 9.59 538 7.42 1.40 0.23 43 0.00 0.04 1.45 40.50 158.68
T3 2094 | 10.46 | 668 7.30 0.60 0.22 6 0.00 0.03 4.37 51.02 | 205.77
M2C | 1341 | 1022 | 537 7.33 1.50 0.23 25 0.00 0.03 1.69 42.40 168.10
MBB | 1249 | 11.12 | 506 7.34 2.20 0.17 104 0.00 0.04 1.50 26.67 87.52
M3 1525 | 10.74 | 518 7.37 4.87 0.22 27 0.00 0.04 0.27 46.98 164.02
WS 12.65 | 8.08 1678 | 6.78 8.08 0.35 37 0.14 0.84 3.84 | 54343 | 207.24
M3C | 1553 | 884 540 7.74 4.80 0.26 6 0.00 0.05 0.82 60.23 180.24
M4 1543 | 1050 | 541 7.00 | 1240 | 0.15 6 0.00 0.04 0.29 52.01 165.05
LS 14.16 | 11.76 | 568 755 | 20.20 | 0.28 31 0.50 0.08 2.63 5550 | 199.59
M5 16.20 | 12.97 | 554 723 | 20.20 | 0.17 6 0.00 0.04 0.41 53.45 151.03
Variables were measured in mg-£* except for temperature ('C), electrical conductivity (uS-cm*) and turbidity (NTU).
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TABLE 2 TABLE 3
Recorded scores for SASS 5, ASPT Interpretation of SASS 5 scores (Chutter, 1998)
and SPI in the Mooi River (May 2003)
SASS5| ASPT | Class
Site SASS5 | ASPT SPI score | score
code
>100 >6 water quality natural; habitat diversity high
M1 116 5.50 15.2 <100 >6 water quality natural; habitat diversity reduced
WFS 48 4.00 12.6 <100 <6 border line good/bad water quality. Interpretation
M2 62 5.20 135 based on extent that SASS <100, ASPT <6
T3 96 4.80 124 50-100 | <6 | some deterioration in water quality
M2C 70 7.00 135 <50 |variable| major deterioration in water quality
MBB 82 4.80 14.0
M3 89 5.20 12.6
ws 80 4.44 45 o d e 8lg X
M3C 78 458 126 318282823
M4 64 4.27 9.1 @ lc 3 L] L
LS 105 4.56 12.4
M5 80 471 9.9 % § § % % g a:)
$1835%8%
= T 2@ o T a
@
TABLE 4 2 ™ o o
Class limit values for SPI j= = g Sie 8 S o
(Eloranta & Soininen, 2002) 2 Z | ﬁc?L S ?'3_ S E’_
[
Class SPI score > o o Olm @
— s | o |B58588
high quality >17 = 5 < o w o~ o
good quality 15t0 17 5o S NS Y
moderatequality | 12to 15 % o
poor quality 9to 12 s f,’ L 389 B o &
bad quality <9 alo (838333
g% SLeLTL
Sg
AccordingtoDallasand Day (1993) theenrichment of awater body >0 sl 2 NS YL
with organic waste almost certainly resultsin adecreaseininver- o TE |0 I 22323
tebrate species richness, diversity and an ateration in the compo- w 3.-% c LS Lo
sition of those communities. Chutter (1998) also observed that 5 o
SASS scores were very low in organicaly polluted water. SPI <@ ® o 0 N ™
) . - Fzon | O o WY oAN
scoresdid not accurately reflect thedegreeof organicloadinginthe Zc | mNQ®m®EK
Wonderfontein Spruit. This can also be seen in the correlation 82|28 oo?' 728%S9T
matrix (Table5), which showsthat SPI has no significant correla- g % = = =
tion to biological oxygen demand. < g > ™ 5 o
Itisclear from these two sites (WFS and WS) that the various s° |3 | &S % K % Q
indicesdo not givethe sameindication of water quality. Thismight o | g f?r' 22939
be due to a difference in response to environmental changes T § F = e e
between the different groups of organisms used for calculation of % = -
SASS5 and SPI indices. Thisisareason for theuseof asuiteof bio- 2 8 8|5 § 8 §
indicators to assess the status of an ecosystem properly. Table 5 2 5|3 S ? S ey S
shows the correlation matrix of the variousindices together with ° © a|® a° o
physical and chemical parameters. A significant correlation £
(p<0.05) was observed between SASS 5 and ASPT scores. A = w88 d & 3
.. . . © @) OIN © 4 N
similar correlation was not observed between the macro-inverte- ) o | R®os|ldo < o
brateindices and the diatom index used. However, adeclineinall 5 LI LS L
theindices (Table 2) can be observed from M1to M5 aswould be O
expected from studying the water quality data (Table 1). ©o 8o dwo 8
SPI was significantly correlated (p<0.05) with several of the o @ P § e § 2
measuredwater quality variables(Tableb); theseincluded negative c Lo Lol
correlationswith electrical conductivity, chloride and ammonium.
A positive correlation was observed between the pH and the SPI o
score. ) 'g
& |«
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TABLE 6
Regression summary for dependent variable: SASS 5

R=0.933 R2= 0.851 Adjusted R?= 0.741
F(5,5)=6.718 p<0.028 Std.Error of estimate: 9.968

Beta | Std.Err. B Std.Err. t(5) p-level
Intercept 106.920 30.920 3.458 0.018
SO4 -0.552 0.206 -0.157 0.059 -2.681 0.044
Total P 0.745 0.232 119.363 | 37.139 3.214 0.024
O2 0.655 0.228 8.095 2.816 2.875 0.035
COD -0.230 | 0.168 -9.575 6.975 -1.373 0.228
Total N 0.296 0.219 3.950 2.927 1.349 0.235
120 ” 7.5
1o o .
100 ,,’/ ,/”/ 6.5 ,—”/
g % . /// /// / ”
3 80 {,’ ’r’ L] °
S ,—’/” e 8
60 //”/ > R e
50 ) < //
40 < .
40 50 60 o 80 90 100 1o 120 %98 40 42 44 48 48 50 52 54 56 58
Predicted Values Predicted Values
Figure 2 Figure 3

Predicted SASS 5 values vs. observed SASS 5 values

ASPT scores correlated significantly with the biological oxy-
gen demand of the water as well as sulphate levels. Biological
oxygen demand indicatesthe degree of organicloading of astream
(Viessmanand Hammer, 1998). SASS5index scoresdid not show
any significant correlation with any specific water quality vari-
ables. Thislack of significant correlation was not unexpected as
attempts, which have been madeto find direct correlation between
SASHA results and water quality variables have, so far, been
unsuccessful (Voset a., 2002).

Table 6 showsthe regression results of the multipleregression
performed on the physical and chemical variablesand the SASS5
index scores. Fromtheresultsit can seen that five of theindepend-
ent variableswere used to account for the variation in the SASS 5
index values. Sulphate, total phosphate and dissolved oxygen all
contributed significantly tothevariationinthedatawhile COD and
total nitrogen also contributed, but not significantly. From the
adjusted R? (Table 6) it isclear that the proposed linear model can
successfully account for approximately 74% of thevariationinthe
index values. Thiswould mean that about 26% of the variationin
the data could not be accounted for by the proposed model and
might be accounted for by factors such as habitat.

Figure 2 shows the predicted vs. observed SASS 5 index
values. Thecloser theobservationsaretothestraight linethebetter
the observations could be explained by the proposed multiple
regression model. As can be seen from the graph the model was
fairly successful in predicting the actual SASS 5 scores.
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Predicted ASPT values vs. observed ASPT values

Table 7 shows the multiple regression results for the ASPT
scoresand environmental variables. Four variablesweretakeninto
account by the multiple regression for the ASPT scores. Sulphate
(p<0.05) and possibly total phosphate (p e*0.05) contributed to the
variation in the ASPT scores while anmonia and turbidity also
contributed, but not significantly. The model predicted approxi-
mately 68% of the variation in the ASPT scores (Adjusted R? of
0.678).

The graph of predicted vs. observed variables shows that the
model was also fairly effective (when compared to the SASS 5
model) in predicting the actual index scores.

TheAdjusted R? (Author to check throughout the doc. whether
it should be Adjusted R? OR adjusted R?) for the SPI multiple
regression (Table 8) is very high with approximately 99% of the
variation in the data explained by various water quality variables.
Thevariablesincluded in the regression model were chloride, pH,
turbidity, chemical oxygen demand, sulphate and oxygen. All of
the variables except oxygen contributed significantly (p<0.05) to
the model.

Thegraph of predicted vs. observed SPI values (Fig. 4) shows
that the model was highly effective in predicting the SPI index
values.

A total of 112 diatom species, representing 18 genera, were
found in the 12 samples. Of the 112 species encountered only 3
(Psamodictyon constricta(Gregory) DG Mann, Nitzschiaflexoides
Geitler and Nitzschia agnita Hustedt) were not relevant to the
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calculation of the SPI index scores. Round (1991)
suggested (without experimental evidence) that
caution should be observed when transferring

Regression summary for dependent variable: ASPT

TABLE 7

index data from the Northern Hemisphere to the
Southern Hemi sphereassomespeciesmay exhibit
different ecological tolerances. However, the fact

R=0.898 R2= 0.807 Adjusted R2= 0.678
F(4,6)=6.272 p<0.025 Std.Error of estimate: 0.249

that the SPI values can almost fully be accounted
for by the physical and chemical variablesin the Beta | Std.Err. B Std.Err. | 1(5) p-level
Mooi River and tributaries (Tables 1 & 8) should
. . - . Intercept 6.549 0.551 11.896 0.000
0,
’ﬁggh;ggzﬁfg‘éé“fﬂm;’”i'n?/;ﬁio:tri‘gg'\ng S04 0781 | 0183 | -0005 | 0001 | -4260 | 0.005
zp seful for SPI and hence cosmonoli tgn in nature Total P 0.599 0.252 2.151 0.903 2.381 0.055
P ' NH, -0.427 | 0.264 -0.466 0.289 -1.614 0.158
Conclusions Turbidity | -0.198 | 0.192 -0.178 0.173 -1.028 0.344
According to our results, the diatom index is
sensitive to changes in electrical conductivity, TABLE 8

ammonia, chemical oxygen demand, chloride,
sulphateandturbidity. From thiswecan conclude

Regression Summary for Dependent Variable: SPI

that SPI gives a good reflection of general water
quality. Itwould seemasthough SPI isabletogive
amoreaccuratereflectionof theioniccomposition

R=0.998 R2= 0.995 Adjusted R2= 0.990
F(6,5)=174.740 p<0.00001 Std.Error of estimate: 0.291

of water than the macro-invertebrate index. This

Beta | Std.Err. B Std.Err. t(5) p-level

is indicated by the strong correlation between
electrical conductivity and SPI. Chutter (1998)
states that SASS is |less sensitive to increases in
total dissolved solids (total dissolved solids =
electrical conductivity x 6.5 on average) than to
other types of chemical change. COD
From the correlation matrix (Table 5) and the SO4
multiple regressions (Tables 6 to 8) it can be 0,

Intercept
Cl

pH
Turbidity

deduced that the diatom index is more closely

-16.604
-4.705
4.563
-1.400
1.230
0.006
0.133

4.877
0.605
0.497
0.240
0.205
0.002
0.097

-3.405
-1.777
9.183
-5.827
5.990
3.372
1.380

0.019
0.001
0.000
0.002
0.002
0.020
0.226

-0.609
0.428
-0.238
0.195
0.141
0.071

0.078
0.047
0.041
0.033
0.042
0.052

influenced by water quality than the ASPT or the

SASS 5 indices. It seems that the macro-invertebrate indices
cannot befully explained by thewater quality variablesusedinthis
study and may also be affected by other factors such as habitat
diversity or other water quality variables not included.

Thereistherefore, still aneed for abiological indicator (such
as the diatom index used in this study) that can be indicative of
specific water quality variables.

Thefact that the diatom sampling also hasfewer restrictionsin
terms of habitat requirements than macro-invertebrates could fa-
cilitate its use in monitoring water quality in small tributaries, for
instancemining andindustria effluent. Thisconclusionisstrength-
ened by Round's (2001) statement that “...river diatoms can
colonize massive rivers but also “rivers’ millimetres deep and
centimetreswide...”

Fromtheresultsof thisstudy it would seemfair to say that there
is definite potential for the use of numerical diatom indices as
indicators of general water quality and the usefulness of these
indices should be verified by further studies that cover a broader
geographical area and a broader range of variables.

Acknowledgements

The authors gratefully acknowledge the comments provided by
Prof KN de Kock (School for Environmental Sciences and devel-
opment, North-West University, Potchefstroom Campus) as well
astheassistance provided by MrsT delaRey (School for Compu-
ter, Statistical and Mathematical Sciences, North-West University,
Potchefstroom Campus) with the statistical analysis.

Available on website http://www.wr c.org.za

Chapter 2

e 95% confidence L2

Observed Values
5
\

Predicted Values

Figure 4
Predicted SPI values vs. observed SPI values

References

BATE GC, ADAMS JB and VAN DER MOLEN JS (2002) Diatoms as
Indicators of Water Quality in South African River Systems. WRC
Report No 814/1/02. Water Research Commision. Pretoria. 164 pp.

BENNION H (1994) A diatom-phosphorus transfer-function for shallow,
eutrophic pondsin Southeast England. Hydrobiol. 275/276 391-410.

BENNION H, JUGGINS S, and ANDERSON NJ (1996) Predicting
epilimnetic phosphorus concentrations using an improved diatom-

ISSN 0378-4738 = Water SA Vol. 30 No. 3 July 2004 331

51



based transfer function and its application to lake management.
Environ. ci. Technol. 30 2004-2007.

CEMAGREF (1982) Etude des méthodes biologiques quantitatives
d'appréciation de la qualité des eaux. Rapport Division Qualité des
Eaux Lyon. Agence financié de Bassin Rhone-Méditerarée. Corse,
Pierre-Bénite 28 pp.

CHRISTIE CE and SMOL JP (1993) Diatom assemblages as indicators
of lake trophic status in south eastern Ontario lakes. J. Phycol. 29
575-586.

CHUTTER FM (1998) Research on the Rapid Biological Assessment of
Water Quality Impactsin Streams and Rivers. WRC Report No 422/
1/98. Water Research Commission. Pretoria.

COSTE M, BOSCA C and DAUTA A (1991) Use of algaefor monitoring
rivers in France. In: WHITTON BA, ROTT E and FRIEDRICH G
(eds.) Useof Algaefor Monitoring Rivers. E. Rott, Institt fur Botanik,
Univ. Innsbruk. 75-88.

COX EJ(1996) I dentification of Freshwater Diatoms from Live Material.
Chapman & Hall. London.

DALLASHFand DAY JA (1993) TheEffect of Water Quality on Riverine
Ecosystems: A Review. WRC Report No TT 61/93. Water Research
Commission. Pretoria.

DAVIESB and DAY J(1998) Vanishing Waters. University of Cape Town
Press. University of Cape Town. Rondebosch. 487 pp.

DEPARTMENT OF WATER AFFAIRS AND FORESTRY (DWAF)
(1999) General authorizations in terms of Section 39 of the National
Water Act, 1998 (Act no 36 of 1998). Gover nment Gazette No 20526.

DICKENS CWS and GRAHAM M (2002) The South African Scoring
System (SASS) Version 5 rapid bio-assessment method for rivers. Afr.
J. Aquat. ci. 27 1-10.

DIXITSS, SMOL JP, KINGSTON JC and CHARLESDF (1992) Diatoms:
Powerful indicators of environmental change. Environ. Sci. Technol.
26 23-33.

EEKHOUT S,BROWN CA and KING JM (1996) National Biomonitoring
Programme for Riverine Ecosystems. Technical Considerations and
Protocol for the Selection of Reference and Monitoring Sites. NBP
Report SeriesNo.3. Institutefor Water Quality Studies, Department of
Water Affairs and Forestry, Pretoria.

FRITZ SC, KINGSTON JC and ENGSTROM DR (1993) Quantitative
trophic reconstructions from sedimentary diatom assemblages. A
cautionary tale. Freshwater Biol. 30 1-23.

HAIR JF (Jr), ANDERSON RE, TATHAM RE and BLACK W (1998)
Multivariate Data Analysis. Prentice-Hall, New Jersey.

HALL RI, and SMOL JP (1992) A weighted-averaging regression and
calibration model for inferring total phosphorus concentration from
diatoms in British Columbia (Canada) lakes. Freshwater Biol. 27
417-434.

HANNA GD (1949) A synthetic resin which has unusual properties. J.R.
Microb. Soc. 69 25-28.

HOHLS DR (1996) National Biomonitoring Programme for Riverine
Ecosystems: Framework Document for the Programme. NBP report
seriesNo. 1. Ingtitute for Water Quality Studies, Department of Water
Affairs and Forestry, Pretoria.

KELLY MG, PENNY CJand WHITTON BA (1995) Comparative per-
formance of benthic diatom indices used to assessriver water quality.
Hydrobiol. 302 179-188.

KELLY MG, CAZAUBON A, CORING E, DELL'UMO A, ECTORLL,
GOLDSMITH B, GUASCH H, HURLIMANN J, JARLMAN A,
KAWECKA B, KWANDRANSJ, LAUGASTER, LINSTR@ZM EA,
LEITAOM, MARVAN P, PADISAK J, PIPPE, PRYGIEL J, ROTT
E,SABATERS, VAN DAM H and VIZINET J(1998) Recommenda-
tionsfor theroutine sampling of diatomsfor water quality assessments
in Europe. J. Appl. Phycol. 10 215-224.

KRAMMER K and LANGE-BERTALOT H (1986-1991) Bacillario-
phyceae. SiRwasserflora von Mitteleuropa 2 (1-4). Spektrum
Akademischer Verlag, Heidelberg. Berlin.

KREISRG, STOERMER EF and LADEWSKI TB (1985) Phytoplankton
Spoecies Composition, Abundance, and Distribution in Southern Lake
Huron, 1980; Including a Comparative Analysis with Conditions in
1974 Prior to Nutrient Loading Reductions. Great Lakes Research

Division Specia Report no. 107. Ann Arbor, MI: The University of
Michigan.

KWANDRANSJ, ELORANTA P,KAWECKA BandWKRYZSY SZTOF
W (1998) Use of benthic diatom communitiesto evaluatewater quality
in rivers of southern Poland. J. Appl. Phycol. 10 193-201.

LECOINTE C, COSTE M and PRYGIEL J(1993) “Omnidia’: Software
for taxonomy, calculation of diatom indices and inventories manage-
ment. Hydrobiol. 269/270 509-513.

McCORMICK PV and CAIRNS JR J (1994) Algae as indicators of
environmental change. J. Appl. Phycol. 6 509-526

PAN Y, STEVENSON RJ, HILL BH, HERLIHY AT and COLLINS GB
(1996) Using diatoms as indicators of ecological conditions in lotic
systems: A regional assessment. J. North Am. Benthol. Soc. 15 481-
495.

PIENAAR C (1988) The Centric Diatom Floraof the Vaal River. Unpub-
lishedM.Sc. thesis, University of theOrange Free State, Bloemfontein.

PRYGIEL J (2002) Management of the diatom monitoring networks in
France. J. Appl. Phycol. 14 19-26.

REAVIE ED, HALL RI and SMOL JP (1995) An expanded weighted-
averaging model for inferring past total phosphorus concentrations
from diatom assemblages in eutrophic British Columbia (Canada)
lakes. J. Paleolimnol. 14 49-67.

ROTT E (1991) Methodologica aspects and perspectives in the use of
periphyton for monitoring and protecting rivers. In: WHITTON BA,
ROTT E and FRIEDRICH G (eds.) Use of Algae for Monitoring
Rivers. E. Rott, Institit fur Botanik, Univ. Innsbruk. 9-16.

ROUND FE (1991) Diatoms in river water-monitoring studies. J. Appl.
Phycol. 3 129-145.

ROUND FE (1993) A Review and Methods for the Use of Epilithic
Diatoms for Detecting and Monitoring Changes in River Water
Quality. Methods for the examination of water and assosiated materi-
als. HM SO Publications. London.

ROUND FE (2001) How largeisariver? Theview from adiatom. Diatom
Res. 16 (1) 105-108.

STANDARD METHODS (1995) Sandard Methods for the Examination
of Water and Wastewater. APHA United Book Press, Inc., Baltimore,
Maryland.

STEVENSON R and PAN Y (1999) Assessing environmental conditions
in rivers and streams with diatoms. In: STOERMER EF and SMOL
JP (1999) The Diatoms: Applications for the Environmental and
Earth Sciences. Cambridge University Press, Cambridge. 11-40.

TILMAND, KILHAM SSandKILHAM P (1982) Phytoplankton commu-
nity ecology: Therole of limiting nutrients. Ann. Rev. Ecol. Syst. 13
349-372.

VAN DAM H, MERTENS A and SINKELDAM J (1994) A coded
checklist and ecological indicator values of freshwater diatoms from
the Netherlands. Netherlands J. Aquat. Ecol. 28 (1) 117-133.

VIESSMAN W JR and HAMMER M (1998) Water Supply and Pollution
Control. Addison-Wesely, California. 827 pp.

VINEBROOKE RD (1996) Abiatic and biotic regulation of periphytonin
recovering acidified lakes. J. North Am. Benthol. Soc. 15 318-331.

VOS P, WEPENER V and CYRUS DP (2002) Efficiency of the SASS4
rapid bioassessment protocol in determining river health: A case study
on the Mhlathuze River, KwaZulu-Natal, South Africa. Water SA 28
(1) 13-22.

WERNERD (ed.) (1977) TheBiology of Diatoms. University of California
Press. Berkeley, CA.

WILLEMSEN GD, GAST HF, FRANKEN ROG and CUPPEN JGM
(1990) Urban storm water discharges: effects upon communities of
sessile diatoms and macro-invertebrates. Water Sci. Technol. 22 147-
154.

ZEEB BA, CHRISTIE CE, SMOL JP, FINDLAY DL, KLING H and
BIRKS HJB (1994) Responses of diatom and chrysophyte assem-
blagesin Lake 227 sedimentsto experimental eutrophication. Can. J.
Fish. Aquat. Sci. 51 2300-2311.

ZELINKA M and MARVAN P (1961) Zur Prézisierung der biologischen
Klassifikation der Reinheit fliessender Gewasser. Archiv. Hydrobiol.
57 389-407.

332 ISSN 0378-4738 = Water SA Vol. 30 No. 3 July 2004

Chapter 2

Available on website http://www.wr c.org.za

52



Chapter 3

Manuscript 11

Recommendations for the collection, preparation and enumeration
of diatoms from riverine habitats for water quality monitoring in

South Africa

Authors: Jonathan C Taylor, P Arno de la Rey and Leon van Rensburg
Published in the African Journal onguatic Science, 2005, Vol. 30, No. 1, pages 65-75




African Journal of Aquatic Science

Instructions to Authors

Original Papers or Short Notes in the field of aquatic sciences (limnology,
hydrology, estuarine and coastal marine science) will be considered for publication in
the Journal. Correspondence relating to editorial matters should be e-mailed to:
mdcoke@futurenet.co.za

or posted to:

The Editor, African Journal of Aquatic Science,

PO Box 21525,

Mayor’s Walk,

Pietermaritzburg 3208,

South Africa

Telephone/fax: +27 (0)33 344 2789

Before submitting a manuscript, authors should peruse and consult a recent issue of
the Journal for format and style.

Contributions are accepted on the understanding that the authors have the authority
for publication. Submission of multi-authored manuscripts implies that all authors
have approved submission of the article to this Journal, have read it and approved of
its publication. Manuscripts should not have been published before and must not be
under consideration by another journal. The submission of a manuscript by the
authors implies that they automatically agree to assign exclusive copyright to the
African Journal of Aquatic Science and its publishers (NISC).

The reprints will be available in pdf format and may be downloaded from the NISC
website for a period of three months after the date of notification. Corresponding
authors will receive notification via email when reprints are available for download.
The journal does not place restriction on manuscript length but page charges, of
R136.80 (incl. VAT) for African contributors and US$25 for non-African
contributors, are currently levied. There is an extra charge for colour plates.

The SI system of metric units should be used. If non-standard units are used, these
should be defined in the text.

Manuscript Format

Manuscripts must be in English in WordPerfect or MS-Word format, double-spaced
with all tables and figures attached at the end of the text. Figures should also be
submitted as separate files according to the instructions pertaining to figures that
follow. An electronic copy of the manuscript should be e-mailed to the Editor,
followed by one hard copy on white A4 paper together with the original illustrations
and photographs.

A summary of not more than 200 words, at the beginning of each paper, is required
for articles and notes. Please submit a maximum of eight relevant keywords.

Tables, numbered with Arabic numerals and including an explanatory title at the
head, should fit an overall printed area of 175 x 235mm (including title). Tables must
be planned to fit the page vertically with a printed width of either 80mm or 170mm.
Tables may include up to five horizontal lines but no vertical lines.

Chapter 3 54



Figures — High quality originals must be provided. They must be prepared on
separate A4 sheets, with the lead author’s name, the figure number and the top of the
figure indicated on the reverse. Arabic numerals must be used. Figures that are
grouped together must be numbered using lowercase chronological letters. Figures
should be planned with a maximum final width of either 80mm or 175mm. Lettering
must be provided by the author(s); freehand lettering is not acceptable. Letters,
numbers and symbols must appear clearly, but not oversized. Lettering must be in a
sanserif font, e.g. Arial. It is recommended that one uniform size be used throughout
the manuscript. Complicated symbols or patterns must be avoided. Graphs and
histograms should preferably be two-dimensional and scale marks (turning inwards)
provided. All lines (including boxes) should be clear, but not too thick and heavy.
Line artwork (including drawings and maps) must be high-quality laser output (not
photocopies). The use of greytones should be avoided; pattern textures should rather
be used. Photographs should be excellent quality on glossy paper, with clear details
and sufficient contrast. In addition to the print versions, illustrations, including all
graphs and chemical formulae, must be submitted in electronic format, e.qg. tif, gif, jpg
or eps, with each figure saved as a separate file. The source file of each graphic
should also be included; we favour dedicated illustration packages over tools such as
Powerpoint and WordPerfect graphics although Excel graphs, correctly sized, are
acceptable. It is important to indicate with your submission the software package(s)
used for all files supplied. The cost of printing colour illustrations in the journal will
be charged to the author at a cost of R950.00 per page.

References should be quoted in the text as surname and year within brackets, and
listed alphabetically at the end of the manuscript. For references with more than two
authors please cite the reference in the text as (Allanson et al. 1999). Where reference
is made to more than one work by the same author, identify each citation in the text as
(Allanson 1999, 20004, b).

References must be submitted in the following style:

Allanson BR, Baird D and Heydorn AE (1999) Perspectives. In: Allanson BR and
Baird D (eds) Estuaries of South Africa. Cambridge University Press, Cambridge, pp
321-327.

Paterson AW (1998) Aspects of the Ecology of Fishes Associated with Salt Marshes
and Adjacent Habitats in a Temperate South African Estuary. PhD Thesis, Rhodes
University, Grahamstown, 104pp.

Whitfield AK (1989) Ichthyoplankton interchange in the mouth region of a southern
African estuary. Marine Ecology Progress Series 54: 25-33.

Proofs will be sent to the ‘corresponding author’ for checking. Corrections to the
proofs should be restricted to those that have been introduced during the production
process. Other than such corrections, substantial alterations may be charged to the
author. Proofs are sent via e-mail as pdf files that can be viewed using Adobe Acrobat
Reader, which can be downloaded from the Internet free of charge. Prompt return of
corrected manuscripts, preferably within five days of receipt, will minimise the risk of
the paper being held over to a later issue.

Advertisements in the scientific field are acceptable. The contents and quality should
be of a high standard. Rates are available on request.

Chapter 3 55






African Journal of Aquatic Science 2005, 30(1): 65-75
Printed in South Africa — All rights reserved

Copyright © NISC Pty Ltd
AFRICAN JOURNAL OF

AQUATIC SCIENCE
ISSN 1608-5914

Recommendations for the collection, preparation and enumeration of
diatoms from riverine habitats for water quality monitoring in South Africa

Jonathan C Taylor*, P Arno de la Rey and Leon van Rensburg

School for Environmental Science and Development, North-West University, Potchefstroom Campus, 2520, South Africa
* Corresponding author, e-mail: plbjct@puk.ac.za

Received 20 September 2004, accepted March 2005

Diatoms have become important organisms for monitoring freshwaters and their value has been recognised for cross-border water
quality monitoring in the European Union. If South Africa is to include diatoms in the current suite of bioindicators, then thorough
testing of diatom-based techniques is required. This paper provides guidance on methods through all stages of diatom collection,

preparation and examination for the purposes of water quality assessment.
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Introduction

Water is a scarce and valuable resource in South Africa and
as such needs to be protected from excessive pollution. The
only way to effectively identify current trends in pollution is by
monitoring the resource, which can be done using traditional
chemical methods as well as the more recent suite of
biological methods that form part of the National Biomoni-
toring Programme for Aquatic Ecosystems (NBPAE) (Hohls
1996).

The National Water Act (1998) states that ‘...water is (to
be) protected, conserved, managed and controlled in a
sustainable and equitable manner for the benefit of all
persons.” Water quality monitoring, both chemical and biolo-
gical, provides information on the quality of resources, and
as such is the first step in ensuring the effective imple-
mentation of the new Water Act.

Biological monitoring techniques have been introduced as
part of routine monitoring programmes because of certain
shortcomings in standard physical and chemical methods. It
is difficult to analyse every potential pollutant in a sample of
water and, when interpreting results in terms of the severity
of impact, it makes sense to turn to the aquatic biota. The
main advantage of a biological approach is that it examines
organisms whose exposure to water and any pollutants
therein is continuous, and reflects the actual impacts (both
long and short-term) of pollutants on the ecosystem.

Recent studies, as well as studies in progress, have
identified diatoms as useful organisms to include in the suite
of biomonitoring tools currently used in South Africa (Bate et
al. 2002, de la Rey et al. 2004, Taylor 2004) both for assess-
ments of current water quality and for establishing historical
conditions in rivers in South Africa (Taylor et al. 2005). If
diatom monitoring and the use of the associated indices are
to become a fully-fledged part of the NBPAE in South Africa
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it is of the utmost importance that samples are collected,
prepared and stored in a standard manner, which will not only
provide data on current ecological conditions but can also be
stored and, as such, provide reference material for future
studies and investigations.

Usually, sample protocols and methodological recom-
mendations become standardised only after years of study
and validation. However, international studies on the routine
use of diatoms in river monitoring studies have reached the
point where such recommendations have been made for
Europe and other parts of the world. Several early studies
conducted in South Africa examined different preparation
protocols for diatoms, especially for the counting and
enumeration of diatom communities (Cholnoky 1968,
Schoeman 1973).

Diatoms have been shown to be reliable indicators of
specific water quality problems such as organic pollution,
eutrophication, acidification and metal pollution (Rott 1991,
Tilman et al. 1982, Dixit et al. 1992, Cattaneo et al. 2004), as
well as for general water quality (AFNOR 2000). Although
this paper is not intended as a motivation for the use of
diatoms as bioindicators, it is perhaps important to mention
the reasons why diatoms are useful tools for biomonitoring,
as listed by Round (1993):

» diatoms have a universal occurrence throughout all rivers;

« field sampling is rapid and easy;

« cell cycle is rapid and they react quickly to perturbation;

» diatoms are relatively insensitive to physical features in
the environment;

» cell counting by microscopic techniques is rapid and
accurate;

 cell numbers per unit area of substratum are enormous,
making random counts excellent assessments of diatoms;
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« the ecological requirements of diatoms are in many cases
better known than those of any other group of riverine
organisms;

* permanent records can be made from every sample;

* unlike invertebrates, diatoms do not have specific food
requirements, specialised habitat niches, and are not
governed to a major extent by stream flow.

Although diatom-based water quality monitoring has many
advantages, there are some problems associated with the
techniques used in such monotoring. These include recent
rapid changes in diatom taxonomy with the re-assignment of
many taxa to new genera. Not all such changes are accepted
by all diatomists. Many taxa belonging to the genera Achnan-
thidium Kutzing, Mayamaea Lange-Bertalot and Eolimna
Lange-Bertalot & Schiller are very small and may be difficult
to identify and distinguish using light microscopy (LM). In
some cases it is necessary to check the identity of these
species using scanning electron microscopy (SEM); this is
especially true for the fragilarioid diatoms (Morales 2001).

Despite these problems, within the last decade diatom-
based indices of aquatic pollution have gained considerable
popularity throughout the world. Much of the development
and testing of diatom indices has been carried out in France,
where that country’s size and typological diversity enabled a
more general application in Europe (Prygiel and Coste
1999). The design of software programmes such as
OMNIDIA for the calculation of diatom indices has also
facilitated the use of diatom-based biomonitoring methods
(Lecointe et al. 1993). A variety of diatom indices have been
adopted and tested in many European countries including
Finland (Eloranta and Andersson 1998) and Poland
(Kwandrans et al. 1998). In recent years, diatom-based
techniques have also been used for monitoring associated
with the directives of the European Union (Kelly et al. 1998,
Prygiel et al. 2002). Many other countries, including Taiwan
(Wu 1999), Malaysia (Maznah and Mansor 2002), Argentina
(Gémez 1999), Australia (John 2000) and the US
(Stevenson and Pan 1999), are now either using diatoms as
part of their routine monitoring programs or are in the
process of developing the necessary techniques to do so.

European diatom indices were derived, applied and tested
in temperate regions, and there is little information regarding
their application in the tropics and subtropics (Wu and Kow
2002). Thus the need exists for the evaluation of these indices
before they can be routinely applied in warmer climates.
Evaluation of numerical diatom indices has begun in earnest
in South Africa, with one study already published (de la Rey et
al. 2004) plus the existence of a large amount of unpublished
data (Taylor 2004). It has become apparent during the testing
of diatom-based indices that, without standard field and
laboratory protocols, robust data cannot be collected in a
country as large and diverse as South Africa.

De la Rey et al. (2004) and Taylor (2004) showed that
diatom-based pollution indices may be good bioindicators of
water quality in riverine ecosystems in South Africa by
demonstrating a measurable relationship between water
quality variables such as pH, electrical conductivity, phos-
phorus and nitrogen, and the structure of diatom commu-
nities as reflected by diatom index scores. The conclusion
reached was that diatom indices need to be tested further in
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South Africa. If further broad scale testing is to succeed,
workers in the field of diatom ecology should standardise the
techniques used for the collection, preparation and enume-
ration of diatom samples, and provide a standardised set of
methods for the analysis of benthic diatom samples which
will enable maximum use to be made of all samples taken by
various workers. This will assist scientists to evaluate
current diatom-based indices as well as the creation and
refinement of new diatom-based water quality indices or
other methods based on the deviations between reference
and observed communities.

Kelly et al. (1998) made a strong case for the standar-
disation of methods used for the sampling of benthic
diatoms for water quality studies in Europe. They argued
that, if basic data could be collected in a robust and syste-
matic manner, it could be used in a number of different ways
in the future. This could facilitate the evaluation of indices in
different geographical areas and enable individuals
developing and refining indices to draw upon data from other
regions in order to get a better idea of the environmental
preferences of taxa.

It is thus the aim of this paper to present a set of
standardised protocols for field collection of samples and the
preparation and enumeration of these samples in a manner
yielding the most reproducible data. This paper collates
relevant methodological information from both European
and South African studies to make these principles more
readily available to those wishing to use diatoms in water
quality monitoring studies in southern Africa.

Habitats of choice for diatom-based water quality
monitoring

According to Round (1993) diatoms form distinct
assemblages that occur closely associated with particular
microhabitats, e.g. on sediments (epipelon), sand (epip-
sammon), gravel, stone and bedrock (epilithon) and
macrophytic plants (epiphyton). Because of these distinct
associations care should be taken not to contaminate the
target community with species from other microhabitats
when sampling from a specific substratum type. Although
diatom community structure may to some extent be
governed by substrata associations (Reavie and Smol

1997), the main influences on community composition are

disturbance (mainly from floods), resource supply (mainly

from inorganic nutrients) and, to a lesser extent, grazing

(Biggs et al. 1998).

Round (1993), Kelly et al. (1998) and Prygiel et al. (2002)
consider cobbles and small boulders as the preferred sub-
stratum for monitoring diatoms in the riverine environment,
and almost all diatom indices throughout the world can be
applied to the community that develops on this substratum.

The most important reasons for this choice of substratum
can be summarised as follows:

» epilithic substrata are generally widely available,
throughout the length of a river from headwaters to lowland
stretches, and throughout the year (Kelly et al.1998);

* the type of stone sampled can usually be discounted when
assessing the flora at a particular site (Kelly et al. 1998);

+ the performance of major diatom-based indices on this

57



African Journal of Aquatic Science 2005, 30(1): 65-75

67

substratum is well understood (e.g. Eloranta and

Kwandrans 1996);

« the epilithon is ecologically better known than any other

group (Round 1993).

In the absence of cobbles or small boulders, emergent
macrophytes — such as Typha sp. or Phragmites sp., — or
submerged macrophytes may be sampled for diatoms. If
pebbles, cobbles, boulders or macrophytes are absent from
the sample site, artificial substrata may be sampled if they
have been submerged for at least four weeks. The
advantages of using artificial substrata include the ease of
sampling from smooth surfaces, an easier control over the
exact area of sampling, as well as standardisation of sub-
strata, less contamination by macrophytic algal growth, and
the option of exact positioning (Round 1993).

However, there are some disadvantages to using artificial
substrata (Round 1993). The species composition will be
somewhat unnatural and biased towards those diatoms
which are fast growing and can attach to flat, smooth
surfaces. Depending on the period of exposure prior to
sampling, the flora might not be a ‘climax’ community. The
smooth surfaces of some artificial substrata often lead to
‘sloughing off’ of the diatom film. A method and apparatus
needs to be devised to hold the substratum in position. Sub-
strata are often lost, removed or vandalised.

Another problem associated with artificial substrata is that
they need to be immersed in the river for at least four weeks
(although this period is dependent on the trophic status of
the water). This causes a delay in the availability of data, as
well as adding to the cost of the monitoring program as
transport costs to and from the site in question are doubled.
Further information about the use and application of artificial
substrata can be found in Cattaneo and Amireault (1992)
and Lane et al. (2003).

Field procedures for water quality monitoring
Site selection

The number and location of sampling sites should be
designed according to the extent and aims of the survey. Sites
should be selected so as to provide representative samples,
preferably where marked changes in water quality are likely to
occur or where there are important river uses, for example
confluences, major discharges or abstractions. If sampling is
intended to monitor the effects of discharges, sampling both
upstream and downstream of discharge points should be
carried out. Sampling should extend for an appropriate
distance to assess the effects on the river (CEN 2003).

Personal experience has shown that, in South African
inland waters, diatom communities are at the peak of their
development in mid-winter to early spring. In addition, when
sampling during the winter in summer rainfall regions, one
can assume that water levels are receding rather than rising
and therefore that submerged substrata can be assumed to
have well-developed diatom communities. Care should be
taken to avoid sampling after events such as scouring
floods, which can displace diatom communities (CEN 2003).
Sampling may be impossible at the height of the wet season
due to the frequency of such floods.

Sites for stream biomonitoring should be in a ‘riffle’, where

Chapter 3

the water is flowing over stones (Round 1993), with a current
velocity >20cm sec™' (CEN 2003). However, ‘runs’ and ‘glides’
are also suitable if these have suitable substrata (DARES
2004). Sampling in riffles or areas of moderate or high water
velocity ensures continuous exchange of the water
surrounding the algae and prevents the build-up of a local
chemical environment. Furthermore, it prevents sedimen-
tation of drifting organisms and particles, with the result that
mainly organisms living on that particular spot will be
collected. Where the objective is the assessment of water
quality, pools and ponded areas should be avoided for
sampling purposes (Kelly et al. 1998). The above recommen-
dations have, however, been made with wadeable rivers in
mind and cannot at all times be applied to deep rivers.

In broad, deep, slow-flowing rivers, such as the Vaal and
Orange rivers which are not wadeable, the sampling
procedure of Fore and Grafe (2002) can be followed. Cobbles
or other substrata may be collected close to the riverbank
from riffles with flowing water or where flow is >20cm sec'.
The flowing water at the edge of the main stream (littoral
zone) can be assumed to be of the same physical and
chemical quality as that in the main stream. When sampling in
rivers or streams the safety of the operator/s should always be
paramount. Cobbles and boulders (but not macrophytes)
should be gently agitated in the river for a few seconds before
removal (CEN 2003). This should remove any surface
contamination, including small particles of organic matter and
sediment (DARES 2004).

The following considerations should be taken into
account before selecting the reach and specific substrata
to be sampled.

» Although there is a reasonably uniform distribution of the
diatom flora at any given sampling point, slight differences
may occur between substrata from shallow water and those
from deeper water (Round 1993). For this reason, sampling
from depths greater than 1m should be avoided, especially
in turbid rivers where the euphotic zone may not extend to
the riverbed. Elber et al. (1992) state that the performance
of diatom indices is not affected at depths of up to 0.5m,
provided that this is still within the euphotic zone.

» Boulders without filamentous algae should be used,
because filamentous algae support unique diatom
communities (Round 1993). However, if the majority of the
substratum is covered with filamentous algae, sampling
from uncovered substrata would be non-representative. If
>75% of the substrata are smothered with filamentous
algae, these should be sampled in preference to substrata
lacking such growths (CEN 2003). For further details of
sampling methods to be used when differing proportions
of the substrata are smothered with filamentous algae,
see DARES (2004).

» Boulders covered with a layer of sediment should be
avoided, if possible, as fine sediments may modify
substrate conditions (Kelly 2003). However, in lowland
rivers it may be difficult to avoid such boulders.

» Although colonisation rates of diatoms are slower in fast-
flowing than in slow-flowing rivers, Elber et al. (1992) state
that current speeds of 0.1 to 1.6m.s~" have no effect on the
performance of diatom indices.

» Repeated sampling at the same site requires the marking of
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sites with bolts, paint on big stones, or other landmarks. To
ensure the comparability of samples from other sites, the
conditions of light, current velocity, substratum etc. should
be as similar as possible (CEN 2003).

Sampling
Section Summary

Site selection

1. Select with the aim of the sampling programme in mind
(e.g. the impact of point source effluent on a stream).

2. Note the location, degree of shading, dominant
substrata, average stream depth, average stream width,
flow rate and other features.

3. Site should preferably be in a riffle or where the river
is flowing.

4. Substrata should be removed from the centre of the
stream, if wadeable; if not, substrata can be removed
from the flowing littoral zone.

Substratum

1. Preferably cobbles or boulders (epilithon).

2. ldeally, cobbles should be free of sediment and
filamentous green algae.

3. Alternative substrata for sampling,
preference, are:

a. In situ artificial objects (e.g. bricks, concrete etc.),

b. Emergent macrophytes (e.g. Typha sp., Phragmites sp.),

c. Submerged macrophytes,

d. Introduced substrata (after allowing a minimum
colonisation period of four weeks).

Procedure

1. Choose five or more cobbles (reeds, plants, objects)
from a 10m reach.

2. Scrub their upper surfaces with a toothbrush and rinse
into a white tray.

3. Mix well and pour into 150ml storage bottle.

Storage and preservation

1. Samples to be processed within 24 hours can be stored
in a cool dark place.

2. Samples stored for a longer period should be preserved
by adding ethanol or Lugol’s iodine.

Sampling should be representative rather than random.
Operators should first decide which areas in a river reach
should be excluded and then search within the remaining
areas for substrata with obvious diatom growths, either by
appearance or by feel. Diatom growths can be identified by a
golden-brown coloured mucilaginous layer on the substratum
or — if this is not visible — by the feel of the rocks, which will
be slimy or slippery because of the mucilage exuded by the
diatoms for locomotion or attachment. Where suitable strata
are very abundant, random or stratified sampling may be
done in the defined reach (Kelly et al. 1998).

Samples should be taken from five or more cobbles (>64,
<265mm diameter) or small boulders (>256mm), where
possible. In the absence of boulders, due to the nature of the
river at a particular site, it is also acceptable to sample vertical
faces of man-made structures such as quays and bridge
supports. Other hard man-made surfaces, such as bricks, can
also be sampled (CEN 2003). Alternative substrata, such as
submerged or emergent aquatic macrophytes, can also be
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in order of

sampled. In order to compare downstream community
composition, it is important to sample from similar substrata
along a river, as diatom communities vary according to
substratum (Patrick 1977) and samples should be taken in
such a way as to obtain the greatest possible degree of
uniformity between sites. When sampling from macrophytes,
it is important to sample the same species or, if this is not
possible, the same morphological type of macrophyte.

Five to ten cobbles, boulders, pebbles or other substrata
should be collected from a reach of at least 10m? (DARES
2004) in the river or stream, briskly rinsed in the stream and
carefully placed in a sampling tray on the river bank,
together with about 50ml of stream water. Diatoms can be
removed by vigorously scrubbing the upper surface of the
substratum with a small brush (e.g. toothbrush) to dislodge
the diatom community. Only the upper side (the side most
exposed to flowing water) of boulders should be scrubbed,
so as to avoid contamination with sediment that might be
present on the sides of the boulders. The resulting diatom
suspension is then poured into a labelled plastic sample
bottle. Care should be taken to avoid instrument contami-
nation between sites by rinsing both the toothbrush and the
plastic tray in the river, both before and after taking the
diatom sample.

Sampling from macrophyte substrata should be achieved
as follows. The emergent macrophyte stem is cut with a
knife or similar sharp object above the water line. A plastic
bottle is then inverted over the remainder of the stem and
the stem is cut slightly above the point where it emerges
from the sediment. The bottle is then inverted and brought to
the bank. This procedure needs to be repeated until five
stems have been collected (CEN 2003). The scrubbing and
removal of the diatom communities can then proceed in a
similar fashion to that described above for solid substrata.
Submerged macrophytes can be sampled by selecting
replicates from five different plants growing in the main flow
of the river. Each replicate, consisting of a single stem plus
associated branches of the plant from the lowest healthy
leaves to the tip, should be placed in a plastic bag together
with 50ml of stream water. Diatoms should be present as a
brown film associated with the macrophytes. The plants
should be shaken vigorously in the plastic bag and the
resulting brown suspension poured into a sample bottle
(DARES 2004).

The DARES Consortium (Diatoms for Assessing River
Ecological Status) has made video footage available, as well
as presentations and protocols that deal with sampling
diatoms both from cobbles and aquatic macrophytes. This
material may be downloaded from the DARES website
(http://craticula.ncl.ac.uk/dares/methods.htm).

Preservation of diatom material

Fresh diatom samples can be stored either in a refrigerator or
— if circumstances dictate a period of storage longer than 24
hours — then the samples may be fixed with ethanol to
prevent cell division. An alternative to ethanol is Lugol’s
iodine, which may be used for short-term storage. Lugol’s
iodine is preferred if material is to be examined prior to
cleaning. Ethanol should be added to reach a final
concentration of 20% by volume and Lugol’s iodine to a final
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concentration of 1% by volume. Formalin is a preservative
commonly used for algal samples, but for diatom samples it
should be avoided as it is carcinogenic. In addition, very
weak formalin solutions might damage the fine structure of
diatoms (Kolbe 1948) as formalin breaks down into alcohol
and formic acid (Krammer and Lange-Bertalot 2000).
Riemann (1960) demonstrated that formalin — even in
extremely low concentrations — causes silicic acid to be
released from diatom valves.

Laboratory procedures
Section Summary

Preparation

1. Pre-preparation examination for live cells.

2. Cleaning of cells.

a. Inlaboratory equipped with a fume cabinet: KMnO, +
hot HCI method, hot H,SO, + HNO, (2:1) method, hot
H,0, method.

b. In laboratory without fume cabinet: Cold H,0.,.

c. Rinsing, centrifuge available: centrifuge with distilled
water until sample is circumneutral (4-5 runs for
10min. at 2 500rpm).

d. No centrifuge available: decant supernatant using an
aspirator. Resuspend sample using distilled water
and allow to settle for 8 hours (repeat 4-5 times).

3. Slide preparation
a. Concentrated diatom solution diluted with distilled

water until only slightly cloudy,

b. 1.5-2ml of solution is placed on cover slip,
depending on size of cover slip,

c. Sample allowed to air-dry,

d. Cover slip heated to drive off excess moisture,

e. Sample mounted with high-resolution mountant.

Archiving

1. Cleaned samples should be stored in ethanol, at a

concentration high enough to prevent the growth of

bacteria and fungi and to prevent the dissolution of silica.

Slides should be stored flat until mountant is dry.

3. All relevant information on the location, date of
collection, substratum and collector should be stored
with both the sample and the slide, and not simply with a
reference number.

N

Pre-preparation examination

On one’s return to the laboratory, a quick examination of
unpreserved samples should be performed to assess
whether they consist predominantly of live cells (dead cells
will form part of the bio-film and are not washed away, under
normal conditions). If the majority of the diatoms are dead
cells (empty frustules with no chloroplasts) the sample
should be discarded, as it will not be possible to obtain a true
reflection of recent water quality at the particular sampling
site from this sample (Bate et al. 2002).

Cleaning techniques
The following techniques and methods, taken mostly from

Hasle (1978), Welsh (1964), Lohman (1982), McBride
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(1988) and Krammer and Lange Bertalot (2000), are

modified according to our own personal experience.

Most structures in the diatom frustule are so fine that
optimum conditions for light microscopy (LM) and scanning
electron microscopy (SEM) must be achieved. The organic
components of the cell must, therefore, be removed. Many
methods have been developed to do this (Hasle 1978,
Krammer and Lange-Bertalot 2000), each with its own
advantages and disadvantages.

Not all laboratories have the facilities to perform a
particular preparation procedure. Thus, a description of
various techniques, demanding different levels of technical
facilities, is provided. Any method of preparation of diatoms
for microscopy is acceptable, as long as the slide meets the
foIIowmg criteria (DARES 2004):

» the organic matter in the sample should be completely

removed;

» foreign matter should either be absent or insufficient to
cause problems during the enumeration or identification of
the specimens;

« the distribution of valves on the cover slip should not be
significantly clumped, but be evenly dense, without
significant edge effects, over the whole area of the cover slip;

« ideally, there should be 5-15 valves, but not less than 1
and not more than 20 valves, per field of view when
viewed at 100 x magnification;

» the mountant should be properly cured, with no air bubbles,
and should spread right to the edge of the coverslip.

The small size of most diatoms makes contamination from
sample to sample, due to carelessness, unclean glassware,
etc., an ever-present hazard, and one that must be guarded
against in all phases of preparation from the collection of the
sample in the field to the final mounting of the sample on a
glass slide. Only simple glassware, such as 150ml beakers,
watch glasses and centrifuge tubes, are used as these can be
easily and thoroughly cleaned after each use. Because public
water supplies often contain impurities (sometimes even
diatoms) distilled water is used. As it is impossible to clean a
pipette, both pipettes and pipette tips should be used only once
and then discarded (Lohman 1982). A cheap alternative to a
pipette is a plastic drinking straw. Care should be taken to
avoid the carrying of diatoms from one beaker to another,
through too violent bubbling during acid and hydrogen
peroxide cleaning procedures (Welsh 1964).

‘Incineration’ (the burning away of organic materials) is not
recommended as a means of cleaning diatom valves as the
diatoms become covered by a thin film of charred
protoplasmic material which obscures the exceedingly fine
markings of the stria, making species identification difficult
(Welsh 1964). Nevertheless, this method is useful when the
structure of colonies is characteristic of a certain species, or
when particularly delicate diatoms, which could be damaged
by caustic preparation techniques, are present.

Acid oxidation is a common method of preparing diatoms.
It effectively removes all organic parts of a cell, including the
diatotepum covering membrane. It has the disadvantage that
the silica structures of the cell wall are more likely to be
damaged. The acids dissolve one of the solid phases of the
silicic acid of the cell wall so that, when studied at high
magnification under SEM, the cell wall appears more or less
jagged in structure. In LM studies such damage is of little

60



70

Taylor, de la Rey and Van Rensburg

significance (Krammer and Lange-Bertalot 2000). The use of
acids is dependent on the available technical facilities. In the
absence of a fume cabinet, all methods employing boiling
acids must be avoided. A series of techniques, including both
acid and non-acid techniques (such as the hydrogen
peroxide technique favored in the United Kingdom), are
described below. When material is required for SEM
techniques the use of acid oxidation should be avoided, and
the more gentle method using hydrogen peroxide should be
employed (Round et al. 1990), or the material should be left
untreated (Taylor 2003).

With the exception of material from calcium-poor water, it is
almost always necessary to dissolve traces of calcium in the
sample with hydrochloric acid and then to rinse the sample
(Krammer and Lange-Bertalot 2000). This is particularly
important if further processing with sulphuric acid is needed,
otherwise a calcium sulphate diatom precipitate will form,
which will make subsequent identification of the valves
difficult. Decalcification of samples emanating from South
African rivers is particularly important, due to the high silt load
in many of these rivers but, if the first method (described
below) — for the removal of organic remains — is followed,
decalcification, as a separate step, is unnecessary.

If the sample contains a significant amount of calcium it
will foam on the addition of a few drops of concentrated
hydrochloric acid. In this case, dilute HCI can be added to
the sample. When the sample has stopped foaming it
should be rinsed by centrifugation or by a series of decan-
tations until circumneutral.

In all the following methods the original sample should be
allowed to settle for 24 hours. The sample is concentrated by
pouring off the clear supernatant water, taking care not to
lose any diatom material. This step is particularly important if
the sample contains a low concentration of diatom material.

After cleaning, the final rinsing of the samples is essential,
as any remnant of acid may react with the mounting medium
when the slide is prepared (Round et al. 1990).

Hot HCI and KMnO, method

This method is based on that of Hasle (1978) and is

recommended by the authors as it has yielded good results

with samples taken from throughout South Africa. Round et
al. (1990) also recommend this method of preparation.

1. Shake the sample well and pour 5 to 10ml (depending on
the concentration of the material) of thick suspension
into a heat-resistant beaker.

2. Mark the beaker clearly with the sample number in
several places.

3. Add 10ml saturated potassium permanganate (KMnQO,)
solution, mix and leave to stand for at least 24 hours.

4. In a fume cabinet, add 10ml concentrated HCI (32%),
taking care not to inhale the gasses released. Cover the
beaker with a watch glass and heat on a hot plate at
90°C for 1 to 3 hours until the solution becomes clear.

5. After oxidation of organic material, add 1ml of hydrogen
peroxide to check if the oxidation process is complete
and no organic material remains, in which case the
hydrogen peroxide will not cause lasting foaming.

6. When oxidation is complete, allow the samples to cool
and transfer to 10ml centrifuge tubes. Before pouring the
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diatom and acid samples from the beakers, the beakers
must be vigorously swirled, the aim of the rotary
movement being to re-suspend the diatoms, whilst
causing the stone and heavier sand particles to fall to the
bottom of the beaker.

7. Rinse the samples by centrifuging with distilled water at
2 500rpm for 10 minutes.

8. Atfter centrifugation decant the supernatant and repeat
the washing a further 4 times.

9. The supernatant should be poured off in a single
movement, and care should be taken not to lose any
diatom material. After pouring off the supernatant fluid
the diatoms and small particles of sand at the bottom of
the tube are loosened by means of a jet of distilled water
from a wash bottle. More water is then added until
reaching the required volume in the centrifuge tube.

10. After the last wash, the diatoms are again loosened by
means of a jet of distilled water and then poured into
small glass storage vials bearing the necessary sample
information. It is important to store diatom samples in
glass as opposed to plastic vials, as glass releases
silica, which counters the dissolution of diatom valves.

11. Alternatively, the excess acid and soluble chlorides
can be washed out by a series of timed decantations.
The beaker is filled with distilled water to within 1cm of
the top and allowed to settle overnight. After each
decantation, the remainder is swirled to get it into
suspension and the beaker is again filled with distilled
water. This is repeated until the suspension is clear
and it no longer turns blue litmus paper red (i.e. the
sample is circumneutral). The supernatant may be
decanted using an aspirator attached to a water
suction pump or by siphoning. An aspirator can conve-
niently be made by heating and bending a glass
Pasteur pipette into a u-shape.

Hot HNO,/H,SO, method

1. Mix the diatom suspension carefully and take a sub-
sample (~5 to 10ml) into a beaker. The size of the sample
is dependent on the sample density, which can be judged
by the visible concentration of suspended material.

2. Mark the beaker clearly in several places with the
sample number.

3. Add 5ml of a strong acid mixture (HNO, + H,SO,, 2:1)
and place the beakers on a hot plate. The beakers
should be covered with a watch glass to prevent
contamination if boiling becomes too vigorous and
splashing occurs.

4. Heat the samples at 90°C for 2—3 hours, depending on
the amount of organic matter in the sample.

5. Rinse the samples and test for organic material as in
points 5-11 in the previous method.

Hydrogen peroxide is much gentler than acid as it is not as
corrosive. It is best used with samples that require little
cleaning, and where corrosion should be limited, as in SEM
studies (Krammer and Lange-Bertalot 2000). The choice of
technique (either hot or cold) depends on the availability of
a fume cabinet. If one is available the peroxide can be boiled
and, if not, a cold method should be used, but only in a well-
ventilated room.
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Hot H,0,

1. Mix the diatom suspension and place 5 to 10ml of the
suspension in a beaker.

2. Mark the beaker clearly in several places with the
sample number.

3. Add 20ml H,0, and heat on a hot plate at 90°C for 1 to
3 hours.

4. Add a few drops of HCI and leave to cool.

5. Rinse the samples as in the first method (6-11).

Cold H,0,

1. Proceed as in method C, above, with the exception of
using a hotplate.

2. Cover beaker with watch glass and leave for a minimum
of four days.

3. Rinse the samples as in the first method (6-11).

Preparation of diatom slides

Most of the ultra-structural details of diatoms lie at the limit of
resolution of light. In addition, all mounting media generally
used in cytology have a refractive index similar to that of
diatom valves, with the result that slides with diatoms
mounted in these media are too low in contrast for satisfactory
investigation. For this reason diatoms must be enclosed in a
medium of higher refractive index than that of the diatom
valves (Krammer and Lange-Bertalot 2000). Three types of
mounting media are generally used: ‘Hyrax’ r.i. (refractive
index) 1.71 (Hanna 1930); ‘Naphrax' r.i. 1.69 (Flemming 1954)
and ‘Pleurax’, r.i. 1.73 (Hanna 1949; refractive indices after

Meller 1985). ‘Naphrax’ is available from Brunel Microscopes

Ltd, Chippenham, SN14 6QA. England while ‘Pleurax’ may be

obtained from the corresponding author.

Slides should be free of contamination by other diatoma-
ceous material and should display an assemblage of diatoms
that is as close as possible, in terms of composition, to that
of the original sample. For this reason, strewn slides are used
almost exclusively (Lohman 1982), and can be prepared
following the methods of Welsh (1964), described below:

(Note: It is always necessary to keep the sample well
mixed or shaken, as the larger diatom cells will tend to settle
out of solution quicker than the smaller cells and thus the
community counts will be skewed and unreliable).

1. Slides and cover slips should be scrupulously cleaned
with detergent soap and stored in ethanol until needed.

2. Using a pipette, a portion is drawn from a well-shaken
numbered vial of cleaned material. The cleaned diatom
suspension is diluted until it appears only slightly cloudy
to the naked eye.

3. Asingle drop of ammonium chloride (NH,CI; 10% solution)
is added for every 10ml of diluted diatom suspension to
neutralise electrostatic charges on the suspended
particles and reduce aggregation (McBride 1988).

4. Using a pipette ~1.5ml of this suspension is placed on a
clean, dry cover-slip (22 x 32mm).

5. After being placed on the cover slip the diatom
suspension should be allowed to dry at room
temperature in a dust free environment. It should not be
disturbed until dry, because vibration causes clumping of
the diatom valves.
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6. The drying of cover slips on a hot plate is not
recommended because the resultant convection
currents form more or less concentric rings of diatoms,
with consequent overlying.

7. After the water has evaporated, diatom-coated cover-
slips are placed on a hot plate at ~350°C for 2 minutes
to drive off the excess moisture and to sublimate the
residual ammonium chloride.

8. Atfter the cover slips have cooled, they can be briefly
examined under 400 x magnification to determine if the
concentration of diatoms in the solution was correct. At
least 10, but not more than 40, valves should be visible
per field. When the sample is finally viewed at 1 000 x
magpnification there should ideally be between 5 and 15,
but not more than 20, valves visible in each field. If the
concentration is too high or low, steps 1-7 need to be
followed again, using a more, or less, dilute suspension,
before proceeding further.

9. Atfter the diatom-coated cover slips have been allowed to
cool, one or two drops of mountant are placed onto each
by means of a glass rod or pipette.

10. A previously-cleaned glass slide is then lowered onto the
cover slip, inverted, and then heated at 90-120°C on a
hot plate until the mounting medium ‘boils’ and all the
solvent evaporates.

11. The solvent of the mounting medium should be
evaporated quickly. If this is not done, a ring of exuded
medium will harden around the edge of the cover slip,
while the mounting medium under the cover slip remains
more or less viscous.

12. Under no circumstances should the mounting medium
be heated for too long, or at too high a temperature,
because it will then turn dark in colour.

13. Depending on temperature and the quality of the
mounting medium, it will be necessary to heat the slide
on the hot plate for two to five minutes.

14. After the mounting medium has boiled for this length
of time, but while it is still viscous, the hot slide is
quickly removed from the hot plate, and laid on the
work bench.

15. The cover slip is then manoeuvred into position. If this
operation is not successful the first time, the slide need
only be re-heated for another few moments and the
positioning repeated.

16. When the slide is thoroughly cooled, all the mounting
medium should be hard and brittle and capable of being
easily chipped off with the point of a scalpel.

17. Surplus medium, which has been exuded and has set
round the edge of the cover slip, may be carefully
removed with the point of a scalpel, after which the slide
is then wiped clean with a soft rag soaked in the particular
mounting medium’s solvent (iso-propyl alcohol for
‘Pleurax’ and toluene (which is carcinogenic) for ‘Hyrax’.

18. The cover glass may then be ringed with shellac cement
or Bio-seal® (Bate et al. 2002).

19.The slide should be carefully labeled. The following
important details should be included on the slide label:
date of collection, site location and co-ordinates, habitat,
collector and type of mounting medium.

20. The slide is then ready for microscopic examination.

62



72

Taylor, de la Rey and Van Rensburg

Archiving

It is important to retain a portion of the original sample
throughout the preparation stage until the final slide has
been made and examined under a microscope. After slide
preparation, a portion of the cleaned suspension should be
preserved and stored in a labeled vial, with ethanol added to
reach a final concentration of more than 20% by volume, to
prevent the growth of micro-organisms (Round et al. 1990).
Alternatively, two or three drops of a 5% aqueous solution of
phenol (caution — this chemical is carcinogenic) may be
added (Welsh 1964). The archiving of diatom material is
necessary in case further slides need to be made or if other
workers wish to verify the results of a diatom community
analysis after mounting and examining the sample, or if
SEM studies on the material are to be undertaken. Finally, a
slide should be stored in a herbarium or diatom collection to
facilitate cross-referencing.

Enumeration

Different conventions have been evolved for the
enumeration of diatoms, using either valves or frustules as
the basic unit, or not distinguishing between valves and
frustules. The effect that such conventions have on the final
results has not been evaluated, but is likely to be small.
However, it is important that the convention used be
specified in advance. In the case of small diatoms, such as
some Achnanthidium and Naviculoid species, it may not be
possible on all occasions to distinguish with certainty
between intact frustules and isolated valves (CEN 2003).
Prygiel et al. (2002) recommended that the required number
of individuals be counted, without any distinction between
valves and frustules.

The aim of counting diatom units is to produce semi-
quantitative data from which ecological conclusions can be
drawn. With this in mind it is important to know how many
valves to count to get a reliable estimation of the relative
species composition at a specific sampling site. The total
number of valves to be counted for each sample varies
according to the purpose of the analysis and according to
the need to produce statistically good results. The statistical
precision of percentage counting depends on the frequency
of the taxon in the sample count in relation to the size of the
sample count (Battarbee 1986). In a South African study
Schoeman (1973) made a series of experimental counts in
which 200, 300, 400, 500 and 800 valves per sample were
counted and their relative abundance calculated. When only
200 valves were counted, compared to when 800 valves
were counted, the percentage differences of the relative
abundances of individual species were often as high as
6—7%. However, the results obtained from counting 400 as
opposed to 800 valves differed by only 1-2%. For this
reason he concluded that counting 400 valves was
satisfactory for the calculation of relative abundance of
diatom species. Similarly, Battarbee (1986) demonstrated
that there were marked differences in the percentages
between counts of 100 and 200 valves, while there was little
difference between counts of 400 and 500. For this reason
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he recommended that a count of 300 to 600 may be used for

purposes of routine analysis. This range is supported by

Prygiel et al. (2002) who, in an inter-comparison exercise,

found that diatom index scores were not affected at counts

of 300 and above. Hence, it is recommended that, for diatom
community analysis in South Africa, 400 diatom valves
should be counted in each sample.

Suggested rules for counting diatoms, according to CEN

(2004), are summarised below.

» Counts of diatom valves on slides should be made using
a microscope equipped with incident light, phase contrast
optics or differential interference contrast optics (DIC) at a
magnification of 1 000 x and higher (100 x oil immersion
objective in combination with a 10 x eyepiece).

* The eyepiece graticule or other measuring equipment
must be calibrated against a stage micrometer prior to the
analysis to allow for measurement of dimensions and
taxonomic features.

« Either the field of view or the grid of a graticule is used as
the area defining the limits of the count. All diatoms visible
in the field of view (or within the grid of a graticule) are
identified and counted before moving along either a
horizontal or vertical traverse to the next field, or selecting
a new field of view at random.

* The edge of the dried sample suspension is
recommended as the position to begin counting, but if this
rule is to be adopted, ensure that there are no significant
‘edge effects’. If ‘edge effects’ consistently prove to be a
problem in slide preparation and examination, the
methods of McBride (1988) can be adopted, in which
cover slips are immersed in a well containing the diatom
suspension and allowed to dry over a period of days.
Although this method needs an extra three days for drying
the cover slips, it will produce random distributions of
diatoms with no ‘edge effects’.

* Arule is needed to cover situations where a diatom lies
only partially inside a defined counting area. For example,
such a rule might include taxa that are only partially visible
at the upper, but not the lower, margin (in the case of
vertical traverses) or the left, but not the right, margin (in
the case of horizontal traverses). The precise form of the
rule is less important than the consistency of its use when
analysing samples.

* Whether a horizontal or vertical traverse is used, it is
important that each subsequent traverse does not overlap
with the previous one. No diatom valve should ever be
counted twice. The distance that the stage is moved on
each occasion must also account for any diatoms only
partially visible in the field of view.

» If sample analysis is unlikely to be completed in a single
session, then it is useful to record the position of each
traverse. This ensures that subsequent traverses do not
overlap with those already completed.

* Each individual specimen encountered is counted as a
single unit, with no differentiation between a valve and a
frustule (Prygiel et al. 2002).

» Girdle bands (copulae) should not be enumerated as
being representative of diatom taxa.

* Occasional filaments should be recorded as the
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corresponding number of diatom units. If a large number
of diatom units are found in filaments, a new preparation
technique, using a more aggressive mix of oxidising
agents, should be considered.

* In order to eliminate the risk of including separate
fragments of broken valves or frustules, a consistent
approach must be decided on before starting a project.
Valves should be counted only if approximately three
quarters are present, or alternatively broken valves may
be excluded from the count altogether. Since the scale of
physical damage during the sampling and preparation
stages is unlikely to be significant, the presence of many
small fragments of diatoms may indicate that dead
diatoms are being washed in from upstream sites.

» A diatom may not be identifiable for a number of reasons,
including the presentation of a girdle view, the presence of
overlying material obscuring the view, or the taxon not
being recognised by the analyst. If many valves are
obscured, then new slides should be prepared using more
diluted suspensions.

» Some taxa are identifiable from girdle (side) views, either
because the girdle view is particularly characteristic (e.qg.
Rhoicosphenia curvata) or because the girdle view can be
assigned with confidence to a particular taxon by
‘matching’ it with corresponding valve views of taxa found
in the sample. However, this is not always possible and, in
cases of doubt, the analyst should record the girdle views
at the lowest level to which they can be assigned with
confidence (e.g. ‘unidentified Gomphonema sp.’, ‘uniden-
tified pennate girdle view’).

» This convention should also be applied to other individuals
found on the slide but not identifiable by the analyst. A
large number of such individuals may indicate a problem,
either with the slide preparation, or the identification skills
of the analyst. As most diatom indices presume that all
taxa in a sample are identified, it is recommended that not
more than five per cent of the total count should comprise
unidentifiable individuals. If a diatom unit cannot be identi-
fied for any reason, photographs, digital images or
detailed drawings should be made. Notes should also be
taken of the shape and dimensions of the diatom unit,
striae density and arrangement (at the centre and poles),
shape and size of the central area, number and position of
punctae and arrangement of raphe endings.

Identification

The most valuable recent flora or identification guide for
Europe is that of Krammer and Lange-Bertalot (1986—1991).
This flora can be used for the identification of many of the
species occurring in South Africa and for the confirmation of
species identifications by other authors. Other taxonomic
guides that may be consulted include Schoeman (1973),
Schoeman and Archibald (1976-80), Archibald (1983), Gasse
(1986), Round et al. (1990), Hartley (1996), Prygiel and Coste
(2000), Lange-Bertalot (2001) and Krammer (2002).

Diatom taxonomy has recently undergone many changes
and is currently in a state of flux. This is due mainly to the
splitting of large genera such as Navicula and Nitzschia.
There is now consensus amongst diatom taxonomists that

Chapter 3

the diatom genus Navicula is restricted to the section
Lineolatae (Lange-Bertalot 2001). This has led to the
creation of new genera by encapsulating species that used
to belong to the genus Navicula. Examples of these new
genera are Luticola (Mann, in Round et al, 1990), Fallacia
(Sickle and Mann, in Round et al. 1990) and Microcostatus
(Johansen and Sray 1998). For revised nomenclature,
works such as Lange-Bertalot (2001), Krammer (2002) and
Kellogg and Kellogg (2002) can also be consulted.

Possible sources of error in diatom community analysis

When implementing monitoring programs based on
assessments of diatom community composition, we in South
Africa have the advantage of looking to European and other
studies to identify sources of error in advance. Several
sources of error, at all stages of the analysis, have been
highlighted by Prygiel et al. (2002) in an inter-laboratory
comparison exercise. According to these authors sampling
appears to be a very important step. When the sampling
protocol is not strictly adhered to, that part of the variability
due to sampling can be very high. Errors include sampling
from exposed substrata — from areas subjected to water
level change and from areas of low-velocity flow as
compared to other parts of the river — and sampling from
stones covered by abundant filamentous algae. Laboratory
and counting errors may include the use of high
temperatures when drying slides (leading to clumping of
diatom valves) and the settling out of large taxa during the
preparation of consecutiv