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Abstract

In lowland, shallow lakes, benthic diatom assemblages are affected by several 

parameters, including nutrient concentration, seasonality, light, and substrate. This 

thesis aims to establish which factors most affect these assemblages and explores the 

feasibihty of using these organisms to monitor standing water quality.

A one-year field study was carried out in five shallow lakes of varying trophic status in 

Norfolk, UK, in which a set of substrata (submerged, emergent and floating plants, and 

lake sediment) were collected for diatom harvesting. A range of physical and chemical 

parameters of the water column were measured on each sampling occasion. These data 

were subjected to multivariate analyses (PCA, DCA, RDA, variance partitioning). 

Diatom optima and tolerances for certain parameters were calculated and biodiversity 

indices were used to assess differences between diatom communities over substrates 

and time.

Based on patterns observed in the one-year study, namely that some differentiation in 

diatom community composition was evident between plant species, two sets of 

experiments were carried out in situ. The first involved plastic plants placed into three 

of the lakes to assess diatom community differentiation according to plant morphology. 

One set was a control, whilst the other was placed into a mesh cage to reduce grazing by 

invertebrates. Higher numbers of diatom species were observed on the grazed plants, 

and vertical colonisation differences were evident. The highly divided leaved plants 

appeared to develop a community similar to that of the less divided leaved plants.

The second experiment involved bamboo canes placed into reed beds at two sites to 

assess community changes along a light gradient. Actual Phragmites stems were also 

sampled to measure the differences between the artificial substrate and the natural ones. 

The epiphytic community appeared to respond to changes in light intensity and the 

canes developed a flora similar to that of the real stems.

The factors most affecting the benthic diatom communities were substrate, and to a 

lesser extent, total phosphorus and light. Submerged plants are recommended as the 

optimal substrate for monitoring as they combine practicality with sensitivity.
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Chapter 1

Shallow lake research and benthic 
diatom ecology

Lowland lakes and environmental impacts

Most freshwater lakes found in lowland areas of Britain are shallow, with a mean depth 

of between 1 and 3 metres (Moss et a l, 1996). The processes occurring in these lakes 

are less well understood than those in deep standing waters. Much of the area of a 

shallow lake is to be found in the littoral zone, which provides a high percentage of 

whole-lake periphyton habitat space compared to that in deeper water lakes (Wetzel, 

1964). The littoral zone provides a diverse habitat for algal colonisation, with areas of 

emergent macrophytes, mud, sand, and occasionally rocky or pebbly areas (although 

these are seen less in eutrophic lakes due to the higher productivity, and hence higher 

sedimentation rate of the ecosystem).

Lakes (and ponds) can be defined as ''bodies o f water which exist for long enough for 

their waters to clear sufficiently o f suspended particles to allow a suspended community 

of primary producers to photosynthesise’" (Moss, 1988). They are a somewhat 

temporary feature of the landscape, since eventually most (particularly the very shallow) 

lakes fill in and turn into swamp and wet woodland. They are different to rivers in this 

way, as well as having the obvious feature of a much slower flow rate. Lakes of a 

certain depth and size can stratify, whereas most rivers do not. This has implications for 

the flora and fauna inhabiting a lake, since levels of oxygen, nutrients and light can 

differ greatly down the water column. Shallow lakes tend to support a greater biomass 

of emergent and submerged vegetation than rivers, because of the recycling of 

regenerated nutrients from the bottom waters (Moss, 1988).

Freshwater shallow lakes are an important feature of the countryside of lowland 

England. The traditional view of such lakes is one with a diverse flora and fauna, with
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dense reedbeds, submerged macrophytes and rich populations of zooplankton. 

However, this is becoming an increasingly rare sight, particularly in lowland England, 

where cultural eutrophication is causing such deleterious effects as cyanobacterial 

blooms and loss of macrophytes (Moss et al., 1996).

Eutrophication is the enrichment of a water system by nutrients, generally phosphorus 

and nitrogen, which leads to an increase in lake productivity. Eutrophication can occur 

naturally via geological weathering or other natural processes (Service, 1998; Hickman 

et al., 1990; Boucherie et al., 1986; Hall and Smol, 1993), but by far the most 

widespread is by artificial (or cultural) means, where the activities of man alter the 

natural nutrient cycles. Human activities such as sewage disposal and intensive farming 

practices lead to the intensification of the eutrophication process as high concentrations 

of phosphorus and nitrogen are added to aquatic ecosystems (Borchardt, 1996).

The OECD (1982) (Organisation for Economic and Cultural Development) arbitrarily 

assigned various terms of trophic status to lake water by using concentrations of 

phosphorus, water residence times and chlorophyll a concentration measurements. 

Vollenweider and Kerekes (1981) stated that lakes with concentrations of total 

phosphorus of 100 pg 1'̂  or greater could be termed “hypereutrophic”, with a 

“eutrophic” category being assigned if the phosphorus concentration was between 35 

and 100 pg l '\  These class boundaries will be used in this thesis.

The main effect of high concentrations of phosphorus and nitrogen in fi-eshwaters is an 

overabundance of phytoplankton. Huge blooms of algae develop, which have many 

subsidiary effects on other trophic levels of the aquatic ecosystem in question. As the 

water becomes more green and turbid, the amount of light available to aquatic 

macrophytes is greatly reduced, leading to reduction of higher plant biomass. Marked 

changes occur at all levels in the aquatic food web, with some communities (such as the 

macrophytes) changing dramatically. A major concern is that lake ecosystems may 

become unstable and biodiversity may be lost during eutrophication (Margalef, 1968). 

There is usually a decrease in overall species diversity, with a resultant shift in the 

dominant taxa (Mason, 1991). More tolerant species (generalists) become dominant, 

with the loss of rarer species (Goldsmith, 1996). This has important implications for 

conservation.
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In lowland England, a commonly cited example of cultural eutrophication in shallow 

lakes is that of the Norfolk Broads. This large group of lakes was formed in medieval 

times when natural flooding of peat pits excavated for fuel occurred. Most have 

undergone a change from clear water dominated by diverse communities of submerged 

aquatic plants, to a state of highly turbid water, dominated by phytoplankton and 

cyanobacteria. These changes have been attributed to a combination of excess nutrients 

washed off from surrounding agricultural land, the intensification of the pleasure 

boating industry in the area, effects of organochlorine pesticides and perhaps 

(tenuously) the action of grazing coypu (Moss et al., 1996). Various schemes have been 

developed to attempt to ameliorate the conditions in some of the Broads, with varying 

degrees of success (Mason and Bryant, 1975; Moss et a l, 1986). There are also 

numerous estate lakes in the region, many with high conservation interest, but also at 

risk of eutrophication.

Water quality monitoring requirements - Great Britain and 
Europe

In terms of legislative action concerning water quality in this country, perhaps the 

earliest was the 1963 Water Resources Act. This Act was concerned with the licensing 

of water abstraction, which had, up until 1963, been controlled primarily by common 

law and other statutory regulations. In 1963, the 29 River Authorities were established, 

along with the Water Resources Board, which co-ordinated long term planning (Dando,

1999). There were no further developments in the management of water throughout the 

rest of the I960’s. In 1973, the UK government published the Water Act, which 

brought the river authorities and other related industries under the direct governance of 

the Regional Water Authorities. This was primarily to develop long term planning for 

water shortages, which was to become important during the drought of 1976.

Water quality became an important subject for Europe in the 1970’s, with several 

notable directives brought about. In 1973, the First Environmental Action Programme 

effectively prompted the start of European water policy. This was closely followed in 

1975 with the Surface Water Directive, which was the first important piece of 

legislation concerned with water quality. Other legislation included standards on 

bathing waters (1976), fish waters (1978) and shellfish waters (1979).
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A second wave of legislation followed in the 1980’s. This was due to a review of 

existing legislation, which identified several gaps and reported on necessary 

improvements required. This included the 1980 Drinking Water Directive, which was 

later used to develop ideas in urban wastewater treatment. In the UK, several moves 

were made to provide direct governance of the various water boards, culminating in 

1989 with the establishment of the National Rivers Authority. This government body 

was given the responsibility of monitoring water quality and setting standards, as well 

as being responsible for sea defences, flood prevention, inland fisheries and wildlife 

conservation within controlled waters (Mason, 1991). Also in 1989, the provision of 

water and the treatment of sewage in the UK became the responsibility of 10 privatised 

water companies.

The Nineties in particular were a very important time for European legislation 

concerning water quality. In 1991, the Urban Wastewater Treatment Directive provided 

guidance on the correct treatment of sewage so as not to affect the quality of waters into 

which treated sewage was discharged. The Urban Wastewater Treatment Directive 

(91/271/EEC) defines “sensitive” areas as (a) freshwater lakes or other freshwater 

bodies which are found to be eutrophic or which in the near future may become 

eutrophic if protective action is not taken; or (b) surface freshwaters intended for the 

abstraction of drinking water which could contain more than the concentration of nitrate 

(50 mg r^) laid down under the relevant provisions of Council Directive (75/440/EEC). 

This was followed by the Nitrates Directive (1991), revisions to the Drinking Water and 

Bathing Water Directives (1994, 1995), and the development of a Groundwater Action 

Programme, culminating in 1994 with a proposal for an Ecological Quality of Water 

Directive. For large industrial installations, the IPCC Directive (Integrated Pollution 

Prevention and Control) adopted in 1996 covered the general topic of water pollution.

During the Nineties, it became increasingly apparent that a combined approach to water 

quality and water standards was needed. Several European institutions in 1995 

discussed this, and it was agreed that a fundamental review of Community water policy 

was required. In 2000, the Commission adopted the Water Framework Directive 

(WFD). The main aim of the Directive is to achieve “good status” for all groundwaters 

and surface waters by 2015, using a river basin management approach. The monitoring 

requirements of the WFD for lakes consider biological elements (composition, 

abundance and biomass of phytoplankton, for example), hydromorphology (residence
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time, flow), general chemical elements (transparency, nutrient conditions) and specific 

pollutants (targeted priority substances such as heavy metals).

Methods for assessing water quality 

Lake monitoring and its importance

UK rivers have received greater attention than lakes with regard to freshwater 

monitoring, since they are considered to have more possible points of human 

interference than lakes (Goldsmith, 1996; NRA, 1994). Rivers in most parts of 

mainland Europe (including England) have been categorised according to their water 

quality status, generally based on very basic chemical parameters such as BOD 

(biological oxygen demand) to measure organic pollution (Newman, 1988). However, 

it has been recognised that increasing pressures on freshwater lakes in terms of 

conservation, recreational use and water storage has meant that these water bodies also 

need some kind of water quality monitoring scheme (Boon and Howell, 1997). This is 

best summed up by Moss et al. (1997);

“There are few large lakes hut there are a myriad o f smaller bodies, many o f which are 

extremely important sites for the general public. The Serpentine in Hyde Park, London, 

for example, is seen by millions more people than the vastly larger Wastwater in the 

Lake District, and the quality o f the local fishing pond may be as much an issue as that 

o f Lake Windermere. Traditional monitoring o f river quality has not ignored the 

smaller streams, and monitoring standing waters should not confine itself to a few 

hundred larger lakes. Standing waters have suffered from human impact as much as 

flowing ones”.

Monitoring ecological quality

EU legislation considers several objectives in which water is to be protected. The main 

ones are the general protection of the aquatic ecology, specific protection of unique and 

valuable habitats, protection of drinking water resources and protection of bathing 

water. Most importantly in terms of this project is the statement that ecological
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protection should apply to all waters: with the central requirement of the Directive 

being that the environment is to be protected to a high level in its entirety.

This project is concerned only with lakes, and so only legislation covering this will be 

discussed here. There are two elements of the Water Framework Directive that consider 

the requirements for ecological protection: “good ecological status” and “good chemical 

status”. The former is defined in terms of the quahty of the biological community, the 

hydromorphological characteristics and the physico-chemical characteristics. As 

biological integrity is such a difficult element to define across the wide-ranging regions 

of Europe, particularly due to ecological variability, the controls detailed in the 

Directive for good status are specified as allowing only a slight departure from the 

biological community that would be expected in conditions o f minimal anthropogenic 

impact (for a particular ecotype).

Lake eutrophication control has always been a problem in Europe. The Water 

Framework Directive considers this, explicitly in the context of river basin 

management, and requires assessment of diffuse and point source nutrient pressures. As 

is recognised in Wilson (1999), lake eutrophication control legislation has always been 

a challenge, with most measures falling well short of that which is required to 

ameliorate or prevent eutrophication. The main problem appears to be that a paradigm 

shift is required to remove the emphasis on simple measurements of nutrient input to 

such lakes, to one that considers the effects of these inputs on the health of the 

ecosystem. It is difficult to prepare effective legislation for this, but it is something the 

Water Framework Directive attempts to solve.

Part of the WFD is concerned with the preservation of the ecosystem and the 

sustainable management and quality of water. In particular, the Framework considers 

the ecological status of fi'eshwater ecosystems and wetlands, specifically ecosystem 

functioning and setting ecological quahty targets. The question of ecological targets is 

something that this project will hope to answer, at least on a basic level of monitoring 

the health of eutrophic lakes using benthic diatoms.
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Biodiversity and eutrophication

The EC Habitats’ Directive (HMSO, 1997), and the UK Biodiversity Action Plan 

(HMSO, 1994) also consider the control of eutrophication to enhance biodiversity, and 

to investigate species management in the aquatic environment to meet biodiversity 

targets. The Habitats Directive (92/43/EEC) considers conservation of natural habitats 

and of wild flora and fauna, which may have an influence on the way freshwater quality 

is perceived.

Relating specifically to the sites chosen for this research project are the outlines given 

by Norfolk County Council (Norfolk County Council, 2000), with reference to 

maintaining and improving biodiversity:

• Protect and enhance the quality and character of landscape and coast. Protect, 

enhance and maintain the variety of important habitats and encourage habitat 

creation, to improve biodiversity.

Norfolk County Council consider mesotrophic lakes (mainly the Broads, and 

sand/gravel pits) as “priority habitats” for protection and monitoring, as well as 

outlining priorities for the “improvement of water quality” (Norfolk County Council,

2000).

Current methodological approaches to biological monitoring in the UK 
-  biological and multimetric techniques

“There is perhaps a general feeling among many non-limnologists analagous to that o f 

the pigs in George Orwell’s Animal Farm, i.e. ‘Four legs good, two legs bad’. The 

parallel is ‘Oligotrophic good, mesotrophic okay, eutrophic bad’” (Moss et al, 1997).

Moss et aVs comment can also be applied to the question of biodiversity in freshwater 

lakes. The general feeling in the literature is ‘high diversity good, low diversity bad’ 

(Patrick e/a/., 1954; Archibald, 1972; Huston, 1994).

To be useful as an indicator organism, an individual species must have a narrow range 

of tolerance for suitable environmental conditions that are known to be related to some
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attribute of interest to humans (i.e. phosphate and nitrate in eutrophication) (McKnight 

et al., 1996). Few species satisfy these requirements; therefore other measures at the 

population level may be more responsive to ecological dynamics - namely species 

abundance. Population guilds and communities generally have proven more 

satisfactory than individual indicator organisms for the assessment of water quality 

(Anderson, 1994). Multivariate statistical analyses of species groupings have proven to 

be more useful than individual indicator organisms in a number of studies (Clarke, 

1993). It has been noted that family level is the most realistic level of taxonomic 

identification for routine water quality monitoring for invertebrates (Williams et al., 

1996), with much work still required to examine the viability of generic level 

assessments for still waters (although discrimination at the level of early-warning 

indicators would require species-level identification).

After representative samples of the relevant biota are obtained, identified and 

enumerated, appropriate metrics can be calculated, or multivariate methods can be used 

(e.g. RIVPACS). The number of species present in a community is the most simple and 

reliable metric. For periphyton, notably diatoms, such metrics as the Shannon diversity 

index, pollution tolerance index (after Lange-Bertalot, 1979), siltation index (relative 

abundance of motile forms), and similarity index (Whittaker and Fairbanks, 1958) have 

been used. In terms of river water quality monitoring, the best known metric is the 

Trophic Diatom Index (or TDI) (Kelly and Whitton, 1995). It was the first index to 

express water quality in terms of eutrophication rather than organic pollution using 

biological indicators, and has been used with some success by the Environment Agency.

In 1995, the Environment Agency commissioned a project to develop a biological 

assessment method that would enable them to monitor the quality of still waters in 

England and Wales. This was largely driven by the proposed Water Framework 

Directive, and existing legislation such as the Urban Wastewater Treatment Directive. 

The EA acknowledged the fact that a shift was being made from viewing biological 

assemblages as simply good chemical monitors, to one that recognised the neccessity to 

maintain the integrity of natural ecosystems when exploiting water resources. To this 

end, they began a research project concentrating on still waters and the biological 

element of such waters, in an attempt to develop a tool to assess the state of standing 

waters.
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“Good status” -  a European definition

Emphasis in the literature over the past few years has changed from the use of 

“freshwater quality”; an all-encompassing phrase, to the use of “habitat quality”, 

“ecosystem quality”, and similar terms. A categorical definition of freshwater quality in 

terms of the scientific literature could be the degree of deviation from absolute H2O, 

which is a nonsensical definition to use effectively. The general consensus is that 

“quality” is a very hard term to define for freshwaters - it is up to the user to define the 

level of “quality” required.

Pugh defined freshwater quality as "Hhe totality o f features and characteristics o f the 

water that bear upon its ability to support an appropriate natural flora and fauna, and 

to sustain legitimate uses" (K.B Pugh in Boon and Howell, 1997). The WFD 

recommends assessing lakes periodically for biological, hydromorphological and 

physico-chemical parameters (Table 1).

Table 1. Recommended monitoring schedules for water quality assessment of lakes

Quality element Recommended monitoring schedule for 
lakes

Phytoplankton 6 months
Other aquatic flora 3 years
Macroinvertebrates 3 years
Fish 3 years
Hydrology 1 month
Morphology 6 years
Thermal conditions 3 months
Oxygenation 3 months
Salinity 3 months
Nutrient status 3 months
Acidification status 3 months
Other pollutants 3 months
Priority substances 1 month

The biomonitoring approach

Probably the earliest example of biomonitoring in freshwaters was the Saprobien system 

of Kolkwitz and Marsson (1908, 1909). They established four stages in the oxidation of 

organic matter -  polysaprobic (very polluted), a-mesosaprobic (polluted), P- 

mesosaprobic (sub-pollutional) and oligosaprobic (clean), with the presence/absence of
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algal indicator species in certain zones recorded (Mason, 1991). This index was then 

modified, with relative fi*equencies of each species added, along with some emphasis on 

statistical calculations.

One such modification was used in East Germany, where each algal species was 

assigned a number fi*om 1-4 according to its position in the saprobity system and its 

frequency (Bick, 1963). This produced a saprobity index with defined parameters, with 

a value of 1-1.5 indicating very slight pollution, up to 3.5- 4.0 which indicated intense 

pollution. This index was developed further by subdividing the water quality zones 

(Liebmann, 1951; Sladecek, 1966; Fjerdingstad, 1964), with a new biological index of 

pollution (BIP) suggested, based on proportions of producers and consumers in the 

ecosystem. This index was used in a Japanese study on water pollution, and values were 

assigned to each level of pollution (55 was considered to be very polluted, and lower 

figures less so) (Horasawa, 1942).

Macroinvertebrates have long been used as biomonitors of fi'eshwater. Richardson 

(1928) examined the macroinvertebrates of the Illinois River in relation to gross organic 

pollution by the cattle industry, and produced similar ideas to those of Kolkwitz and 

Marsson. These ideas were also worked on by Whipple, Fair and Whipple (1927) in 

their book on drinking water. The work on macroinvertebrates was further developed in 

Britain (Carpenter, 1928), and by 1960 Hynes published his book on polluted waters, 

with reference to the macroinvertebrates (Hynes, 1960).

In 1969, Palmer described a procedure whereby 20 algal genera considered to be most 

tolerant of high organic pollution were used to determine the algal pollution index of a 

particular waterbody. A pollution index factor was assigned to each, with (for example) 

Gomphonema classed as 1, Synedra 2, and Nitzschia as 3. This also included green and 

blue-green algae. The sample was studied under a microscope and all the 20 algae 

observed were recorded, with the index factors totalled. A score of 20 or more 

indicated high organic pollution (Palmer, 1969).

Physico-chemical monitoring versus biomonitoring

As has already been mentioned, monitoring water quality has usually been confined to 

measuring simple chemical parameters. Physico-chemical methods may be considered
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to provide a “snap-shot” assessment of water quality: that is, they determine the 

concentration of potential pollutants at the time o f sampling. These can, therefore, only 

at best provide an average indicator of water quality.

Whilst imparting some information on the state of the waterbody in question, these 

parameters alone cannot provide an indication of the state of the aquatic ecosytem itself 

There have been major advances made in the field of scientific instrumentation, which 

means that large numbers of potentially polluting chemicals can be measured cheaply 

and in most cases continuously (using data loggers). However, there are various 

problems associated with the usage of such instruments, such as loss due to vandalism, 

or the fact that some waterbodies are in such isolated areas that transporting and placing 

equipment is not feasible. Perhaps the greatest problem is that even continuous data 

logging of key water parameters can miss events that have a serious impact on 

biological members of the aquatic community (Lowe and Pan, 1996). There are some 

advantages in relying on physico-chemical methods, for example, analyses are precise, 

quantitative and suitable for water management in that they provide basic numerical 

information for the setting of water standards. However, they are also expensive in 

terms of equipment and laboratory time needed to achieve accurate results, compared to 

biological surveillance.

Biological monitoring is used to assess the overall impact of pollutants on the 

ecosystem - effects that are independent of the time during which the pollutants were 

discharged. This approach therefore provides an integrated assessment of water quality 

(Newman, 1988). However, biological methods do suffer from being poor in terms of 

precision and discrimination of the pollutants involved.

Biological indicators show the degree of ecological imbalance that has been caused and 

chemical methods measure the concentration of pollutants responsible. Both types of 

assessment are therefore necessary (James and Evison, 1979). It can be seen that 

biological components have an important and relevant part to play in the monitoring of 

fresh waters (Roux et al., 1993; Pascoe and Edwards, 1984). Biological assessment 

relies on the fact that pollution of a waterbody will cause changes in the physical and 

chemical environment that a particular organism may be living in, with those changes 

disrupting the ecological balance of a system (Newman, 1988). Biological components 

most commonly used in freshwater monitoring are macroinvertebrates - the young
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aquatic stages of certain insects (Taub and Wiseman, 1998; Malard et al., 1996; Resh et 

al, 1995). The benthic community of fresh waters varies in sensitivity and tolerance to 

pollution. Differences in tolerances between species means that some require high 

oxygen concentrations (which are generally to be found in cleaner waters), with silting 

and gross pollution (resulting in a lowering of oxygen) leading to the disappearance of 

such species. Reductions in overall community diversity and an increase in the density 

of tolerant species can be observed in polluted waters (Newman, 1988). Various other 

aquatic organisms have been used to monitor water quahty, including macrophytes 

(Bruns et a l, 1997; Jayasekera and Rossbach 1996; Tomasko et a l, 1996), green algae 

(Twist et a l, 1997) and diatoms (Whitton and Rott, 1996; Round 1991).

It is difficult to decide which particular organism(s) are best used to monitor a 

freshwater system. Water quality needs to be defined in relation to the use for which the 

water is required, so the value of biological indicators needs to be judged on a similar 

basis (James and Evison, 1979). Photosynthetic organisms lend themselves to the 

monitoring of freshwater quality, particularly eutrophication, more than animal groups. 

Unlike invertebrates, macrophytes and algae have a more direct response to nutrient 

loadings (Goldsmith, 1996), whereas macroinvertebrates are better indicators of 

physical features or oxygen concentrations (Whitton, 1979). The problem with using 

macrophytes for monitoring eutrophication is that in the main, many have their roots 

deep in lake sediments, and probably respond more to this environment than the 

overlying water, depending on the macrophyte (Whitton and Kelly, 1995).

These problems have meant that algae have been utihsed most effectively for the 

monitoring of nutrient pollution in freshwaters. They offer the advantages that they 

respond quickly to pollution events (Whitton et al., 1991), and are widely and 

consistently distributed compared to groups such as invertebrates (Whitton, 1979) and 

macrophytes. Research has been carried out on specific algal groups - most notably the 

diatoms (Descy, 1979; Lange-Bertalot, 1979; Kelly et al., 1995; Kelly and Whitton, 

1995).

Benthic diatoms as water quality indicators

Diatoms (or the Bacillariophyta) are marine or freshwater unicellular algae that have 

frustules (cell walls) impregnated with silica (Martin et al., 1996). They are found in
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vast numbers in any waterbody, and are therefore important in the food chains of most 

rivers and lakes. They can range in size from 5 pm to over 600 pm (Waterford and 

Driscoll, 1992). They can be categorised according to the specific aquatic environment 

they inhabit. “Benthic” is a generic term meaning all those diatoms that are associated 

with the substrates present on the bottom of waterbodies. These differ from the 

planktonic diatoms, which are suspended in the water colunm and therefore are 

subjected to a greatly different environment than the bottom-dwelling species. Benthic 

diatoms include epilithic diatoms, which reside on rocks and pebbles, epipsammic on 

sand grains, epizooic on animals, and epiphytic refers to those diatoms attached to 

higher plants and algae. These definitions follow those given in Round (1981). Early 

studies on rivers identified that Nitzschia palea and Gomphonema parvulum were 

always dominant in the mild pollution zone, with Cocconeis almost always in the 

unpolluted streams (Butcher, 1949). Navicula accomoda was found to be an indicator 

of sewage pollution, and was limited to the a-mesosaprobic zone in a later study 

(Jorgensen, 1952). Benthic diatoms were also examined in detail by Frank Round in the 

Fifties (Round, 1953), whose studies in the English Lake District were perhaps the first 

to establish a link between sediment chemistry in lakes and epipelic diatom 

composition. Diatoms were first used in monitoring organic pollution in the mid Fifties 

(Patrick, 1955). This work in rivers utilised the diatometer, a device that holds glass 

slides that are then immersed in the river for a period of time. The slides are then 

recovered and examined for the diatoms colonising them. Diatoms were also used in 

later studies as indicators of industrial waste (Archibald, 1972).

The ecosystem approach to water quahty assessment was used in 1964 (Williams, 

1964), with species richness of diatoms used. At eutrophic sites, a few species 

composed a large portion of the diatom population, and clean sites had more species 

that composed a small portion of the total population. This idea was further developed 

by several people in the seventies (Descy, 1979; Lange-Bertalot, 1979), and eighties 

(Soballe and Kimmel, 1987). The utilisation of benthic diatoms as water quahty 

monitoring tools is a relatively new subject, with most work being carried out in the mid 

90’s (Kelly and Whitton, 1998). Much of this work has been undertaken on rivers 

(Whitton et a l, 1991; Whitton and Rott, 1996; Chessman et al., 1999; Montesanto et 

al, 1999; DellUomo et a l, 1999), with the few papers on lakes concerned with 

paleolimnological research (Battarbee 1984, 1991; Bennion, 1994). Interestingly, the 

former reliance on using biomonitors to estimate gross organic pollution has declined,
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leading to an emphasis on measuring the effects of nitrate and phosphate on waterbodies 

(Kelly and Whitton, 1998).

Benthic diatoms have several advantages over other lifeforms in the monitoring of water 

quality. Firstly, as they are autotrophic, they occupy a key position in the food web of 

aquatic ecosystems as a whole. This means that if there is a pollution event that alters 

the diatom population, the rest of the aquatic community can be affected as well. 

Pollution indices based on diatom populations have been shown to be more precise than 

those based on other aquatic lifeforms such as benthic macroinvertebrates because 

diatoms respond more directly to organic pollutants (Stewart et al., 1985; Leclercq and 

Maquet, 1987).

Benthic diatoms also have short life cycles, which allow a rapid response to changes in 

environmental conditions. They are also sessile, so they either have to adapt to survive 

changes in their environment, or die (unlike other organisms such as macroinvertebrates 

which can move out of the area). Benthic diatoms are ubiquitous in aquatic 

environments, and can colonise almost any solid substrata. Such substrata can yield 

very large, diverse communities of diatoms, with each species having its own set of 

environmental tolerances. Identifying benthic diatoms can be achieved using a variety 

of good taxonomical keys, and only requires rudimentary training and basic equipment 

(light microscopy), although identification to species level is required to estimate true 

responses to changes in environmental conditions (Chessman et al., 1999). Diatoms can 

be preserved indefinitely, using permanent slide mounts, which also allows for quality 

control in identification.

PSYM - Predictive System for Multimetrics

The Environment Agency, in conjunction with Pond Action and Oxford Brookes 

University, undertook a project in 1995, looking at a series of shallow still water bodies 

throughout central England.

The first phase of the project recommended that the quality of still waters should be 

assessed using a method which combined the predictive elements of RIVPACS, with 

the multimetric based methods used for ecological monitoring in the US (Williams et 

al., 1996). Basically, the method entails using a variety of parameters (metrics), each
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relating to ecosystem degradation, and combining these values to give a single measure 

that gives an indication of the overall state of the waterbody in question, compared to an 

“unimpaired” baseline. It was recommended that a variety of metrics be used for this 

assessment, since a combination of, for example, macroinvertebrates and aquatic plants, 

means that most levels of the aquatic food chain are covered and hence results are more 

meaningful and reliable. It was noted that the use of macroinvertebrates was to be 

recommended in particular since this assemblage was well tried and tested in biotic 

monitoring programs, whereas using diatoms would "'require a prolonged set-up period 

during which field sampling methods were agreed and the potential o f the group was 

more fully evaluated' (Williams et al., 1996). This suggested, whether true or not, a 

lack of knowledge in the utilisation of diatoms in water quality monitoring programs in 

freshwater lakes.

Initial findings of the PSYM system

Initially, a pilot group of ponds and canals was selected for sampling and development 

of methodological techniques. The pilot area comprised various lithologies and land 

use types, to ensure that enough waterbodies were selected that included minimally 

impacted reference sites (as in RIVPACS), and a range of variably impacted sites that 

would test the multimetric technique fully. In total, 142 ponds (less than 2 ha in area) 

were selected, along with 83 canal sites. A greater number of ponds were sampled 

because these were considered to be less physically and chemically uniform than the 

canal sites. The ponds and canals considered to be impacted were subjected to a variety 

of stresses, including eutrophication, high biocide levels, acidification and urbanisation 

effects.

In total, five biological data sets were analysed using the PSYM system, which included 

canal invertebrate assemblages, pond invertebrate assemblages, pond macrophyte 

assemblages, and two combined data sets comprising the lake plus pond data set using 

macrophyte and invertebrate assemblages. Sites were classified as being minimally 

impaired or impaired with TWINSPAN, and various ordinations were carried out which 

allowed for a preliminary indication of the major natural environmental gradients in the 

pond and canal data sets. Both macrophytes and invertebrates were seen to be good 

indicators of various stresses on the waterbodies, and the metrics used such as total
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family richness (invertebrates) and species richness (macrophytes) were seen to be the 

best indicators in ponds. In conclusion, the results suggested that PSYM was likely to 

prove an effective method for monitoring freshwater ecosystems.

PSYM -  proposition for using diatoms to monitor ecosystem quality

The initial study identified diatoms as being particularly promising as an assemblage to 

use in ecological monitoring. However, the workers recognised that practical 

development of a diatom field survey methodology was needed before their usage could 

be recommended as an assessment method. Various experts in the field of diatom 

sampling methods in still waters were contacted, and a preliminary methodology was 

developed for the collecting of such samples.

In the autumn of 1997, diatom samples were collected from 92 of the Track 1 ponds, 

along with macrophyte, macroinvertebrate and physico-chemical data. Representative 

diatom samples were collected from all pond mesohabitats, which were identified as 

being the epiphyton from submerged, emergent and floating plants, roots, fallen leaves, 

epilithon from rock surfaces when available, the epipsammon and the epipelon 

(utilizing Eaton and Moss’s method, 1966). Approximately 10 sub samples were taken 

from each mesohabitat from around each pond. The samples are currently awaiting 

analysis, but Dr. Marian Yallop from Bristol University has worked on the Lemna 

attached diatoms, and will be looking at the rest of the submerged plant species in time 

(pers. comm ).

It was reported that the development of the diatom methodology could lead to the 

creation of a diatom-based PSYM, a means of assessing the relative merits of diatom, 

macrophyte and macroinvertebrate assemblages for ecological monitoring, and a means 

of identifying the most effective microhabitats to include in field surveys, so as to 

minimize redundancy (Williams et a l, 1996). This project is clearly relevant in the 

context of this thesis, since it examines a variety of lake mesohabitats to assess which 

substrate is the most effective for monitoring fresh waters.
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Benthic diatom ecology 

The epiphyton

Most eutrophic shallow lakes support some kind of aquatic macrophyte community, be 

it submerged plants, emergents or the floating leaf variety. These are readily colonised 

by benthic diatoms (Round, 1981). In this context, the benthic diatom community is 

termed the ‘epiphyton’.

There is contrasting evidence for the interaction of the epiphyton with their host 

macrophyte. Some workers found little difference between epiphytic communities 

growing on artificial substrata and natural plants (Cattaneo and Kalff, 1979), whilst 

others (Eminson and Moss, 1980) found high host specificity with four different types 

of macrophyte in an oligotrophic lake. The latter effect appears to only be noticed in 

nutrient-poor conditions. In eutrophic situations, macrophyte specificity does not have 

a major effect on epiphyton communities. This is probably because the concentration of 

excreted nutrients (Wetzel, 1969) by plants in eutrophic lakes is small compared to the 

overlying water.

Allelopathy has been noted in several studies (Elakovitch and Wooten, 1989; Wium- 

Andersen et a l, 1982), and is thought to act as a defence-response by macrophytes to 

discourage the growth of inhibiting epiphyton (Weaks, 1988). In a laboratory 

experiment, it was noted that an extract from Cladophora glomerata slightly inhibited 

the photosynthetic rate of a pure Nitzschia fonticola culture established from its 

epiphyton (Dodds, 1991). However, the effects on epiphyton community structure of 

these allelochemicals and nutrient exudates, particularly in a eutrophic system, are 

poorly understood. Phillips et al. (1978) speculate that host specificity should be more 

pronounced in oligotrophic systems where the influence of host derived exudates should 

be the greatest.

There is a major problem associated with the sampling of epiphyton in the context of 

water quality assessment. As macrophytes are living objects, it is impossible to tell how 

long a particular plant has been exposed to the prevailing water conditions, and hence 

the age of the attached diatom community. Diatoms have a very distinct successional
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process, with adnate forms colonising first, followed by upright or stalk-attached forms 

later. Motile species move around the epiphyton matrix, and chain-forming diatoms can 

be found on the periphery of the attached mass. Thus, depending on the time of 

exposure of the substrate, a very different diatom community can be seen (Jones and 

Meyer, 1983). This may explain why most studies which use diatoms as water quality 

monitors have used either artificial substrata (Goldsmith, 1996), or the epilithon (Kelly 

and Whitton, 1995).

It is yet to be clearly established whether there are any effects of macrophytic 

architecture on the attached diatom community. Aquatic macrophytes, particularly the 

submerged varieties, differ widely in their morphologies. Some possess highly divided 

leaves, such as Myriophyllum spp., whilst others have strap-like, wide leaves (e.g. the 

Potamogetons). It is hkely that different plants will have different levels of light 

availability, shear stress or grazing pressures due to their morphologies. If this is the 

case, then a different diatom community could form as a result. It is therefore important 

to establish this effect if epiphyton communities are to be used to monitor water quality, 

and to establish which particular species of plant provides an epiphytic community 

giving the clearest nutrient signal.

The epipelon

Another distinct community of diatoms can be found inhabiting the fine silt and mud of 

freshwater lakes. This community is termed the ‘epipelon’, and refers to all those 

diatoms attached to, or moving around the muddy substrata.

In eutrophic lakes, the benthic sediment is almost always highly nutrient enriched. This 

fact has been recognised in several studies where the removal of sediment resulted in 

improvements in water quality (e.g. Phillips et al., 1994). Thus complications can occur 

when using diatoms as water quality monitors that inhabit such sediments. The diatoms 

may respond more to the sediment chemistry than that of the overlying water, which is 

an undesirable trait if accurate results are required. Round (1981) notes that the epipelic 

community is very diverse and therefore important in aquatic ecosystems, so it is 

unwise to discount the community for this problem alone. Indeed, it is noted by 

Burkholder (1996) that although studies have indicated that sediments provide a major 

phosphorus (?) source for the epipelon, quantitative information is not yet available.
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Goldsmith (1996) suggests that the use of the epipelon as a water quality monitor 

should be avoided, but it is likely that this community may be a better indicator than 

others in eutrophic systems, not least of all because the community can be found in all 

eutrophic lakes (whereas submerged plants, etc., are sometimes unable to survive).

Artificial substrata

The use of artificial substrates (i.e. glass slides, plastic, etc.) has indicated that they are 

useful research tools in that some element of control can be added to an otherwise 

uncontrolled field experiment, although it should be noted that extrapolating data gained 

in this way to the field situation should be viewed with caution. There are numerous 

ways in which artificial substrata can be employed to examine benthic diatoms, and a 

number of the more significant studies are described. A detailed discussion is given in 

Kelly et al (1998).

A unique comparison of artificial and natural sandy substrates was carried out by Miller 

et al (1987). They argued that using “fixed” artificial substrata (e.g. the plastic panels 

used in marine pools by Hudon and Bourget, 1981) creates a different attached diatom 

community to that of a non-fixed artificial substratum. They examined diatom 

colonisation of sand grains in an experimental stream. Sand grains differ from other 

artificial substrata in that they are subject to movement by water currents, and possess 

crevices, pits and other heterogeneous habitats for colonisation.

Eutrophic lakes tend not to have sandy sediments, due to the high turnover of algal 

populations that leads to a dense silty substrata developing. In most cases, this sediment 

turns anaerobic during the summer months when high bacterial activity uses up any 

oxygen present. This tends to give a highly reduced black sediment, which is caused by 

the build up of iron and sulphur compounds. These types of sediment are inimical to 

rooted macrophytic growth, but it is not known if there are any effects on the growth of 

benthic diatoms and other attached algae.

Goldsborough and Hickman (1991) used smooth cylindrical acrylic rods as an artificial 

substratum for periphytic algal growth, to compare with that of algal growth on natural 

Scirpus validus culms in Hastings Lake, Alberta. These particular rods were chosen as
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they were dimensionally similar to natural Scirpus validus culms, and when the rods 

were fixed into the sediment in the lake, their flexibility permitted them to sway with 

the movement of the water. A similar experiment was carried out using sand-blasted 

tubes in the River Danube (Acs, 1998), with measurements made of colonisation 

processes occurring in the river. Acs (1998) noted problems with the rapid colonisation 

of long filaments of Cladophora on the tubes (similar to those noted by Fairchild et a l, 

1985 and Brown, 1976).

An early experiment on diatom colonisation of an artificial substrate was carried out by 

Korte and Blinn (1983), using plexiglass discs and aluminium SEM stubs in pools and 

riffles in an Arizona river. This technique provided detailed information on diatom 

colonisation and succession in a flowing water environment.

Glass slides were used in a comparison of the attached algal communities of a natural 

and an artificial substrate in a lake in Florida (Brown, 1976). The methods used in this 

experiment follow those by Cooke (1956) and Castenholz (1960). The composition of 

communities of attached algae on glass slides were compared to those on an aquatic 

macrophyte {Eleocharis baldwinii).

Noted errors with the methods used included the unavoidable loss of attached material 

from the substrate when collecting, and the aspects of “patchiness” associated with 

experiments of this kind. Brook (1953) noted in a study of the benthic algae on sand 

filter beds in a waterworks that the sampling error for one bed was 23% when 10 

collections were made. Castenholz (1960) also reported a coefficient of variation of 

around 25% when weighing ash-ffee material on replicate slides placed in a lake. 

However, with the experiment of Brown (1976), although the errors were as high as 

those reported above, statistically significant differences were still observed between the 

artificial and natural substrata. It is suggested in Kelly et al (1998) that artificial 

substrates must be exposed in natural waters for at least a period of four weeks before 

sampling, with longer periods suitable for very oligotrophic conditions. Cattaneo and 

Amireault (1992) no longer use smooth artificial surfaces for diatom growth (like glass 

slides), instead using more ‘natural’ surfaces such as that presented by unglazed tiles. 

Research in UK rivers has also been completed using lengths of polypropylene rope and 

unglazed tiles to represent macrophytes in rivers (Goldsmith, 1997).
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Flowerpots filled with nutrient agar were used in an attempt to determine differences in 

nutrient limitation on dominant periphytic algal species (Fairchild et al, 1985; King et 

al, 2000). The pots in the former study were placed in a uniformly sandy portion of 

South Fishtail Bay in Douglas Lake, Michigan. The workers noted that some of the 

flowerpots became inundated with massive growths of filamentous green algae (notably 

Stigeoclonium), which made the rest of the algal enumeration virtually impossible. This 

is perhaps to be expected when using artificial substrates containing high levels of 

nitrogen (N) and phosphorus (P). Experiments like this are useful in a research context, 

but have probably never been effectively utilised in a monitoring program.

Factors affecting benthic diatom distributions 

Sample representivity

The diatoms colonising the various substrata found in freshwater lakes can be affected 

by external factors such as ambient light conditions, seasonality and grazing by 

macroinvertebrates, in addition to nutrients. The nutrient signal should be the major one 

in a eutrophication monitoring programme, and it is therefore important to consider the 

interactive effects of these additional factors on the benthic diatom community.

Light

Light is an important parameter for the growth of benthic diatoms. As phototrophic 

organisms, diatoms need hght to drive photosynthesis, thus converting inorganic 

compounds into biomass. Photosynthesis responds quantitatively to changes in light 

quality and quantity (Hill, 1996), so can account for much of the variability in 

population growth and community structure of benthic diatoms.

The effect of light on benthic diatoms is relatively unstudied. As is noted in Hill 

(1996), most work has been carried out on the phytoplankton. Benthic diatoms tend to 

be more affected by light than the phytoplankton as they are subjected to shading by 

macrophytes, suffer fi’om hght attenuation by phytoplankton and other particles in the
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water column, and are mainly sessile, so are unable to move to preferential areas of 

light.

Shallow eutrophic lakes vary immensely in their light regimes. Maximum light 

intensities can be found in the very shallow littoral areas of clear water lakes, whereas 

very low light conditions can be expected in turbid waters or in dense macrophyte beds. 

It is likely that the communities living under these very different conditions are very 

different in composition. Again, with the water quality question in mind, it will be 

important to establish just how these different light regimes affect the benthic diatom 

communities, with the aim to maximise the nutrient signal. Autecological light 

requirements by individual benthic species are unknown, because no attempt has been 

made to study them (Hill, 1996), but there are indications that benthic community 

composition does change with different light intensities (Brown, 1976; Nygaard, 1994; 

Tesolin and Tell, 1996).

Diatoms can tolerate lower light conditions than other algal groups such as 

cyanobacteria and green algae (Richardson et al., 1983). Steinman et a l, (1989) 

predicted that diatoms will dominate moderately grazed benthic algal communities at 

<50 pmol m'  ̂s '\ the lowest requirement of all algal groups.

It has also been noted that within diatom matrices, adnate forms such as Achnanthes 

will be discouraged by low levels of light (Steinman, 1992). However, some adnate 

species may have physiological mechanisms that allow them to survive such conditions. 

Achnanthes rostrata can survive long dark periods in excess of 30 days, and remain 

viable afterwards (Tuchman et al., 1994). Achnanthes minutissima was found to survive 

varying light regimes in another experiment (Antoine and Benson-Evans, 1983), 

indicating this species has a generalist nature when concerned with light levels.

What has yet to be discovered is the interaction of nutrients with light. Hill (1996) 

states, “Owr knowledge o f benthic algal ecology would profit from multifactor 

experiments that explore such interactions'". Work has been carried out in oligotrophic 

lakes (Marks and Lowe, 1993), investigating the effects of nitrate and phosphate and 

light on periphyton. Some species responded to differences in light and nutrient regime, 

notably Achnanthes minutissima which had a significantly higher abundance in the high 

shade treatment, but did not differ when different nutrient concentrations were applied.
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The rest of the results were inconclusive, emphasising the need for adequately 

controlled laboratory-based experiments.

Seasonality

Diatom productivity and species composition varies according to season (Marker and 

Casey, 1982; Cox, 1990). Spring blooms are often seen in freshwater systems (Moore,

1976), along with a less intense autumn bloom (Werner, 1977).

There are differences in the dominant species in each seasonal bloom, with Fragilaria 

and Synedra dominant in spring blooms and the centric diatoms in autumn (Werner,

1977). However, these studies are concerned with the planktonic diatoms. Round 

(1961) found that there were three peaks of growth of epipelic diatoms in Blelham Tam 

and Lake Windermere, one in the late winter (around January), one in early spring 

(early March), and one in late spring (April), when the growth was most pronounced. 

There was a corresponding minima observed in the summer and early autumn, although 

this tended to vary between the lakes, and between depths sampled. Round (1960) 

noted that there were extremely low cell numbers of epipelic diatoms recorded in 

Windermere and Blelham in November, and that in general, epipelic diatoms have a 

recognizable pattern of seasonal growth, at least in the Lake District.

It is not known what effect seasonal variation may have on a diatom monitoring system 

(Goldsmith, 1996), so it would appear to be important to investigate this effect further.

Grazing

Grazing effects are difficult to enumerate in aquatic ecosystems. Diatoms are 

considered to be a very important part of the diet of a range of grazers (Round, 1981). It 

is assumed that algal numbers are controlled at least in some way by grazers in most 

aquatic systems (Allan, 1995). Grazers alter the floristic composition of diatom 

communities (Allan, 1995), and thus could bias results in some samples.

Chironomid larvae are considered to be significant grazers of epiphyton (Botts, 1993). 

Schonbom (1984) reported that diatoms made up approximately 55% of the diet of an
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oligochaete Chaetogaster diastrophus, and Douglas (1958) reported an inverse 

relationship between the diatom community and number of grazers. Several authors 

have reported on the importance of the abundance and distribution of epilithic 

periphyton to the distribution of insects (Lamberti and Resh, 1983; McAuliffe, 1984; 

Kohler, 1984). However, nearly all studies have been carried out in riverine situations.

In shallow eutrophic lakes, it would seem likely that more periphyton is available for 

grazers to feed on than in rivers, and that higher numbers could be supported by such 

abundance. This has not yet been established. Also, it is possible that a high diversity 

of benthic diatom species could support a concurrent high diversity of grazers. This 

also has not been tested in eutrophic lakes. Grazing is therefore an important effect to 

consider in terms of using diatoms to monitor water quality.

Aims and objectives

Introduction

There are several important questions about benthic diatom ecology and the use of 

diatoms to monitor water quality that need to be addressed. Some of these are outlined 

below, and an attempt to answer these will be made in this thesis.

Benthic diatoms, in the main, have only been used in paleolimnological studies of 

freshwater lakes, where past and present epilimnetic phosphorus concentrations were 

reconstructed, utilising the whole subsurface assemblage (including planktonic forms) 

(Bennion, 1994). Contemporary studies of benthic diatoms in rivers have been carried 

out (Goldsmith, 1996; Kelly and Whitton, 1995; 1998), but little research has been 

completed using contemporary benthic diatoms as water quality monitors in eutrophic 

lakes.

Little is known about the effects of parameters other than nutrients on benthic diatom 

communities. Such parameters include substrate, light, seasonality and grazing. A 

fuller understanding of benthic diatom ecology will be required to asses whether these 

parameters have any effect on the ability of diatoms to monitor water quality in 

eutrophic lakes.
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The overall aim of this project is to ascertain whether benthic diatoms can be used to 

monitor standing water quality, with particular emphasis on eutrophication. It is hoped 

that recommendations can be made as to the most useful substrate to sample for benthic 

diatoms, along with an indication of the correct time of year to sample. It is also the 

intention to fill in some gaps in our knowledge of benthic diatom ecology, with 

particular reference to substrate and light.

Summary of aims

1. Do benthic diatoms respond to the nutrient gradient occurring in eutrophic 

shallow lakes? In order to use benthic diatoms to monitor impacts of eutrophication 

in shallow lakes, it is important that they respond sensitively to the varying nutrient 

concentrations present in the water.

2. Does submerged plant species affect the composition of the attached diatom 

community? Does growth form or “architecture” affect the composition of the 

attached diatom community? In order to accurately predict the ecological status of 

a standing water body, it will be important to assess if the particular species of 

submerged plant selected for diatom harvesting has any effect on the composition of 

the diatom community growing on it. Ideally, the plant species will have minimal 

effect on the community, and it will only be the overlying nutrients that cause 

changes in the species composition of the epiphyton. Submerged plants have a range 

of different morphologies, with some possessing highly divided leaves, and some 

having strap-like, wide leaves. A hypothesis is that this growth form difference may 

have an effect on the diatoms that are able to colonise the plant, since the plant will 

have different levels of light availability, shear stress, grazing pressures, etc.

3. Which is the best substrate to sample to get the most representative benthic 

diatom community, and hence the best measure of environmental quality? It is 

very important in studies such as this to adequately assess the representivity of 

samples. The overall aim of sample representivity in water quahty studies is to 

maximise the nutrient signal given by the diatom community, whilst minimising 

other signals. One of the main aims of this project is to recommend a substrate which 

provides a diatom community that best describes the nutrient composition of the 

overlying water. This will prove invaluable to environmental workers who need to 

sample diatoms; hence in this project a number of natural substrates are investigated.
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4. When is the best time to sample benthic diatoms to get a representative sample?

The effects of seasonality on benthic diatoms can be measured by taking samples 

over a one-year time period.

5. Does light affect the benthic diatom composition of eutrophic waters? An 

analysis will be made to examine how light levels affect community composition, 

and its interactive effect with nutrient concentrations in the water column.

6. Can diatom growth forms assess the influence of grazing on diatom community 

composition? Levels of grazing in lakes are very hard to determine, and as diatoms 

form the base of the diet of many aquatic grazers, it will be important to try and 

assess the effects of grazing on the communities of benthic diatoms. It has been 

shovm that grazers can alter the floristic composition of algae (Allan, 1995), with 

other workers finding a seven-fold over-representation of one diatom species in the 

gut of a caddis larva (Hill and Knight, 1988). It is hoped that grouping benthic 

diatom species according to their growth form (e.g. adnate species such as Cocconeis 

placentula ‘vs’ upright species such as Gomphonema parvulum) and using 

qualitative data on numbers and types of fish and chironomids, that some correlation 

can be seen between high numbers of grazers and lower numbers of upright diatoms 

(and vice versa).

7. Does diatom diversity indicate the ‘health’ of a lake? The definition of “high 

quality” in terms of fresh water is very difficult to define. Most workers base their 

definition on the overall diversity of the community they are measuring, with the 

general conclusion that a lake with high diversity is “better” than one with a low 

diversity. In eutrophic systems such as the ones described in this report, the water 

quality differences between lakes are very subtle, and it is not known if these minor 

differences have any effect on the overall diversity of the aquatic ecosystem. In the 

case of using benthic diatoms as a water quality monitor, it is important to estimate 

levels of diversity (which includes species richness and evenness) for the diatom 

communities across different substrates and seasons. This will give some indication 

of the overall “health” of the lake in question.
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Chapter 2

Methods

Introduction

This chapter discusses the various methods employed for sampling and harvesting 

benthic diatoms, as well as describing the water chemistry methods used throughout this 

thesis. A number of methodological experiments were carried out whilst undertaking 

the field sampling aspect of the research, and the results of these experiments are also 

presented here. The study region and site details are described. Statistical methods are 

dealt with in subsequent chapters and are not, therefore, explained here.

Sampling benthic sediments

The method used for sampling the lake sediment follows that of Eaton and Moss (1966). 

Lake sediment was drawn up using a 1 cm diameter clear Perspex tube, under capillary 

action. The sediment was placed into a Petri dish, and as much overlying water 

removed as possible. Squares of lens tissue paper (Whatman 105 grade) with a surface 

area of 2 cm  ̂were placed on the sediment surface, and the dish was left; in an area that 

would receive direct sunlight. The following morning, the lens tissue was removed and 

placed into sterile containers along with methanol as a preservative. Leaving the tissue 

on until the following morning theoretically allows all the diatoms to travel up from the 

sediment to the surface, where they are trapped by the tissue. The major disadvantage 

of this method is the lack of quantification. Diatom counts can only be based on 

percentage composition, which, although accurate enough for most monitoring work, 

may be too generalistic to produce detailed models.
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Sediment sampling experiment

Problems were noted with the lens tissue method, notably the lack of diatoms harvested 

from some benthic samples, and the general lack of expected motile species. After 

discussion with various other workers in this field, it was decided to set up a small 

experiment to discover the best way of harvesting diatoms (using lens tissue) fi*om 

eutrophic sediments, which are known to be highly flocculant in nature.

Mud was collected in the same manner as already described above fi*om a eutrophic lake 

(Long Pond Fisheries pond, Stoke-by-Clare, Suffolk; summer TP (1999) 88 |o,g 1'̂ ). 

Sediment was well mixed before being placed into three Petri dishes, and treatments 

carried out as below (three rephcates carried out of each):

1. Normally treated sediment, double thickness of lens tissue paper

2. Very wet sediment (2mm layer of surface water), double thickness of lens tissue 

paper

3. Very dry sediment (all visible traces of water removed), double thickness of lens 

tissue paper

4. Normally treated sediment, double thickness of paper, plus cover shp on top

5. Very wet sediment, double thickness of lens tissue paper, plus cover slip

6. Very dry sediment, double thickness of lens tissue paper, plus cover slip

The Petri dishes were placed in direct sunlight, and treated exactly as outlined in Eaton 

and Moss (1966). Comparisons were made of the total number of species found in each 

treatment to assess the overall success of each method used. Total numbers of species 

found in each sample were analysed using a two-tailed t test (n=3), using P<=0.05 as 

the significance level.

Results of sediment sampling experiment

The control treatment with no cover shp had a significantly lower mean to the wet 

treatment with or without a cover shp, and the dry treatment with no cover slip (Table 

2). This, therefore, seems to indicate that the wet treatment is more effective in terms of 

the numbers of species harvested per sample, regardless of whether a cover slip is used
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or not. This is an unexpected result, given that most workers in the field suggest 

removing as much water as possible from the sample to avoid the tissue paper floating 

away fi*om the sediment (and therefore not trapping the diatoms), and which would 

explain the significant result recorded for the dry sample without a cover slip (P = 0.03).

Table 2: Results of two-tailed t test for significant differences in mean of numbers of species found 
in each treatment Codes: CS = control with cover slip, CT = control without cover slip, WS = wet 
treatment with cover slip, WT = wet treatment without cover slip, DS = dry treatment with cover

Sample (codes below) f stat P
CTCS -0.57 0.63
CTWT “8.66 0.01 *
CTWS “6.43 0.02 *
CTDT “6.05 0.03 *
CTDS -2.08 0.17
CSWT -1.81 0.21
CSWS -2.98 0.09
CSDT -2 0.18
CSDS -1.15 0.37
WTWS -1 0.42
WTDT -0.28 0.81
WTDS 0.66 0.58
WSDT 0.38 0.74
WSDS 1.31 0.32
DTDS 1.89 0.2

One of the problems noticed in the early field-sampling period was the apparent absence 

of the motile naviculoid species. To see if adapting the harvesting method altered the 

abundance of this group of diatoms, the control treatments were compared to the wet 

treatments to assess if the significant differences noted above were true for the motile 

forms (Table 3).

Table 3: Two-tailed paired t test for means results of comparing abundances of naviculoid diatom

Sample (codes below) fstat P
CTCS 35.79 0.0008 *
CTWT 4.39 0.05 *
CTWS 3.18 0.09
CSWT -0.93 0.45
CSWS -1.82 0.21
WTWS “8.65 0.01 *

The control treatment with no cover slip had a significantly higher abundance of 

naviculoids than the control with a cover slip. This result indicates that using lens tissue 

alone favours the harvesting of the motile forms in a control treatment. The control
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treatment with no cover slip also had a significantly higher abundance of naviculoids 

than the wet treatment with no cover slip, indicating that the wet treatment discourages 

the motile forms fi’om attaching to the tissue. The wet treatment with no cover slip had 

a significantly lower abundance of naviculoid diatoms than the wet treatment with a 

cover slip, which seems to indicate that if using very wet sediment, it is advisable to use 

a cover slip to encourage the movement of motile diatoms onto the lens tissue.

Sampling emergent plant epiphyton

Removing the diatoms from natural substrata is fraught with difficulties. To adequately 

assess the epiphytic flora of aquatic plants, the great majority of the diatoms need to be 

removed. This is quite difficult to achieve when using natural substrata, particularly 

emergent plants such as Phragmites spp. The diatom taxa typically found on this 

substrate, are generally flattened, adnate forms such as Cocconeis spp, and Achnanthes 

spp, which are very tightly bound to the surface of the plant. Simply boiling the plant 

material in hydrogen peroxide does not remove the majority of these diatoms. To 

ensure adequate recovery rates requires a more active harvesting technique, with most 

researchers scraping the plant surface with a razor blade or toothbrush (Acs and Buczko, 

1994; Waterford and Driscoll, 1992). The scrapings are then added to the beaker 

containing the hydrogen peroxide digestion mixture and the rest of the plant material. 

This method was used in the field sampling for this project.

Sampling submerged plant epiphyton

Harvesting the diatoms from submerged plants and algae is easier than from emergent 

plants, since the boiling action used in most standard preparation techniques tends to 

render the plant material down to a pulp, with the concurrent release of attached 

diatoms. However, 100% removal of epiphyton is rarely achieved (Bowker et al., 

1986). A new method to aid the removal of epiphyton is discussed in Bowker et al. 

(1986), which involves the stomaching technique. This is where a plant sample is 

placed into a plastic bag with water, and then placed into a stomacher machine. This 

machine is normally used in the food microbiology industry, where suspensions of food 

can be prepared to undergo microbiological analysis. The machine has paddles that
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vigorously pound the bag and its contents, enabling a greater percentage of diatoms to 

be removed from the plant surface - almost 100%. This method was developed from 

other work (Cattaneo and Kalff, 1980), where it was found that shaking macrophyte 

shoots in water removed a variable proportion (6-68%) of epiphyton. Gough and 

Woelkerling (1976) found that adding a hydrolysing solution before shaking gave a 

higher removal efficiency (96 - 99.7%). The samples in this thesis were boiled in 

hydrogen peroxide for a period of approximately 1.5 hours, which gave good results in 

nearly all cases.

Diatom sample collection

Substrata were collected from each lake, using the methods described above. These 

included submerged and emergent plants, floating leaf plants, and lake sediment. A full 

list of plant species sampled is presented in Table 4. Due to the intense eutrophic 

conditions of the study lakes, some species of submerged plants were not present. 

Submerged aquatic plants also have a very defined season, so in winter only emergent 

plants and sediment were collected. On certain occasions benthic filamentous algal 

mats were present, and some samples were also taken of these. Samples were placed 

into sterile containers and covered with methanol to preserve them. Emergent plant 

stems were cut from the plant bed at a depth of between 30 and 50cm, with only plants 

having an obviously brown ‘film’ selected (thus ensuring adequate diatom coverage). 

Only the top 10cm of submerged plants was sampled, with the whole plant being used 

for diatom collection (not just the leaves, for example).

Submerged plants Emergent plants Floating plants
Myriophyllum spicatum 
Ceratophyllum demersum 
Ceratophyllum submersum 
Potamogeton pusillus 
Potamogeton pectinatus 
Potamogeton sp.
Elodea canadensis 
Hippurus sp.
Char a sp.

Typha sp.
Phragmites australis 
Car ex sp.

Nymphaea alba 
Lemna minor 
Enteromorpha sp. 
Cladophora sp. 
Spirogyra sp. 
FLAB
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Representivity and sampling errors 

Replication experiment

Ten replicate samples of Phragmites and benthic mud were taken from Green Plantation 

pond in April 2000. These were taken to try to ascertain how many replicates are 

needed to provide an accurate representation of diatom composition. In this case, the 

total number of species of diatoms in each sample was used as a means of comparing 

the replicates.

Results of replication experiment

More species were found in the sediment samples than in the Phragmites samples 

(Table 5). However, it appeared that to obtain the average number of species for each 

type of substrate, five replicates were adequate (Figures 1 and 2).

Table 5: Variation in species counted per replicate in the April 2000 samples.

Phragmites (10.4.00) Species counted Sediment (10.4.0(0 Species counted
11 Mean = 15 11 Mean = 19.4
13 SD = 2.11 12 SD = 4.9
13 17
14 Number of 19 Number of

replicates replicates
16 Above mean = 6 21 Above mean = 6
16 Below mean = 4 21 Below mean = 4
16 21
17 22
17 23
17 27
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R" = 0.9594
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Figure 1. Phragmites replicates. Red line represents mean, dotted line represents where mean 
value crosses fitted value (polynomial), and hence number of replicates to take. Pink line 
represents actual values.
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Figure 2. Sediment replicates. Red line represents mean, dotted line represents where mean value 
crosses fitted value (polynomial), and hence number of replicates to take. Pink line represents 
actual values.
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Preparation of samples for diatom analysis

The preparatory techniques used follow those of Battarbee (1986), with some 

adaptations. It is necessary to clean diatom samples so that organic matter does not 

prevent adequate enumeration and identification. There are variations of the method 

according to the type of substrata to be treated.

Epiphyton (submerged and floating leaf plants)

The sample was tipped into a large Pyrex beaker (generally 100-250 ml volume) with 

the liquid used to preserve the plant material (methanol). Distilled water was added to 

ensure the plant was covered with liquid, and approximately 5 ml of hydrogen peroxide 

(H2O2) was added. After any excessive effervescing had finished, the beaker was 

placed on a hotplate at 60°C for 3-4 hours with additions of water as required to stop the 

sample drying out. Plant material was removed at around 1.5 hours. After cooling, the 

contents of the beaker were placed into a plastic centrifuge tube and repeatedly washed 

with distilled water and centrifuged (10 minutes at 1500 rpm).

Epiphyton (emergent plants)

After the plant material had been placed into the Pyrex beaker, the stem was carefully 

scraped with a clean razor blade to remove the tightly bound diatoms, with the blade 

and stem being washed with distilled water regularly, and the washings collected in the 

same beaker. Then the plant was treated as detailed in the submerged plant section 

above.

Epipelon (lens tissue)

The squares of lens tissue were decanted into beakers with the preservation liquid. 

After a quantity of water had been added, the lens tissue was shredded with a pair of 

tweezers. Hydrogen peroxide was then added, following the method above. The lens
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tissue was stirred and shredded periodically throughout the heating procedure (using 

clean tweezers), which generally allowed for adequate recovery of the attached diatoms.

Slide preparation

A dilute suspension of diatoms was prepared, and a small amount placed onto a 19 mm, 

grade 0, circular cover slip. After approximately two days, the cover slip was dry 

enough to make into a slide. A small quantity of a high refractive index mountant 

(Naphrax) was pipetted onto a glass microscope slide, and the cover slip with the dried 

diatoms on inverted over the drop. The slide was then placed onto a hotplate and heated 

at 130°C for 15 minutes to drive off the toluene in the mountant, thus setting the slide. 

The slide was then allowed to cool, and labelled before storage.

Diatom counts

At least 300 diatom valves were counted per slide, using a transect method. Counting 

was performed at xl250 magnification using an oil immersion lens under phase 

contrast. Some slides had insufficient valve numbers to use the transect method, so the 

whole slide was counted, with the total number of diatoms noted (these were generally 

the early epipelon samples, and some of the emergent plant samples). The principal 

taxonomic keys used were Krammer and Lange-Bertalot (1986, 1988, 1991a, 1991b).

Increasing the numbers o f valves counted per sample

Due to the dominance of common diatom species such as Achnanthes minutissima, 

Cocconeis placentula and the Fragilaria taxa, it was considered advisable to assess if 

the abundances and numbers of rare species increase with increasing diatom counts. An 

experiment was carried out that examined the correlation between valves counted and 

abundances of rare taxa. Three random slides were selected from the submerged plant 

groups from the year’s samples (because these always had high numbers of diatoms to 

count on each slide, unlike the other sample groups), and 100, 300, 500 and 1000 valves 

were counted on each slide. The time taken to count each number of valves was noted.
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This gave an indication of the correct number of valves to count to give the most 

numbers of diatom species, whilst taking into account the increased time required to 

count them.

Results of counting experiment

It appeared, as expected, that increasing the numbers of valves counted increased the 

numbers of diatom species found (Table 6). However, there was little difference 

between counting 500 valves and 1000 valves in terms of diatom species noted -  only 

an average of 1.33 extra species were found. Counting an extra 500 valves took 

approximately an extra 20 minutes, which would probably be an unnecessary waste of 

time given the low number of additional species found. The difference between 

counting 300 and 500 valves was also small, with only another 2 species found on 

average, with an eight minute increase in time per slide. The largest difference was 

noticed when counting 100 valves compared to 300. An extra 2.33 species were found 

if 300 valves were counted, which doubled the time taken to count each slide. In 

conclusion, it appeared that a suitable number of valves to count per slide was either 

300 or 500, taking account of the benefits of finding extra diatom species, compared 

with the negative effect of extra time taken.

Valves counted Species counted 
(n=3, ± SD)

Time taken (mins) 
(n=3, ± SD)

Species counted 
per minute

100 8.67(1.53) 6.00 (1.00) 1.45
300 11.00(2.00) 12.00(1.73) 0.42
500 13.00(1.73) 19.67 (2.31) 0.66
1000 14.33 (3.21) 39.00(1.00) 0.37

Water chemistry

To ensure accurate results, the physico-chemical parameters were measured in situ. 

These included pH, water temperature, conductivity, alkalinity and underwater light (as 

Secchi depth). Water was filtered at each site to reduce degradation of samples, notably 

those for soluble reactive phosphate and nitrate. Samples were kept in the dark and 

under refiigerated conditions until subsequent analyses in the laboratory. All bottles
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and glassware used were thoroughly acid-washed in 2% HCl and rinsed in deionised 

water before use. When soluble reactive phosphate (SRP) and nitrate were measured in 

the laboratory, a random sample was repeated three times to ensure reproducibility. At 

no time was any significant difference noticed in the concentrations measured of this 

sample.

Physico-chemical parameters

Alkalinity

Total alkalinity was measured in situ using a digital Hach kit. 100 ml of lake water was 

collected and placed into a 250 ml conical flask. Approximately six drops of 

bromocresol-green methyl-red indicator was added, with the sample being swirled to 

ensure adequate colour coverage. The digital titrator fi*om the kit (Hach model 16900- 

01) was used, with 1.6N H2SO4 as the titrant, until the sample turned fi’om turquoise 

blue to light grey. The total alkalinity was then expressed as mg 1'̂  CaCOg

Conductivity

Conductivity was measured in situ using a conductivity meter and probe (Phillip Harris 

model).

pH

pH was measured in situ using a pH meter (Philip Harris) which had previously been 

calibrated to pH 4 and 7 with standard BDH buffers. The electrode was thoroughly 

rinsed with distilled water before and after usage.
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Water temperature

Water temperature was measured in situ using a standard mercury-filled thermometer, 

which was placed into the lake for approximately 10 minutes.

Underwater light

Underwater light was measured during the in situ experiments only (Chapters 5 and 6), 

due to the unavailability of the equipment at other times. Underwater light was 

measured using a Li-Cor LI-193 SA glass spherical quantum sensor, with ambient light 

measurements taken with a Li-Cor LI-190S A quantum sensor, attached to a Li-Cor 

LI250 light meter via an added switched junction box which enabled measurements 

from both probes to be read sequentially. Extinction coefiBcients for the water column 

down to the bottom of the lake were calculated using the following equation:

Light extinction coefficients were calculated where the extinction coefficient k is given 

as:

2.3 (log Idi -  log Id2)

(d 2 -d l )

where Ui is the intensity of light at depth dl. Id: is intensity of light at depth d2, dl and 

d2 is the depth in metres.

Secchi depth was used in all lakes to assess light penetration in the water column. This 

involved lowering a quartered black and white metal disk attached to a tape measure 

into the water until the disk could no longer be seen (Secchi depth is given in 

centimetres).

Nutrient chemistry

All analyses were carried out in the Department of Geography laboratory. University 

College London.
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Total phosphorus

Total phosphorus (TP) was determined using unfiltered lake water. The sample was 

treated with persulphate in a microwave digester, and then analysed for phosphate using 

the standard SRP method detailed here. Nutrient chemistry methods are based on 

Johnes and Heathwaite (1992).

Soluble reactive phosphate

SRP was determined using water that had been previously vacuum-filtered using a 

Whatman GF/F filter paper (the paper being retained for subsequent chlorophyll a 

analysis). SRP was measured spectrophotometrically at 885 nm after treatment with a 

standard solution (based on the molybdenum-blue reaction). A set of standards of 

known concentrations was also run, and the SRP concentration of the water determined 

using a graph plotted from the standards.

Nitrate

Nitrate (NO3-N) was measured using filtered water and a spectrophotometric method 

based on the reduction of nitrite to nitrate in the presence of a cadmium catalyst. The 

sample is then diazotised to yield a liquid of an intense pink colour, which is measured 

spectrophotometrically at 543 nm along with a set of standards.

Silica

Silica (SiOi) was measured after filtering with cellulose nitrate filters and transferral to 

polyethylene bottles. The water is treated with an acidified molybdate solution that is 

then reduced to form a blue coloured solution. This is then measured at 700 nm on a 

spectrophotometer, along with a set of standards.
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Chlorophyll a

The amount of chlorophyll a present in a water sample gives a crude estimation of the 

algal concentration of the water column. A known amount of water (generally 500 ml) 

was filtered onto Whatman GF/F paper. This was retained and stored in the dark under 

refrigerated conditions until laboratory analysis. The paper was ground up with acetone 

and a small amount of silver sand in a pestle and mortar, before being centrifuged and 

then spectrophotometrically analysed at wavelengths of 750, 663, 480, 430 and 410 nm. 

Using a standard equation, the concentration of chlorophyll a was calculated.

The Norfolk area

Norfolk is situated in East Angha, in the United Kingdom. It is a low-lying county, 

with much of its area at, or below, sea level. It has a base-rich geology, mainly due to 

the laying down of chalk in the Upper Cretaceous. Thus, much of the water carried by 

the region’s rivers comes directly from the aquifers present in the chalk beds (George, 

1992). The climate in Norfolk tends to have a slightly more continental climate than 

other parts of the UK, but is typical of the East Anglian region in general. Maximum 

temperatures are lower than the more inland sites, due to the effect of the North Sea.

Land use is varied in Norfolk, with arable and grazing land forming a large part of the 

landscape. The east of the county is dominated by the Broads, a series of medieval peat 

diggings which were subsequently flooded, and the land around these lakes is mostly 

carr and improved pasture. The west of the county is more dominated by woodland, 

with many privately owned estates managing extensive areas of mixed deciduous and 

coniferous forest.

Norfolk itself is a county of great scientific interest, due to an abundance of small estate 

lakes of conservation value, as well as the internationally recognised Norfolk Broads. 

The estate lakes are generally small, shallow and have relatively small inflows and 

outflows. These contrast directly with the Broads, which are larger and deeper. The 

estate lakes themselves have a variety of origins, 17^ century ornamental fish ponds 

(e.g. Felbrigg Hall Lake), or early 20^ century garden pools (e.g. Gunthorpe Hall Lake). 

All are managed to some extent for fishing or ornamental purposes, which again can be
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contrasted with the Broads which are now mainly used for tourism, conservation, and 

water extraction.

Site selection

Five sites were selected from a set of 29 shallow, eutrophic lakes in Norfolk, East 

Anglia sampled by other workers for water chemistry analyses in the summer of 1998. 

Figure 3 shows the Norfolk area where the lakes are situated. The five sites selected 

were chosen to cover a TP gradient in the eutrophic-hypertrophic range and for their 

availability of substrates suitable for the growth of benthic diatoms (e.g. submerged and 

emergent aquatic plants). All the lakes chosen are man-made estate lakes and have 

catchments typical of the Norfolk region, i.e. mainly farmland with some areas of 

woodland. In order to hold lake size and type relatively constant, sites in the Broads 

were not selected. Given the nature and length of the sampling programme, and the 

need to minimise disturbance, only relatively secluded and sheltered sites were chosen. 

The main features of the five sites are detailed in Table 7.

OLK

.^King's Lynn

Figure 3. North Norfolk map. 1 = Blickling, 2 = Beeston, 3 = Felbrigg, 4 = Green Plantation, 
5 = Gunthorpe
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Table 7: Main features of the five sampling sites, including mean values for the sampling period 
1999-2000. Macrophyte codes are: tu = turbid; ch = Chara spp.; fil = filamentous algae dominated;

Site Surface
area
(ha)

Max. depth 
(cm) 

(summer)

Macrophyte
group

TP
1̂

SRP
^gl‘‘

Chi a 
Ugl^

NO3
mg

Blickling Hall 1 0 .1 258 tu,ch 1 0 2 4 48.8 0.78
Beeston Hall 2 .6 95 fil,po 106 23 19.4 0.83
Felbrigg Hall 2.7 150 po,za 106 31 13.6 1.26
Green
Plantation

1 .6 310 ch,po 31 2 1 2 .0 0.90

Gunthorpe
Hall

1.7 245 cd,ny 65 5 60.8 0 .6 6

Blickling Hall Lake

Blickling Hall Lake (grid reference TG 178 293) is situated in the grounds of Blickling 

Hall, a National Trust site in north-east Norfolk. It is the largest lake in the data set, 

having a surface area of some 10 hectares. It is shallow, with a maximum depth 

(summer) of 258 cm. The mean chlorophyll a concentration of is high (48.8 pg 1'̂ ) and 

the lake is frequently turbid. A plant survey carried out in 1998 found little plant 

growth, although some specimens of Chara were present. The lake is used primarily 

for angling, and the fish community is dominated by pike, roach and perch, with carp 

also present.

Beeston Hall Lake

Beeston Hall Lake (TG 334 213) is situated in the grounds of Beeston Hall, a privately 

owned estate in north-east Norfolk. It is a small lake, with a surface area of 2.6 

hectares. It is the shallowest lake in the data set, with a maximum depth of only 95 cm. 

The mean chlorophyll a concentration was 19.4 pg l '\  The lake supports a range of 

submerged plants, notably filamentous algae and Potamogeton, but does not have a high 

diversity of species. The lake has a large population of resident wildfowl.
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Felbrigg Hall Lake

Felbrigg Hall Lake (TG 191 388) is situated in the grounds of Felbrigg Hall, a National 

Trust owned site. It is surrounded by woodland and open farmland. It is a small 

shallow lake, with a surface area of 2.7 hectares, and a maximum depth of 150 cm. The 

mean chlorophyll a concentration was 13.6 pg l '\  One end of the lake is dominated by 

a dense bed of Phragmites australis, with the rest of the lake having relatively few 

submerged plant species present (some Potamogetons and Zannichellia were noted). It 

is primarily an angling lake, and is stocked with various coarse fish. The lake supports 

a large wildfowl population.

Green Plantation Pond

Green Plantation Pond (TG 082 408) is situated near to the town of Holt in the north of 

Norfolk. The lake is surrounded by a dense patch of deciduous and coniferous 

woodland. It is the smallest yet deepest lake in the data set with a maximum depth of 

310 cm. It is the least turbid of the sites, with a mean chlorophyll a concentration of 

only 2 pg r \  It is the most diverse of the sites in terms of its macrophyte community 

with dense beds of Chara, Potamogeton, Myriophyllum, Elodea and Ceratophyllum, a 

relatively large bed of Phragmites australis and other emergent plants such as Typha. 

The lake is stocked with brown and rainbow trout, as well as other coarse fish. It is 

occasionally used for duck shooting.

Gunthorpe Hall Lake

Gunthorpe Hall Lake (TG 009 345) is situated in the grounds of Gunthorpe Hall (which 

is a privately owned estate), near the village of Gunthorpe in the north-west of Norfolk. 

The lake is surrounded by mixed farmland and wet woodland. It is a small lake similar 

in size to Green Plantation Pond, and is relatively deep with a maximum depth of 245 

cm. The chlorophyll a concentration is the highest of the five sites (60.8 pg 1'̂ ), but 

interestingly the lake supports a diverse plant community (with examples of
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Ceratophyllum, Hippuris, Phragmites and Nymphaed). The lake is stocked with coarse 

fish.

Sampling regime

Field sampling started in June 1999 on a monthly basis (except during the winter when 

a bimonthly sampling period was introduced) for a period of one year. Monthly 

sampling allowed for seasonal variation in nutrient concentrations to be measured whilst 

providing a feasible frequency of site visits. Furthermore, it enabled the full annual 

cycle of submerged plants to be captured, thereby maximising the range of species 

sampled for diatoms. At each lake, samples were collected for analyses of water 

chemistry and benthic diatoms. The samples taken were coded, and these codes are 

presented in Appendix 1.
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Chapter Three

Environmental factors affecting benthic 
diatom assemblages

Introduction

The associations of contemporary benthic diatom assemblages with environmental 

factors in shallow lakes are poorly understood. This chapter describes the results of a 

one-year field study of five shallow lakes in Norfolk which aims to address this gap in 

our knowledge by assessing the key environmental factors affecting benthic diatom 

assemblages. Firstly, the seasonal variation in the chemistry and the main chemical 

gradients in the dataset are explored. This is followed by an examination of the 

distribution of the common diatom taxa along the key environmental gradients, 

nutrients and light. Finally the effect of substrate on diatom community composition is 

assessed.

Results

Water chemistry: seasonal variation

Seasonal variation was assessed for the environmental parameters measured in each 

lake. It is important to examine seasonal variabihty in shallow lakes, especially in 

relation to using bioindicators, where there is a need for reliable mean data. Data were 

collected over a 12 month period, from May 1999 to May 2000, excluding October and 

December 1999, and February 2000. Parameters measured included SRP, TP, nitrate, 

alkalinity, silica, conductivity, pH, Secchi depth and chlorophyll a.
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Soluble reactive phosphate

Monthly concentrations of SRP were generally in the eutrophic-hypereutrophic range 

given by the OECD (Figure 4). There was great within site variability at three lakes 

over the sampling period, with large summer peaks seen in Green Plantation, a winter 

peak in Beeston, and two peaks (one in September, and one in January) in Felbrigg. 

The concentrations in Blickling and Gunthorpe remained comparatively low throughout 

the year. The lowest concentrations occurred during spring at all sites.

Nitrate

Unlike SRP, nitrate concentrations showed a marked seasonal pattern over the sampling 

period (Figure 5). In all cases, highest concentrations were seen in the winter (between 

1 and 2.5 mg 1'̂ ), with levels decreasing over the start of the plant-growing season in 

early spring (March -  April). In summer, concentrations in all lakes were very low 

(generally less than 0.5 mg 1*̂). Felbrigg had notably higher concentrations in the spring 

and summer of 1999 than the other lakes.

SRP

120

I
o

60

s

May-99 Jun-99 Jul-99 Aug-99 Sep-99 Oct-99 Ncw-99 Dec-99 Jan-00 Feb-00 Mar-00 Apr-00 May-00

Beeston ■ Blickling Felbrigg — Green Plantation x  Gunthorpe

Figure 4. Seasonal variation in soluble reactive phosphate at the five sites.
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Figure 5. Seasonal variation in nitrate at the five sites.

Total phosphorus

Total phosphorus (Figure 6) concentrations exhibited high seasonal variation, with 

greatest fluctuation and maximum values during the summer months at most sites. TP 

values were most constant in Green Plantation with only a slight increase over the 

winter period.

Silica

Silica concentrations (Figure 7) were relatively high in all five lakes and did not fall 

below 0.5 mg l '\  the level considered to be limiting for diatom growth (Round, 1981). 

Gunthorpe and Beeston had very similar high levels of dissolved silica (> 5 mg 1'̂  for 

most of the year) while Green Plantation, Felbrigg and Blickling were lower, frequently 

< 5 mg r \  The latter three sites exhibited similar seasonality with a steady increase in 

silica concentration from May 1999 to January 2000, followed by a decline during 

spring 2000. Likewise, concentrations increased at Gunthorpe from the start of the 

sampling period but began to decline somewhat earlier than the previous three lakes in 

November 1999. Silica concentrations were very variable over the sampling period in 

Beeston, with a peak seen in November 1999 and another in May 2000.
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Figure 6. Seasonal variation in total phosphorus at the five sites.
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Figure 7. Seasonal variation in dissolved silica at the five sites.

Alkalinity

All sites had high alkalinity values >50 mg 1'̂  carbonate (Figure 8). There was slight 

seasonal fluctuation in concentrations in the summer of 1999 and the spring of 2000, but 

otherwise levels were relatively stable.
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Conductivity

Conductivity levels (Figure 9) were generally high and no marked seasonal pattern was 

observed.
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Figure 8. Seasonal variation in alkalinity at the five sites.
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Figure 9. Seasonal variation in conductivity at the five sites.
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pH

All the lakes are neutral to basic, with monthly values > pH 7 (Figure 10). Highest pH 

values were observed in summer 1999 with notable peaks in Felbrigg, Blickling and 

Green Plantation where values exceeded pH 8.5.

pH

10.5

9.5

7.5

6.5

M»y-99 Jul-99 Oct-99 Nov-99 Dec-99 Mar-00 Apr-00 May-00

Beeston Blickling Felbrigg Green Plantation Gunthorpe

Figure 10. Seasonal variation in pH at the five sites.

Secchi depth

Green Plantation was the clearest water site (Figure 11), with a relatively high Secchi 

depth (SD) of around 300 cm for all months. The other four sites were turbid for much 

of the year, with SD values of < 200cm. However, Gunthorpe was relatively clear in 

June 1999, but then suffered a loss in clarity from July to September. The SD began to 

increase again over the winter months 99-00, to levels approximating those seen in 

Green Plantation. Blickling was the most turbid site, with an SD of < 50 cm on a 

number of sampling occasions. This site suffered from an intense cyanobacterial bloom 

over the whole period.
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Secchi depth
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Figure 11. Seasonal variation in Secchi depth at the five sites.

Chlorophyll a

Four sites experienced clear peaks in chlorophyll a concentrations (Figure 12): Beeston 

= 120 pg in July 1999; Gunthorpe = 370pg 1'* in September 1999; Blickling = 100 pg 

in January 2000, and Felbrigg = 50pg 1'̂  in August 1999 and 40pg 1'̂  in April 2000. 

Green Plantation had the lowest concentration of chlorophyll a, remaining relatively 

constant over the sampling period.

Chlorophyll a
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Figure 12. Seasonal variation in chlorophyll a at the five sites.
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Relationships between the measured chemical variables

A matrix of product-moment correlations between the nine environmental variables 

measured on nine occasions at the five sites was generated using CANOCO for 

Windows (ter Braak and Smilauer, 1998) (Table 8). As Secchi depth was not measured 

in January 2000, the data analysed consists of nine months instead of the complete 

dataset of ten months. Linear relationships exist between variables and are significant at 

the 99.5% significance level, where the cell values are shaded. There were only four 

statistically significant correlations between the environmental variables. This was 

probably due to the relatively low number of samples (n = 45). The multiple scatter 

plots illustrate the relationships between the environmental variables (n = 45), Figure 

13.

Table 8: Matrix of product-moment correlations between environmental variables for 45 samples.

TP 1.000
SRP 0.111 1.000
NO3 -0.271 -0.071 1.000
Sil 0.195 0.108 -0.119 1.000
Aik 0.055 -0.288 0.065 0.423 1.000
EC 0.071 0.024 -0.011 0.179 0.382 1.000
pH -0.021 -0.271 0.159 -0.415 -0.294 -0.386 1.000

Secc -0.667 0.134 -0.004 0.007 -0.069 -0.085 -0.165 1.000
Chi a 0.484 -0.112 -0.242 0.182 -0.028 -0.079 -0.150 -0.344 1.000

TP SRP NO3 Sil Aik EC pH Secc Chlfl
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Figure 13. Relationships between the measured chemical and physical variables.

There was a significant negative correlation between Secchi depth and TP, and pH and 

silica. A significant positive correlation was seen between chlorophyll a and TP, and 

alkalinity and silica.

Light relationship with aquatic plant biomass

An assessment of each site’s aquatic plant abundance was made in June and August 

1999, using the PVI (percentage volume infested) calculation (Canfield et al., 1984). 

Summary figures are given in Table 9.
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Table 9: PVI measurements of the five sites in summer 1999 (nm = not measured).
Site PVI June 1999 PVI August 1999 Mean PVI

Beeston 46.26 25.18 35.72

Blickling 13.67 0.84 7.25

Felbrigg 47.87 nm 23.94

Green Plantation 44.58 21.86 33.22

Gunthorpe 19.40 17.48 18.44

At all sites, PVI values were lower in August than in June. This was expected as the 

aquatic plants had reached the end of their growing season by August. In June, 

Felbrigg, Beeston and Green Plantation had relatively high PVI values of between 44 

and 48. Gunthorpe and Blickling had markedly lower values of < 20. Gunthorpe was 

the only site to retain much of its plant material in August. Blickling had lost nearly all 

of its plant volume, and Green Plantation and Beeston approximately half of their 

volumes by the end of the summer.

Associations between PVI and Secchi depth

In an attempt to ascertain whether light levels in the lakes were affecting PVI, mean 

Secchi depths from June and August were compared to the mean PVI values for the 

same two months (Figure 14). Sites were ordered according to increasing PVI.
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Figure 14. Mean PVI and SD (June and August 1999) in the five sites.
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As expected, noticeable relationships between PVI and light levels were seen. At 

Blickling and Gunthorpe a low PVI was associated with a low Secchi depth, and at 

Green Plantation, a high PVT was associated with a high Secchi depth. However, at 

Felbrigg and Beeston, low Secchi depths were recorded, yet PVT values were relatively 

high. Interestingly, these two sites had the highest nutrient concentrations.

Gradient analysis

Figure 15 shows a Principal Components Analysis plot derived from the nine 

environmental parameters measured during the sampling period (monthly samples), 

with all five sites active. This particular technique was chosen as it allows identification 

of the most important gradients in a dataset. In a PGA biplot, variables with high 

positive correlations generally have small angles between their biplot arrows. Variables 

with long arrows have high variance and are considered to be the most important within 

the dataset. Data was logio transformed before analysis to reduce skewness, apart from 

Secchi depth and pH. The summary figures for this analysis are presented in Table 10. 

Figure 16 shows the sites plotted on the PGA: these are plotted separately from the 

environmental variables due to differences in scaling of the axes. Analyses were carried 

out using GANOGO for Windows (ter Braak and Smilauer, 1998).
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Axes 1 2 3 4
Eigenvalues 0.373 0.183 0.091 0.075
Species-environment correlations 0.362 0.290 0.189 0.402
Cumulative percentage variance 
of species data:
of species-environment relation:

37.3
44.1

55.6
58.1

64.7
61.0

72.2
71.9

Sum of all unconstrained eigenvalues: 
1.00
Sum of all canonical eigenvalues: 0.111

A large amount of the variance within the data is explained by the nine environmental 

variables, and the first four axes explain 72.2% of the variance. Axis 1 explains 37.3% 

of the total variance, and is highly positively correlated with TP and SRP, and 

negatively correlated with Secchi depth. This axis contrasts nutrient-rich, lower water 

clarity sites, such as Felbrigg and Beeston (on the right of the diagram), with nutrient- 

poor, higher water clarity sites, such as Gunthorpe and Green Plantation (on the lefl: of 

the diagram). Axis 2 explains 18.3% of the variance, and is highly positively correlated 

with SRP, and negatively correlated with alkalinity and nitrate. This axis therefore 

contrasts high SRP and low nitrate/alkalinity sites such as Felbrigg and Beeston (at the 

top of the diagram), with low SRP and high nitrate/alkalinity sites such as Gunthorpe (at 

the bottom of the diagram). Green Plantation has a particular association with high 

Secchi depth values, low TP and high nitrate, as these sites are seen to the top left of the 

diagram. Chlorophyll a is positively correlated with axis 1 and negatively correlated 

with axis 2; and conductivity is negatively correlated with axes 1 and 2, although the 

biplot arrows are very short, indicating their low variance and suggesting that these 

variables are not as important within the data (Jongman et al, 1987). pH had a negative 

correlation with axis 1 and 2, but again, the length of the biplot arrow indicates the low 

importance of this variable within the data set.

The contrast in the relative sizes of axis 1 and 2 is fairly small (eigenvalues 0.373 and 

0.183 respectively), and the sites are scattered along both axes, which suggests that 

there are two important gradients of variation in the chemical data: TP/SRP/Secchi 

depth, and nitrate/alkalinity. These results were expected, as the sites were selected 

along a nutrient gradient.
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Major gradients

Having identified TP and SD as the two major environmental gradients in the data set, 

the sites were placed in order of increasing values of these parameters (Figure 17), to 

examine the gradient in mean values. Green Plantation had the lowest mean TP, and 

Felbrigg had the highest mean TP. However, Blickling, Beeston and Felbrigg have very 

similar mean TP concentrations and the spread along the TP gradient is not quite as 

wide or even as expected, based on the spot samples taken during the pilot study in 

1998. In terms of Secchi depth. Green Plantation had the highest value, and Blickling 

had the lowest value (Figure 18). The amount of variability is indicated by the standard 

deviation bars on the graphs and shows that TP was more variable than SD.
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Figure 17. Mean TP values, indicating overall TP gradient in the five sites (mean +/- standard 
deviation, n = 10).
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Figure 18. Mean Secchi depth values, indicating overall light gradient in the five sites (mean +/- 
standard deviation, n = 9).
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Diatoms

Introduction

A total of 133 diatom samples were collected over the 12 month period, which yielded a 

total of 86 diatom taxa. The full species and sample lists are shown in Appendix 1. 

Only those taxa with greater than a maximum abundance of 2% and occurring in at least 

two samples were selected for data analysis, resulting in a total of 46 taxa.

Diatom distributions along key environmental gradients

Plots of the relative abundances of selected diatom taxa along the TP and SD gradients 

are shown in Figures 19, 20 and 21. Gaussian logit regression curves have been fitted 

using CALIBRATE version 1 (Juggins, 2002) to illustrate the distribution patterns of 

each species along the gradient in question and taxa have been subjectively grouped to 

facihtate description of the distributions. This particular analysis is of interest, as one of 

the objectives of this thesis is to assess the response of diatom taxa to key 

environmental parameters, with the aim to develop a biomonitoring programme using 

benthic diatoms.

TP

Group 1 is comprised of diatom taxa which show a preference towards low levels of TP 

(Figure 19), and include Gomphonema angustatum, Cymbella microcephala, 

Achnanthes minutissima, Cymbella cistula and Cymbella minuta. Those that show no 

clear preference are placed in Group 2 (Figure 20), and include Fragilaria construens 

var. venter, Fragilaria construens, Navicula veneta, Navicula cryptotenella and 

Navicula capitata. These taxa appear to be of limited use in a biomonitoring 

programme. Those diatoms which have highest abundances in the upper TP range are 

represented by Group 3 (Figure 21) and include most of the Nitzschia species {N. 

gracilis, N. hungarica, N  palea), Synedra ulna and Achnanthes hungarica.
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Figure 21, Group 3 -  Diatoms showing preference for higher TP concentrations

Secchi depth (SD)

The diatom taxa showed clearer responses along the SD gradient than the TP gradient. 

Those taxa which were found in higher abundances at high SD levels (Group 4, Figure 

22) were Achnanthes minutissima, Cymbella cistula, Gomphonema angustatum, 

Nitzschia sublinearis and Cymbella microcephala. Diatoms showing no overall 

preference for SD (Group 5a, Figure 23) were the most numerous and included 

Gomphonema parvulum, Navicula gregaria and Navicula menisculus. Diatoms with a 

unimodal response, demonstrating a preference for mid-range SD values include 

Synedra capitata, Gomphonema truncatum. Amphora ovalis, Fragilaria capucina, 

Fragilaria leptostauron, and Epithemia adnata (Group 5b). Those taxa showing a 

preference for low light conditions (Group 6, Figure 24) included most of the Nitzschia 

taxa {N. paleacea, N  gracilis, N  palea, N  graciliformis), Fragilaria construens var. 

venter, Fragilaria contruens, Navicula cryptocephala, and Achnanthes hungarica.
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Figure 24. Group 6 -  Diatoms showing a preference for low light conditions

Diatom optima and tolerances

Weighted averaging (WA) regression was carried out to derive optima and tolerances 

for the various diatom species, for TP and Secchi depth (using CALIBRATE by 

Juggins, 2002). Species are assumed to show higher relative abundance at or near their 

optimum for individual environmental variables. Therefore, the optimum of a species 

for an environmental variable can be estimated by averaging the value of the 

environmental variable from all sites where the species occurs and weighting the values 

by the relative abundance of the species (Birks et a l, 1990). The summary statistics for 

this analysis can be seen in Table 11. TP optima values ranged from 15 -  186 pg \'\ 

whilst SD optima values ranged from 66 -  286cm. Taxa had relatively short tolerances 

to TP, ranging from 8 -  87 pg l '\  whereas SD tolerances were wider (20 -  130cm).
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Table 11: Number of occurrences, maximum relative abundance, N2 values, WA optimum and 
tolerance of TP and Secchi depth for the 46 diatom taxa in the data set.

Species
Code

Diatom
Species

N.
Occur

Max
% N2

TP
optimum
W I ')

TP 
tolerance 

(Mg I')

SD
optimum

(cm)

SD
tolerance

(cm)

ACOOIA Achnanthes
lanceolata 25 7 7 83 72 170 115

AC008A Achnanthes
exigua 8 5 4 104 87 166 123

AGO 13 A Achnanthes
minutissima 127 96 77 79 50 143 90

AC032A Achnanthes
hungarica 16 30 4 164 61 101 37

AMOOIA Amphora
ovalis 36 15 12 112 68 117 57

AM012A Amphora
pediculus 41 33 12 86 57 136 75

CM004A Cymbella
microcephala 50 21 16 67 56 193 118

CM006A Cymbella
cistula 50 8 21 64 63 196 103

CM022A Cymbella
affinis 21 22 5 104 74 139 130

CM031A Cymbella
minuta 27 15 13 68 51 162 93

COOOIA Cocconeis
placentula 111 86 35 92 65 153 98

EP007A Epithemia
adnata 7 4 4 64 65 154 59

FROOIA Fragilaria
pinnata 38 25 19 91 59 128 83

FR002A Fragilaria
construens 81 66 32 97 57 122 72

FR002C
Fragilaria
construens

venter
86 87 39 100 56 110 65

FR006A Fragilaria
brevistriata 48 55 21 105 69 130 89

FR009A Fragilaria
capucina 62 83 12 93 58 129 60

FR009B
Fragilaria
capucina
mesolepta

12 17 4 70 51 118 40

FR014A Fragilaria
leptostauron 8 39 2 36 24 172 71

FR9999 Fragilaria sp. 2 8 1 15 15 286 71

GOOOIA Gomphonema
olivaceum 10 4 6 71 42 149 81

G0003A Gomphonema
angustatum 9 9 6 39 35 254 99

GO013A Gomphonema
parvulum 114 40 48 85 54 125 79

GO023A Gomphonema
truncatum 39 7 16 99 73 149 83

G09999 Gomphonema
sp. 7 15 3 91 73 113 56
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Species
Code

Diatom
Species

N.
Occur

Max
% N2

TP
optimum
Otgr')

TP
tolerance

(Mg|-‘)

SD
optimum

(cm)

SD
tolerance

(cm)

NA003A Navicula
radiosa 103 34 27 87 64 158 97

NA007A Navicula
cryptocephala 5 3 2 76 8 87 16

NA008A Navicula
rhyncocephala 26 21 8 68 42 159 101

NAOllA Navicula
exigua 12 8 4 54 15 140 94

NA022A Navicula
halophila 6 6 3 77 57 195 105

NA023A Navicula
gregaria 17 20 5 55 19 114 55

NA030A Navicula
menisculus 11 8 4 67 24 95 40

NA054A Navicula
veneta 4 4 2 100 47 113 81

NA060A Navicula
digito-radiata 5 12 2 71 31 95 54

NA066A Navicula
capitata 31 12 9 95 56 109 70

NA066B
Navicula
capitata

hungarica
4 3 2 56 21 103 30

NA751A Navicula
cryptotenella 7 10 3 126 44 66 34

NI007A Nitzschia
hungarica 2 2 1 186 42 106 20

NI008A Nitzschia
Jrustulum 63 31 25 131 66 110 73

NI009A Nitzschia
palea 92 53 31 112 59 109 70

NI017A Nitzschia
gracilis 15 12 7 156 57 73 24

NI024A Nitzschia
sublinearis 3 7 1 33 20 255 121

NI033A Nitzschia
paleacea 4 8 2 169 44 70 28

NI201A Nitzschia
graciliformis 8 18 4 146 60 84 96

SYOOIA Synedra ulna 36 9 14 109 64 127 68

SY019A Synedra
capitata 5 11 3 59 38 134 45

Huisman-Olff-Fresco models (HOF)

There are several problems associated with using a symmetric Gaussian response 

function in gradient analyses (Austin, 1976; 1980; 1987), but until recently it has been 

the only model available (Jongman et a l, 1987). The main problem is that the Gaussian 

model cannot adequately test the significance of skewness in the response, leading to 

subjective visual judgement of the level of skew. This problem was tackled by 

Huisman, Olff and Fresco (1993), who developed a set of hierarchical models that
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included a skewed response and a symmetric response. Oksanen (2001) developed this 

idea further by fitting the models using maximum likelihood, and also developed a 

technique that could test statistically whether a response was significantly skewed, 

symmetric, or monotonie. These ideas resulted in the computer program HOF, which 

fits the model of Huisman, Olff and Fresco to the species data using maximum 

likelihood estimation with Poisson error. The version used for these analyses was HOF 

v2.3. Unfortunately, one constraint of the HOF program is that taxa occurring in less 

than a certain minimum number of samples cannot be included. Consequently, only 29 

taxa were analysed.

Responses to TP

Model I (null) responses indicate that the taxa do not show any preference or tolerance 

to the environmental variable measured. This response was seen in the majority of the 

diatom species observed in the study lakes when modelled against TP (Table 12). 

Model II represents either a sigmoidal increasing or decreasing response, and 9 diatom 

species responded this way to TP (four increasing and five decreasing). Three species 

exhibited a Model IV (symmetric unimodal) response, and two species a Model V 

(skewed unimodal) response. The graphs of Models II, IV and V can be seen in Figures, 

25, 26, 27 and 28.

Table 12; HOF models of diatom species distribution according to TP gradient
Model I Model n Model TV Model V
AM012A CM004A (d) GOOOIA NA030A
CM022A CM006A (d) NAOllA NI017A
ACOOIA AC013A(d) NA023A
COOOIA AC032A (i)
FROOIA AMOOIA (i)
FR002A CM031A(d)
FR002C NA008A (d)
FR006A NI008A (i)
FR009A NI009A (i)
FR009B
GO013A
GO023A
NA003A
NA066A
SYOOIA
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Figure 25. Model II sigmoidal increasing responses (based on total phosphorus). AC032A 
Achnanthes hungarica, AMOOIA = Amphora ovalis, NI008A = Nitzschia jrustulum ,  NI009A 
Nitzschia palea.
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Figure 26. Model II sigmoidal decreasing responses (based on total phosphorus). AC013A = 
Achnanthes minutissima^ CM004A = Cymbella microcephala, CM006A = Cymbella cistula, CM031A 
=  Cymbella minuta, NA008A = Navicula rhynchocephala.
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Figure 27. Model IV symmetrical unimodal responses (based on total phosphorus). GOOOIA 
Gomphonema olivaceum^ NAOllA = Navicula exigua^ NA023A = Navicula gregaria.
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Figure 28. Model V skewed unimodal responses (based on total phosphorus). NA030A = Navicula 
menisculus^ NI017A = Nitzschia gracilis.
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Responses to Secchi depth

There were fewer taxa with Model I responses to Secchi depth than TP (Table 13), and 

more taxa with Model IV and V responses. The graphs of Models II, IV and V can be 

seen in Figures 29, 30, 31 and 32.

Model I Model n Model IV Model V
CM022A
AC013A
FR006A
COOOIA
FROOIA
FR002A
NA008A
NAOllA
GO013A
GO023A

CM004A (i) 
CM006A (i) 
ACOOIA (i) 
FR002C (d) 
NI008A (d) 
NI009A (d) 
NI017A (d) 
NA003A (i)

AM012A
AMOOIA
FR009A
SYOOIA
NA023A
NA030A
GOOOIA

AC032A
FR009B
CM031A
NA066A
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Figure 29. Model II sigmoidal increasing responses (based on Secchi depth). NA003A = Navicula 
radiosa^ \CQ^\A.= Achnanthes lanceolata^ CM004A = Cymbella microcephala^ CM006A = Cymbella 
cistula.
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Figure 30. Model II sigmoidal decreasing responses (based on Secchi depth). FR002C = Fragilaria 
construens venter, NI008A = Nitzschia frustulum, NI009A = Nitzschia palea, NI017A = Nitzschia 
gracilis.
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Figure 31. Model FV symmetric unimodal responses (based on Secchi depth). FR009A 
Fragilaria capucina, GOOOIA = Gomphonema olivaceum, NA023A = Navicula gregaria, NA030A 
Navicula menisculus.
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Figure 31. Model IV responses (based on Secchi depth) (continued). SYOOIA = Synedra ulna, 
AMOOIA = Amphora ovalis, AMO 12A = Amphora pediculus.
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Figure 32. Model V skewed unimodal responses (based on Secchi depth). FR009B = Fragilaria 
capucina mesolepta, NA066A = Navicula capitata, CM031A = Cymbella minuta, AC032A = 
Achnanthes hungarica.
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Comparisons of diatom response models -  HOF versus Gaussian logit 
regression

The results of the two different techniques for assessing diatom responses to the key 

environmental parameters were compared. On the whole, both models assessed diatom 

taxa similarly, and determined that most of the Fragilaria taxa had a null or unimodal 

response, Nitzschia taxa had an increasing response to higher levels of TP and low SD, 

and conversely Cymbella taxa had a decreasing response to higher levels of TP and low 

SD. The HOF model was more sensitive than the Gaussian logit regression model in 

defining the diatom taxa responses to the environmental parameters.

Indicator species

Those diatom taxa that show similar, directional responses in both the HOF and 

Gaussian logit regression models are presented in Table 14. These taxa can be 

considered as useful indicators of a particular water quality type.

Useful indicators of low TP/high SD, 
i.e. good water quality

Useful indicators of high TP/low SD, 
i.e. poor water quality

Cymbella microcephala 
Cymbella cistula 
Cymbella minuta 

Navicula rhynchocephala 
Gomphonema olivaceum 

Navicula exigua 
Navicula gregaria 

Navicula menisculus

Achnanthes hungarica 
Amphora ovalis 

Nitzschia Jrustulum 
Nitzschia palea 

Nitzschia gracilis 
Fragilaria construens venter 

Navicula capitata

These data can be further condensed into indicators of good overall water quality 

defined as water that is low in TP and has a high Secchi depth (Newman, 1988; Moss et 

a l, 1997). Two diatom species, Cymbella microcephala and Cymbella cistula can be 

found in both of these categories, and can therefore be defined as indicators of overall 

good water quality. Conversely, poor water quality can be defined as water containing a 

high concentration of TP, with a low Secchi depth. Species that fall into both of these 

categories are Achnanthes hungarica, Nitzschia Jrustulum, Nitzschia palea and 

Nitzschia gracilis.
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A simple ratio was calculated from the six indicator species identified (these being 

Achnanthes hungarica, Nitzschia jrustulum, Nitzschia palea, Nitzschia gracilis, 

Cymbella microcephala and Cymbella cistula). The indicator species were placed into 

two groups: those that indicated good water quality {Cymbella microcephala, Cymbella 

cistula) and those that indicated poor water quality (the three Nitzschia species and 

Achnanthes hungarica). Mean relative abundances of the two groups of indicator taxa 

were calculated for each lake. A simple ratio was then calculated for each lake by 

dividing the mean “good” value by the mean “poor” value, whereby a high ratio 

indicates good water quality. These ratios are used in later chapters.

Initial exploration o f diatom/environment/substrate 
relationships

Canonical correspondence analysis (CCA) was used to evaluate relationships between 

environmental variables, diatom taxa and substrate. It is a method of direct gradient 

analysis, and assumes that species have unimodal distributions along their 

environmental gradients. CCA was carried out using CANOCO for Windows (ter 

Braak and Smilauer, 1998), and plotted using CALIBRATE (Juggins, 2002). As some 

of the substrate groups had multiple samples for particular months (for example, in the 

summer, various submerged plant species were available in each lake, therefore giving 

more than one “submerged plant” sample), the relative percentage abundances of each 

diatom taxa for each of the multiple samples were averaged, and the average result 

entered into the ordination. This resulted in some loss of data, but was the only way to 

perform a CCA ordination as the technique can only work when a maximum of one 

sample is tied with one set of environmental variables. The environmental data, apart 

from Secchi depth and pH were logio transformed, to reduce skewness. As there were 

too few floating plant samples to ordinate using CCA, only the benthic sediment, 

emergent and submerged plant samples were analysed.

Benthic sediments

The major explanatory environmental variables of the benthic sediment samples (Figure 

33) were silica and conductivity on Axis 1, and Secchi depth and TP on Axis 2. Axis 1 

and 2 explained 11.8% of the variance in the species abundance data. The species-

90



environment correlations for this CCA model were high: 0.77 and 0.73 for axes 1 and 2 

respectively (Table 15). This suggests that a large proportion of the diatom- 

environmental relationship was explained by the measured environmental variables.

Gunthorpe was identified as a high Secchi depth, low TP site (top of the biplot) 

associated with diatom taxa such as Achnanthes lanceolata, Achnanthes exigua, 

Gomphonema angustatum and Gomphonema sp. (Figure 34). Green Plantation samples 

were clustered to the right, associated Avith high silica/nitrate and high Secchi depth. 

Abundant benthic sediment diatoms at this site included Cymbella microcephala and 

Amphora pediculus. The other three sites considerably overlapped, and were generally 

associated with high TP/low Secchi depth waters. Diatoms associated with these sites 

were largely Navicula and Fragilaria taxa.

Table 15: Summary statistics for a CCA carried out on the benthic sediment samples, with a total

Axes 1 2 3 4 Total
inertia

Eigenvalues 0.156 0.142 0.100 0.058 2.525
Species-environment correlations: 0.773 0.728 0.707 0.563
Cumulative percentage variance 
of species data:
of species-environment relation:

6.2
25.8

11.8
49.4

15.8
66.0

18.0
75.5

Sum of all unconstrained eigenvalues 2.525
Sum of all canonical eigenvalues 0.603
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Submerged plants

The submerged plant CCA produced slightly dififerent results to the benthic sediment 

ordination (Figure 35). Axis 1 was primarily a TP/SRP/Secchi depth gradient, with 

Axis 2 being an SRP/pH gradient. Axis 1 and 2 explained 26.0% of the variance in the 

species abundance data. The species-environment correlations for this CCA model 

were high: 0.84 and 0.89 for axes 1 and 2 respectively (Table 16). This suggests that a 

large proportion of the diatom-environmental relationship was explained by the 

measured environmental variables.

There was considerable overlap between sites, and on this occasion Gunthorpe did not 

form a separate cluster. Gunthorpe and Green Plantation were associated with low 

TP/high Secchi depth, as was seen in the benthic sediment ordination. Diatoms 

associated with these lakes included the Cymbellas and Gomphonemas (Figure 36). 

Blickling was associated with high pH and silica, and was positioned mainly in the 

middle of the biplot. Diatom species present in the middle of CCA biplots can be 

considered to be unassociated with the environmental variables measured. Overlapping 

to a great extent were Felbrigg and Beeston, which were mainly associated with high 

TP. Species found in these sites included the Nitzschias and Fragilarias. Beeston 

showed some association with high silica concentrations.

Table 16: Summary statistics for a CCA carried out on the submerged plant samples, with a total

Axes 1 2 3 4 Total
inertia

Eigenvalues 0.330 0.278 0.178 0.118 2.342
Species-environment correlations: 0.844 0.891 0.789 0.928
Cumulative percentage variance 
of species data:
of species-environment relation:

14.1
27.6

26.0
50.8

33.6
65.6

38.6
75.5

Sum of all unconstrained eigenvalues 2.342
Sum of all canonical eigenvalues 1.198
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Emergent plants

The emergent plant CCA produced slightly different results to the benthic sediment and 

the submerged plant ordinations (Figure 37). Axis 1 was primarily a pH/Secchi 

depth/silica gradient, with Axis 2 being a nitrate/SRP/EC gradient. Axis 1 and 2 

explained 12.8% of the variance in the species abundance data, which was much lower 

than that explained in the submerged plant ordination, and approximately equal to the 

variance explained in the benthic sediments. The species-environment correlations for 

this CCA model were high: 0.72 for both axes 1 and 2 (Table 17). This suggests that a 

large proportion of the diatom-environmental relationship was explained by the 

measured environmental variables.

There was considerable overlap between sites. Beeston was slightly separated from the 

other sites, owing to high nitrate, TP and conductivity. Blickling was placed in the 

centre of the ordination plot, indicating no overall association with the measured 

environmental parameters. Felbrigg was also positioned in the middle area of the plot. 

Gunthorpe was associated with high Secchi depth and pH. Green Plantation was 

situated towards the bottom of the biplot, and therefore was associated with low 

nitrate/ conductivity.

Diatoms found in the high conductivity sites included Achnanthes minutissima, and 

most of the Navicular (Figure 38). Cymbella microcephala was associated with the 

high Secchi depth/low TP sites, as was Cymbella cistula. The Amphorae were found to 

the bottom right of the biplot, associated with high TP/SRP and silica. Some of the 

Fragilaria species were found associated with high Secchi depth conditions {F. 

capucina and F. capucina mesolepta), whereas others (F. construens, F. construens 

venter, F. brevistriata, F. leptostauron) were associated with low Secchi depth and high 

TP. The Nitzschia species, in general, were found in sites with high TP/SRP and low 

Secchi depth.
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Table 17: Summary statistics for a CCA carried out on the emergent plant samples, with a total of

Axes 1 2 3 4 Total
inertia

Eigenvalues 0.194 0.152 0.089 0.085 2.714
Species-environment correlations: 0.720 0.722 0.717 0.655
Cumulative percentage variance 
of species data:
of species-environment relation:

7.2
29.0

12.8
51.7

16.0
64.9

19.2
77.6

Sum of all unconstrained eigenvalues 2.714
Sum of all canonical eigenvalues 0.671
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Discussion

Environmental characteristics of the study lakes

All of the lakes have neutral to basic pH values, typical of the Norfolk region with its 

base-rich geology (George, 1992). A mean pH of 7.8 is given for the rivers in the 

Norfolk region (George, 1992). The lake catchments support a variety of land uses, 

including agriculture and urban development, and consequently have a range of 

potential sources of ions. Therefore high pH waters would be expected. High pH 

values have been observed in other base-rich, lowland waters (Gibson, 1986, 1989), 

especially those in southeastern England (Bennion, 1993; 1994).

Very high summer pH values (>10) were seen in Blickling and Felbrigg. Carbon 

dioxide concentrations in eutrophic lakes reduce as phytoplankton concentrations 

increase (Mason, 1991), leading to a rise in pH. Both of these lakes had a high algal 

biomass (as chlorophyll a) in the summer months. This pattern has been seen elsewhere 

in shallow, eutrophic lakes (Hughes, 1999; Yallop and O’Connell, 2000).

Conductivity and alkalinity were relatively high in all lakes, compared to other lowland 

sites where conductivity values below 500 pS cm‘̂  are commonly recorded, e.g. Gibson 

1986. However, these values are typical of lowland southeastern England (Bennion, 

1993), where values range from 109 to 1696 pS cm'\ High conductivity and alkalinity 

values can be attributed to geology, land use or coastal influences, and in this case it is 

likely that intensive farming practices have the greatest effect on these environmental 

parameters.

Trophic status

Nitrate concentrations exhibited marked seasonal variation, and were generally high. 

Leah et a l (1980) reported that nitrate (NO3-N) levels in Broadland rivers average 5mg 

r \  and such rivers have frequently exceeded the recommended nitrate concentrations 

under the EC Surface Water Abstraction Directive (Environment Agency, 1999). 

Highest values were seen in the winter months, and lowest values in the summer. 

During the winter, plant uptake of nitrate is low due to depressed growth, with many
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submerged plant species in particular dying back over this period. This, combined with 

the application of nitrogeneous fertilisers to the catchment (particularly in winter), 

means that nitrate concentrations reach high levels. In contrast, the summer months are 

dominated by the growth of submerged and floating leaved vegetation, which take up 

nitrate at a high rate. These factors would lead to the observed seasonal variation in the 

study lakes, and in other shallow lakes in the region (Watson and Osbourne, 1979; 

Moss, 1981).

Soluble reactive phosphorus (SRP) was highly variable over the sampling period, which 

can be attributed to the biological complexity of shallow productive lakes. Peaks of 

SRP were seen in the winter months, which are most likely due to the lack of uptake by 

vegetation and algae, and the stirring of sediments by wind action, leading to 

phosphorus release. Two lakes, Blickling and Gunthorpe, had very low concentrations 

of SRP over the whole sampling period, compared to the other lakes. In Blickling this 

was likely due to the cyanobacterial bloom present (the soluble form of phosphorus is 

most easily taken up by phytoplankton), but in Gunthorpe this was not the case as algal 

biomass (measured as chlorophyll a) was relatively low over the same period, apart 

from one major peak in September and October 1999. It is possible that the relatively 

high abundance of plants in Gunthorpe, rather than algal uptake, led to the low 

concentration of SRP.

Silica (SiO:) concentrations in the five lakes were never limiting for diatom growth 

(Round, 1981). There was a significant negative correlation between silica and pH, and 

a positive correlation between silica and alkalinity. This is perhaps to be expected, as 

pH, alkalinity and silica are all functions of the geology and soil of the catchment.

Mean Secchi depth ranged from 53.5 cm to 303 cm at the five sites. Some lakes were 

turbid, with Blickling Hall Lake suffering from an intense cyanobacterial bloom over 

most of the sampling period. Felbrigg had low Secchi depth values and was 

phytoplankton dominated with little to no submerged plant growth. Beeston had 

relatively low Secchi depth values, and also had little submerged plant growth. 

However, Green Plantation and Gunthorpe had relatively high water clarity, and 

supported the greatest numbers of submerged plants. There have been many studies 

investigating the links between phytoplankton abundance, water clarity and submerged 

plant survival (including Balls et al., 1989; Carvalho, 1994; Cattaneo et a l, 1998;
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Crowder and Painter, 1991), especially the “alternative stable state” hypothesis 

suggested by Scheffer (1990) and developed by SchefFer et al (1993). The hypothesis 

states that shallow lakes can exist in two alternative equilibria: a clear water, higher 

plant dominated state, and a turbid, algal dominated state. These states can exist under a 

wide range of nutrient concentrations. Given these definitions, it would appear that 

Green Plantation and Gunthorpe are in the clear water state, with Blickling, Beeston and 

Felbrigg in the turbid state. As all of the study lakes have relatively similar nutrient 

concentrations (notably TP), it is clear that factors other than nutrient concentration 

alone are driving the differences in ecosystem structure. Scheffer et al (1993) report 

that nutrient reduction alone is unlikely to return algal dominated lakes to their original 

plant dominated state.

Secchi depth had a significant negative correlation with TP, owing to the relationship 

between high TP levels and high algal biomass (chlorophyll a had a significant positive 

correlation with TP in these lakes), which in turn leads to a lowering of water clarity. 

Secchi depth also measures the turbidity of the water colunm which results from 

resuspension of sediments and other particulate matter. High turbidity is commonly 

seen during the late autumn and winter months when storms are more prevalent.

Chlorophyll a concentrations were variable over the sampling period, reflecting the 

growth pattern of the phytoplanktonic biomass. High concentrations were generally 

seen in the summer and autumn months, and to a lesser extent in the spring. 

Concentrations were typical of eutrophic shallow lakes, where values of between 90 pg 

(Sondergaard et a l, 1997) to over 380 pg 1'̂  (Jeppesen et a l, 1997) are typically 

recorded.

TP and SRP

TP is commonly used as a measure of the trophic status of lakes, and hence this was 

considered an important parameter to measure given the scope of this thesis. The five 

lakes are all eutrophic, with mean TP ranging from 28 - 164 pg l '\  TP concentrations 

were as variable as SRP concentrations over the samphng period, a feature which has 

been observed in other shallow, lowland lakes (Jeppesen, 1998).
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Green Plantation Pond had a comparatively low mean TP concentration of 

approximately 28 pg l '\  This pond is fed by water draining through a series of smaller 

ponds, which (to some extent) act as filters of TP for the lake. However, as for the other 

study lakes. Green Plantation is situated in an area of intensively farmed arable land, 

and is subject to anthropogenic inputs of phosphorus throughout most of the year. TP 

concentrations started to increase over the latter part of the sampling period, and the 

lake developed a cyanobacterial bloom at this time. During 2001, the lake was still 

suffering from a cyanobacterial bloom, with a noticeable loss of water clarity and 

submerged plant population (pers. obs ).

Gunthorpe Hall Lake had intermediate TP concentrations in the data set, with a mean 

value of approximately 70 pg l '\  This lake supported a range of submerged, floating 

and emergent vegetation, which may have had a lowering effect on the TP 

concentrations measured. Emergent vegetation has often been used in an attempt to 

reduce phosphorus loadings and sediment resuspension in lakes (Dieter, 1990), and in 

some instances has been successful (Scheffer, 1998). TP values in this lake were most 

variable in the summer and early autumn months during which the water levels were 

lower. This may explain the high level of variability in TP concentrations at this time.

The other three lakes (Blickling, Beeston and Felbrigg) had high concentrations of TP, 

and can be classed as eutrophic (TP 40 -  100 pg 1'̂ ) to hypertrophic (TP > 100 pg 1'̂ ). 

These lakes supported very little submerged and floating vegetation (although all had 

beds of Phragmites). Blickling suffered from a cyanobacterial bloom for almost all of 

the sampling period, which is typical of shallow lakes with high TP concentrations 

(Hughes, 1999; Yallop and O’Connell, 2000; Environment Agency, 1999; Moss et al., 

1996). Beeston became very shallow after the survey period, due to the build-up of 

sediment, associated with high algal biomass in eutrophic lakes. This lake supported a 

large population of wildfowl. Birds are known to disturb sediments whilst feeding, 

leading to phosphorus release (Madgwick, 1996). This was also the case for Felbrigg, 

which had a large population of Canada geese. One study reported that bird excrement 

contributes 0.6g phosphorus per goose per day to lakes (London Lakes Project, 1997). 

However, it is not known whether these birds put more phosphorus into the lakes than 

they take out from feeding on aquatic plants. All of these lakes were situated in cattle 

and sheep grazing land, which would have added to the inputs of phosphorus (Mason, 

1991). Coarse fish including carp were also present in the three lakes, and carp are
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known to enhance phosphorus release in shallow lakes due to their feeding practices 

(both via consumption of submerged plants and sediment disturbance) (Moss et al, 

1996).

The main sources of phosphorus in East Anglia are agricultural (especially phosphate- 

based fertilisers and animal waste) and domestic (effluent). The concentrations of TP 

seen in the study lakes are therefore typical of the region (Madgwick, 1996). George 

(1992) states that TP concentrations in the Broads region frequently exceed 100 pg l'\ 

High TP concentrations have been recorded in the Norfolk Broads, which are affected 

by agricultural drainage and inputs of sewage effluent (Moss, 1988, 1990; Phillips and 

Chilvers, 1991; Phillips et a l, 1994). Similar TP ranges and concentrations were seen in 

a large dataset of lakes in the agricultural lowland areas of Northern Ireland (Gibson, 

1986, 1989). In these lakes, TP concentrations of up to 2016 pg P 1'̂  were measured, 

with most of the lakes being classed as eutrophic.

TP is positively correlated with chlorophyll a at the 99.5% significance level. This 

correlation is typically seen in shallow, productive lakes where phytoplankton growth is 

not limited. The PCA biplot indicates this relationship, with the arrows increasing in 

the same direction on Axis 1. TP is also positively correlated to some extent with 

nitrate (according to the PCA biplot). However, a negative relationship was observed at 

Green Plantation Pond, which had a low TP and a high nitrate concentration, and at 

Felbrigg and Blickling where TP was high and nitrate was low. Gibson (1986, 1989) 

has shown that nitrate often has no relationship with phosphorus, since as one nutrient 

increases, the other becomes limiting. Cyanobacterial dominance often occurs when 

nitrate becomes limiting in shallow eutrophic lakes (Smith, 1983), which was seen in 

Blickling, and in Green Plantation during the latter stages of the study.

Environmental gradients

The five sites were initially selected along a TP gradient based on a 1998 pilot study. 

They were also chosen to support suitable natural substrata for diatom colonisation 

(benthic mud, submerged/emergent/fioating plants. The sites were plotted on the TP 

gradient, and analysis of the dataset presented here indicated that Secchi depth was also 

an important environmental gradient. Trophic status is the most important explanatory
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parameter in describing the variance in the water chemistry data, as indicated by PCA. 

In particular, TP and Secchi depth are important parameters, with a significant negative 

correlation seen between them. These two parameters were therefore selected for the 

subsequent analysis of the diatom community data.

Diatom responses to TP and light

In contrast to the widespread use of WA techniques for deriving optima and tolerances 

of sub-fossil diatoms in surface sediment training sets (Bennion, 1993; Rioual 2000), 

there have been relatively few studies that have applied such techniques to 

contemporary diatom communities for monitoring purposes (with the exception of 

Kelly and Whitton, 1995; Kelly, 1998; King et al., 2000). The work presented here is 

the first of its kind for shallow, lowland lakes, both in terms of assessing the potential of 

contemporary diatoms as water quahty monitoring tools, and in terms of exploration of 

responses along hght gradients. Both contemporary and palaeolimnological studies in 

lowland waters have to date concentrated on diatom responses along TP gradients. 

There have been no studies on the response of diatom communities along light 

gradients.

King et al (2000) calculated WA TP optima for several epilithic diatom species 

occurring in the English Lake District. The lakes in this instance were oligotrophic, and 

hence the TP concentrations (and therefore the calculated tolerances and optima) were 

very low compared to the values observed in this study (Table 18). Bennion (1994) 

analysed surface sediment diatom communities in 31 nutrient-rich shallow lakes in SE 

England, and hence these optima are more comparable to the results in the current 

study. For example, Bennion (1994) calculated a TP optimum of 97pg 1'̂  for Fragilaria 

construens, which is identical to the score in this study. Fragilaria pinnata had a TP 

optimum of 94pg 1'̂  in Bennion (1994) compared with 91pg 1'̂  here. The TP optimum 

for Cocconeis placentula was also very similar, with 90pg l '\  and 93 pg 1'̂  in Bennion 

(1994) and this study, respectively.

There are several discrepancies between this study and that of Bennion (1994). This 

study gives a TP optimum of 83 pg 1"̂ for Achnanthes lanceolata, whereas Bennion 

(1994) gives an optimum of 254 pg I'V Gomphonema parvulum 2lvA Amphora pediculus 

also had markedly higher TP optima in Bennion (1994) compared to this study.
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Conversely, Bennion (1994) gives the TP optimum for Cymbella microcephala as 28 pg 

r \  whereas this study gives a higher value of 67 pg l '\  These discrepancies highlight 

the problems associated with using statistical optima, since they are dependant on the 

size of the TP gradient sampled. Bennion (1994) had a much longer TP gradient than 

the gradient in this study. In the former study, the TP ranged from 25 to 646 pg l '\  

unlike this study where the TP gradient was comparatively short. Actual growth optima 

would provide a more accurate assessment of diatom responses to nutrients. Sime 

(1997) compared the laboratory calculated growth optima of several planktonic diatom 

species to statistically calculated growth optima from a field-based dataset, and noticed 

that the statistically calculated optima often disagreed significantly with the actual 

growth optima. These differences were attributed mainly to the function of the length 

of TP gradient used in the WA technique.
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Table 18: Comparison of TP optima for selected diatom species in this study with those of King et 
al. (2000) and Bennion (1994). NR = not recorded.

TP optimum (pg 1'̂ )

Species
King 
et aL 

(2000)

Bennion
(1994) This study

Gomphonema
angustatum 3 90 39

Cymbella
microcephala 6 28 67

Cymbella
minuta 5 NR 68

Fragilaria
capucina
mesolepta

6 122 70

Gomphonema
olivaceum 5 NR 71

Navicula
cryptocephala 5 130 76

Achnanthes
minutissima 2 66 79

Achnanthes
lanceolata 4 254 83

Gomphonema
parvulum 5 138 85

Amphora
pediculus 6 114 86
Navicula
radiosa 3 60 87

Fragilaria
pinnata 6 93 91

Cocconeis
placentula 7 89 92

Fragilaria
capucina 2 132 93

Fragilaria
construens 6 97 97

Gomphonema
truncatum 7 NR 99

Achnanthes
exigua 5 NR 104

Cymbella
affinis 3 NR 104

Fragilaria
brevistriata 5 94 105

Nitzschia
palea 6 129 112

Navicula
cryptotenella 7 NR 126

Nitzschia
gracilis 5 78 156

Nitzschia
paleacea 4 NR 169

Light is considered to be one of the most important parameters affecting community 

composition in fresh waters (Bourassa and Cattaneo, 2000; Mosisch et a l, 2001; 

Sonneman et al., 2001). This is particularly the case in eutrophic waters where light can 

be limiting to benthic species, due to attenuation by high abundances of phytoplankton.
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However, there have been few studies to date of the response of benthic diatoms along 

light gradients in lowland shallow lakes. The current study is the first to investigate 

these responses.

A number of taxa exhibited marked responses along the light gradient. The Nitzschia 

taxa were associated with low light conditions. This was also observed in a study of 

Antarctic lakes (Oppenheim and Ellis-Evans, 1989), where the highest proportions of 

Nitzschia species were found at the lowest light intensities. Indeed, Nitzschia frustulum. 

was found to be in significantly higher abundances under low light conditions in both 

studies. Conversely, Achnanthes minutissima was found to prefer relatively high light 

conditions in the water column in the five study lakes (based on WA calculated optima). 

This is in agreement with findings elsewhere (Oppenheim and Ellis-Evans, 1989; Jones 

and Meyer, 1983; Oppenheim and Greenwood, 1990; Moore, 1981), where A. 

minutissima was found in highest numbers in shallow waters where light availability 

was greatest. This taxon grew in higher abundance in the summer months in a study of 

oligotrophic lakes in Ireland (Barbiero, 2000), possibly because hght intensity in the 

water column was high at this time. However, Achnanthes minutissima was observed in 

higher abundances in lower light conditions in a study of a Swiss alpine stream 

(Wellnitz and Ward, 2000). Achnanthes minutissima was not selected to be a useful 

indicator of water quahty in the current study. Although it had a relatively convincing 

preference for low TP (as indicated by the HOF response model), it had an 

indeterminate response to hght, since the WA calculated optima indicated it preferred 

relatively high hght conditions, whereas the HOF model recorded a null-response. 

Achnanthes minutissima is considered to be a pioneer taxon (Barbiero, 2000), along 

with Cocconeis placentula, and shows some resistance to grazing by invertebrates due 

to its adnate morphology (Sumner and Mclntire, 1982). It is clear that further research 

into the ecology and general growth requirements of Achnanthes minutissima is 

required.

Diatom species as indicators of water quality

Diatoms have long been used to monitor water pollution in rivers (Kehy and Whitton, 

1995, 1998; Kelly 1998), and more recently in lakes (Danilov and Ekelund, 2000; Seele 

et a l, 2000). Most workers in the field consider diatoms to be one of the best indicators 

of trophic status in fresh waters (Jochum, 1994; Jacobsen, 1998; Sonneman et al,

106



2001), compared to other algal groups. A number of taxa are useful indicators of good 

water quality, including Cymbella microcephala and Cymbella cistula. Kelly (1998) 

states that C. microcephala is a very sensitive species to eutrophication in rivers, but 

does not discuss C. cistula. However, it should be noted that in the study lakes 

Cymbella microcephala and Cymbella cistula are closely associated with the submerged 

plants, particularly Char a sp. These two taxa were also found to be common epiphytes 

of Chara in a study of oligotrophic German lakes (Raeder et a l, 1997). In a study of 

the composition of epiphyton on submerged plants in a eutrophic lake (Blindow, 1987), 

Cymbella^ were found to be the most dominant diatom taxa on a range of plants 

including Potamogeton pectinatus, Chara globularis and Nitella spp. As submerged 

plant abundance appears to be positively related to increasing water quality (as indicated 

by the PVI data), the preference of Cymbella species for low TP, high SD waters may 

be an artefact of the availability of suitable substrata under such conditions. Chara, in 

particular, tends only to be found in lakes with high water quality (Raeder et al., 1997).

Cymbella microcephala is easily outcompeted by smaller, adnate species such as 

Achnanthes minutissima on various substrates under oligotrophic conditions, and 

particularly on artificial substrates (Barbiero, 2000). This suggests that Cymbella 

microcephala may have some physiological reliance on submerged plants. Indeed, 

Round (1953), Happey-Wood and Priddle (1984) and Cox (1988) note that different 

substrates exert influence on the diatom community composition, leading to a 

heterogeneous environment. In contrast, Fontaine and Nigh (1983) postulate the neutral 

substrate hypothesis, whereby host plants have no effect on the epiphyton developing on 

them.

A number of diatom taxa were found to be useful indicators of poor water quality, 

including Achnanthes hungarica, Nitzschia frustulum, N  palea and N. gracilis. These 

were shown by the HOF and Gaussian response models to have their highest abundance 

in high TP and low Secchi depth waters. Similarly, King et al (2000) found that most 

Nitzschia species (including N  palea and N  gracilis) tended to prefer higher nutrient 

levels in a set of Cumbrian lakes. Nitzschia palea has also been observed under poor 

water quality conditions in rivers (Stevenson, 1984; Kelly, 1998).

Interestingly, Nitzschia gracilis was found to be a unique coloniser of artificial 

substrates in an experiment comparing the epiphyton of natural versus artificial
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substrata in oligotrophic lakes in Ireland (Barbiero, 2000). There were much higher 

numbers of N. gracilis recorded on glass slides placed into the lakes than on comparable 

natural rock substrates. This perhaps suggests that this taxon has the abUity to out- 

compete other taxa during the late stages of colonisation, when light conditions are 

poor, due mainly to its upright growth form. Barbiero (2000) concluded that light was 

an important factor mediating the shift in relative abundance from other species to N. 

gracilis.

Summary

• All the lakes have high pH, alkalinity and conductivity values. All are eutrophic, 

some being hypertrophic, with varying levels of water clarity. They are, therefore, 

typical of shallow, lowland lakes of the East Anglia region.

• Total phosphorus and Secchi depth were identified by PCA as the major gradients 

in the environmental dataset. These parameters describe the trophic status of fresh 

waters and diatom distributions along these gradients were subsequently explored.

• Two species response models (Gaussian logit regression and the HOF model) were 

employed to describe associations of the diatom taxa with TP and SD. Both models 

produced similar results, although the HOF model was preferred as it removed the 

subjectivity associated with the Gaussian model.

• A number of diatom taxa exhibited marked responses along the trophic gradient. 

For example, Cymbella microcephala was indicative of good quality water, and 

many of the Nitzschia taxa were indicative of poor quality water.

• An initial exploration of the substrate data revealed that substrate has a pronounced 

effect on diatom composition in these waters. This will be investigated further in 

Chapter 4.
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Chapter Four

The effect of substrate on benthic diatom
assemblages

Introduction

Data presented in Chapter 3 suggested that substrate may have an influence on the 

benthic diatom distributions and should, therefore, be considered when developing a 

diatom-based biomonitoring system. This chapter addresses the effect of substrate on 

benthic diatom assemblages more fully. Data analyses including correspondence 

analysis, variance partitioning and calculation of diversity indices were employed to 

examine the effects of substrate, TP, Secchi depth and seasonality, both independently 

and in combination, on the diatom communities. The most important parameters in 

explaining differences in the community composition were identified.

Results

Quantitative assessment of the variance attributed to substrate, total 
phosphorus, Secchi depth and time

Variance partitioning was used to examine the relative explanatory strength of the 

environmental variables, since CCA could only be carried out on an average of some 

samples, which resulted in the loss of some data (c.f Chapter 3). Variance partitioning 

tests whether two groups of variables are redundant with each other, or if they explain 

exclusive species composition characteristics. The variance can then be grouped 

(partitioned) into components, consisting of variance uniquely described by the first 

group (not the second), variance described by the second group (not the first), variance 

jointly described, and variance that is unexplained. This was achieved by using partial 

RDAs (Redundancy Analysis), to assess the unique contribution of each of the three 

selected significant variables and the interaction, or overlap, between these variables. 

The selected variables were TP or SD as a measure of trophic status, month to represent
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seasonality, and substrate. Partial RDAs were performed using CANOCO for Windows 

on all combinations of paired variables, using the other variable as a covariable. The 

combinations of variables and covariables can be summed up in a Venn diagram (Figure 

39).

TMTS

TSM'

MS
Substrate (S) Month

(M)

Figure 39. Venn diagram indicating the partitioning of variance with three variables: TP (1), 
month (M) and substrate (S). This was also carried out with Secchi depth replacing TP. The area 
outside of the circles represents the unexplained variance (TOTX).

The steps taken to calculate the variance for each parameter are described in detail in 

Keman and Helliwell (2001), but in brief, the amount of variation explained in each 

case is transformed to a percentage value by dividing the sum of the canonical 

eigenvalues by the total inertia (or sum of all unconstrained eigenvalues), according to a 

set procedure. This procedure is outlined in Table 19, and is effectively the same for 

variance partitioning with TP and SD.
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Table 19: Computational procedure for a three-component variance partitioning model using

Step Active
component

Covariable Area in 
Figure 38

Variation 
unique to:

Calculation 
(numbers 
refer to 

steps, column 
1)

1 T None T Month 9
2 M None M Substrate 12
3 S None S TP 6
4 T M TS + T Month + TP 5-6
5 T S T + TM Substrate + 

TP
4-6

6 T M & S T Month + 
substrate

7-9

7 M T M + MS Month + 
substrate+ TP

l-(8-9)-(ll-
12)-6

8 M S M + TM Total
explained

1+7+12

9 M T & S M Unexplained
variation

TOTV-
TOTX

10 S T S + MS Total variance TOTV
11 S M S + TS
12 s T & M S .................

Unexplained variance accounted for 69.8% of the total variance when TP was used as 

the trophic variable (Figure 40). Substrate explained 25.7%, but TP explained only 

2.2% of the total variance. Seasonality (in this case, month) explained only 1.2% of the 

total variance, and the interactions between the various parameters were all below 1%.

Month

Substrate 2 5 .7

TP 2.2

Month/TP

Substrate/TP |0 .5

Month/substrate jO .6

Month/substrate/TP

Unexplained 6 9 .8

Percentage variation explained

Figure 40. Results of RDA on TP/substrate/month variables.
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Unexplained variance was similar to that for the TP analysis when Secchi depth was 

used as the measure of trophic status (Figure 41) (70.6%). Substrate also explained a 

similar amount of variance (26%) to that in the TP analysis (Figure 39). Secchi depth 

explained only 1.4% of the total variance, which was less than variance than that 

explained by TP. Seasonality (month) explained only 1.3% of total variance. The 

summary results of these analyses are given in Table 20.

Month

Substrate

SD

Month/SD

Substrate/SD 0.2

Month/substrate 10.5

Month/s ubstrate/SD

Unexplained 70.6

20 30 400 10 50 60 70 80
Percentage variation explained

Figure 41. Results of RDA on SD/substrate/month variables.

Table 20: Calculation of explanatory power offered by each component and each covariation term

TP, month, substrate SD, month, substrate
Variation unique 
to:

X Variation unique 
to:

X

Month 0.012 Month 0.013
Substrate 0.257 Substrate 0.260
TP 0.022 Secchi depth 0.014
Month + TP 0.001 Month + SD 0.000
Substrate + TP 0.005 Substrate + SD 0.002
Month + substrate 0.006 Month + substrate 0.005
Month + substrate+ 
TP

-0.001 Month + substrateH- 
SD

0.000

Total explained 0.302 Total explained 0.294
Unexplained
variation

0.698 Unexplained
variation

0.706

Total variance 1.000 Total variance 1.000

Since it was apparent that substrate accounted for most of the explained variance, the 

effects of substrate on diatom species composition were examined further.
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Diatom associations with substrate

Detrended correspondence analysis (DCA) (Hill and Gauch, 1980) was used to assess 

the amount of variation in the species and substrate data. Based on the gradient lengths 

obtained in this analysis, (>2 S.D. for the first axis), it was determined that statistical 

techniques based on a unimodal response model would be appropriate for analysis (Ter 

Braak and Prentice, 1988). Thus, correspondence analysis (CA) was used to ordinate 

the diatom data and explore differences in the submerged, emergent and floating leaved 

plants, and the lake sediment communities, based solely on species composition. 

Summary statistics are given in Table 21. The sites were grouped according to substrate 

(benthic sediment, submerged, emergent or floating plants), to facilitate examination of 

associations between substrates and diatom species (Figures 42 and 43).

Axis 1 Axis 2 Axis 3 Axis 4 Total
inertia

Eigenvalues 0.570 0.385 0.307 0.241 3.238
Cumulative percentage variance of 
species data

17.6 29.5 39.0 46.4

3.238
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Figure 42. CA biplot of substrates. •  = emergent plants, 
sediments, A = submerged plants.

= floating plants, ♦  = benthic
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Figure 43. CA ordination of the diatom communities sampled from the four habitats, showing 
diatom species. Codes are in Appendix 1.
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The substrates categorised are the benthic mud, submerged plants, emergent plants and 

floating leaf plants (Figure 42). The benthic substrate is not very variable in terms of its 

floristic composition, which consists mainly of the Fragilaria species (Figure 43). It 

overlaps to some extent with the submerged plant group, which is the most variable in 

terms of diatom composition. Diatoms associated with this group include most of the 

Achnanthes, Gomphonema and Cymbella taxa. The emergent plants overlap completely 

with the submerged group. The floating plants also overlap with the submerged plant 

group, and are the least variable in terms of diatom composition. Diatoms associated 

with the emergent plants include all those associated with the submerged plants, 

particularly Achnanthes minutissima and A. exigua. The floating leaf plants were 

associated with Fragilaria capucina, F. capucina var. mesolepta and Gomphonema 

truncatum. The Synedra species, Fragilaria capucina and F. capucina mesolepta were 

not strongly associated with any of the substrate groups. The Nitzschia taxa are 

generally found in the middle of the plot, and can be considered to be the generalist taxa 

in these sites. Therefore the submerged group captures most of the floristic variation, 

with the benthic group being most dissimilar to the emergents and floating leaf plants.

Seasonality

Correspondence analysis was carried out on the dataset, to examine the influence of 

seasonality on the diatom distribution by subjectively splitting the samples into summer, 

winter and spring seasons (Figures 44 and 45). In the summer of 1999 the benthic 

sediment samples were very distinct from the plant samples, with the separation in 

ordination space similar to that seen in the complete dataset (Figures 42 and 43). There 

were three outlying submerged plant samples, which were correlated with the more 

planktonic diatom species, including Fragilaria capucina and Synedra ulna. In general, 

the diatom species associated with the different substrates were similar to those seen in 

the complete dataset.

In the winter, the submerged and emergent plant sample variance was larger than in the 

summer, with a wider spread on the biplot. The overlap between the emergents and the 

submerged plants seen in the complete dataset was less obvious. The benthic sediment 

samples were still discrete from the plant samples, although slightly more overlap was 

evident than was seen with the complete dataset.
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The benthic sediment samples had a much higher variance in spring compared to the 

other seasons, and the dataset as a whole. However, these samples were still distinct 

from the plant samples. The emergent plant samples had a very tight variance, with one 

outlier overlapping with the sediment samples. This particular sample had a high 

abundance of Navicula species seen more usually in the sediment samples, and did not 

have the usual epiphytic species such as Cymbellas and Gomphonemas. As there were 

hardly any submerged and floating plants available for sampling in the spring, it was 

difficult to draw any conclusions on their positioning on the CA biplot. However, the 

few samples available had similar species composition to the emergent plants.
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Figure 44. Correspondence analysis (CA) ordination of the diatom communities sampled from the 
four habitats in summer 1999/2000 (a), winter 1999/2000 (b), and spring 2000 (c). •  = emergent 
plants, □  = floating plants, O = benthic sediments, A = submerged plants.
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Figure 45. CA ordination of the diatom communities sampled from the four habitats in summer 
(a), winter (b) and spring (c), showing diatom species. Diatom codes are in Appendix 1.
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Diversity

Biodiversity is an important component in all ecosystems, and assessing the level of 

diversity in a target organism is essential to establish changes occurring in the 

ecosystem itself. The first part of this section deals with diversity and seasonality, 

whilst the second examines diversity and water quality. Each substrate is treated 

separately.

The Shannon-Wiener diversity index (H) was calculated for the samples collected from 

the one-year field study (Shannon and Weaver, 1949). The Shannon-Wiener function 

can be defined as:

Sobs

H  =  l o g e P
i=\

where pi = the proportion of individuals in the zth species.

Shannon-Wiener diversity scores were calculated for the benthic sediment and emergent 

plant samples only, because the submerged and floating plant data were only available 

in the summer months, and there were too few floating plant samples to adequately 

assess diversity.

Benthic sediment samples

Figure 46 illustrates the diversity data for the benthic sediment samples for each lake at 

each month over the period June 1999 -  May 2000. There are some gaps in the 

Blickling Hall and Green Plantation data due to the aforementioned problem with 

sampling and harvesting the sediment-dwelling diatoms (c.f Chapter 2).
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Figure 46. Lake benthic sediment samples -  Shannon diversity and number of species. 
A = Beeston, B = Blickling, C = Felbrigg, D = Green Plantation, E = Guntborpe.
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All sites had broadly similar diversity scores. Diversity in the sediments of Beeston Hall 

lake was generally high, with two noticeable peaks in diversity and number of species, 

in August 1999 and April 2000. Diversity was also generally high at Blickling Hall lake 

with slight peaks in July 1999 and May 2000. Diversity was at a level comparable to the 

other lakes in Green Plantation, with peaks in August/September 1999, and May 2000.

Felbrigg Hall lake and Gunthorpe Hall lake had slightly lower overall diversity and 

number of sediment-dwelhng diatom species than the other sites. Diversity remained 

almost constant at Felbrigg Hall over the sampling period, with shght peaks noticed in 

September 1999 and March 2000. Species numbers were more variable, with a very 

noticeable drop in numbers seen in April, followed by a considerable rise in May. In 

Gunthorpe, peaks were seen in November 1999 (much later than seen in the other 

lakes), and April 2000. Diversity and number of species declined from January to 

March 2000 in Gunthorpe.

Emergent plant samples

Figure 47 illustrates the diversity data for the emergent plant samples for each lake at 

each month.

121



Jun- Jul- Aug- Sep- Nov- Jan- Mar- Apr- May-

Months

Shannon index Number of species

Jun- Jul- Aug- Sep- Nov- Jan- Mar- Apr- May- 
99 99 99 99 99 00 00 00 00

Months

■ Shannon index — Number  of species

T  20

0) .= -  10 ^ «

Jun- Jul- Aug- Sep- Nov- Jan- Mar- Apr- May-

Months

Shannon index Number of species

(/)

3 j  

2 - 
1 - 
0 H 1--------- 1--------- 1--------- 1- H h

T  2 0  ^

15 S %
r #
0 ^

Jun- Jul- Aug- Sep- Nov- Jan- Mar- Apr- May- 
99 99 99 99 99 00 00 00 00

Months

Shannon index ■ Number of species

T  20

.c
Jun- Jul- Aug- Sep- Nov- Jan- Mar- Apr- May-

Months

Shannon index Number of species

Figure 47. Shannon index and total species scores for emergent plant samples. A = Beeston, 
B = Blickling, C = Felbrigg, D = Green Plantation, E = Gunthorpe.
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Emergent plant epiphyton diversity increased in Beeston Hall lake over the period from 

June 1999 to September 1999. After August/September, diversity and species numbers 

declined until March 2000, when a very large increase was recorded. Diversity and 

species numbers decreased after this large peak. Diversity was generally high in the 

emergent plant epiphyton in Felbrigg Hall lake. At the start of the sampling period, 

diversity and number of species was comparably low, with values of around 1.2 

(Shannon score) seen in June 1999. Peaks were recorded in September 1999 and March 

2000.

Diversity and numbers of species were generally low in Bhckling. Diversity increased 

from June 1999 to November 1999, and decreased in March 2000. Slight peaks were 

recorded in November 1999 and April 2000. Generally diversity was quite low in Green 

Plantation pond compared to the other lakes, with slight peaks recorded in September 

1999 and January 2000.

Emergent plant epiphyton diversity was rather variable in Gunthorpe lake, with a 

considerable peak recorded in September 1999, and to a lesser extent in March 2000. 

Diversity and species numbers were especially low in June and July 1999 and in May 

2000.

Diversity changes related to TP and Secchi depth

To assess if there were any relationships between diversity and the main water quality 

parameters selected in Chapter 3, total annual diversity scores were calculated for each 

substrate (benthic, emergent and submerged plant samples), with the lakes plotted along 

the TP and SD gradients (Figure 48).
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Figure 48. Shannon index scores for the samples along the TP gradient. A = sediment, B 
submerged plants, C = emergent plants.
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There was no correlation between TP and diversity in the sediment samples taken from 

the five lakes, with an value of only 0.12. There was a negative correlation between 

TP and diversity in the submerged plants, but with a relatively low value of 0.40, this 

should probably be viewed with caution. This was the highest R  ̂value recorded for the 

lakes when plotted along the TP gradient. There was a positive correlation between TP 

and the diversity of the epiphyton harvested from the emergent plants, with an R  ̂value 

of 0.24.

There was no correlation between SD and diversity in the sediment samples (Figure 49). 

There was a negative correlation between SD and diversity in the submerged plant 

samples, with an R  ̂value of 0.41. There was no correlation between SD and diversity 

in the emergent plant samples, although the Blickling score was possibly an outlier. 

Therefore it was removed, and the analysis re-run (Figure 50). When the Blickling 

outlier was removed, there was a strong positive correlation between diversity and 

Secchi depth (R  ̂value of 0.94) for the epiphyton on the emergent plants.

125



2.5

y = 0.0013x + 1.5099 
R̂  = 0.1826

0.5

100 150

Mean annual SD (cm)

200 250 300

2.5

y = 0.0023X + 0.962 
R̂  = 0.4129

0.5

50 100 150

Mean annual SD (cm)

200 250 300

2.5

y = -0.0016x + 1.4544 
R  ̂= 0.13

0.5

50 100 150

Mean annual SD (cm)

200 250 300

Figure 49. Shannon index scores for the samples along the SD gradient. A = sediment, B 
submerged plants, C = emergent plants.
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Figure 50. Shannon index scores for the emergent plant samples in lake SD order, excluding the 
Blickling outlier scores.
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Dominance of diatom species

The dominance of a particular diatom species in any sample can be relatively easily 

accounted for by using the Berger-Parker dominance index (Berger and Parker, 1970). 

This index expresses the proportion of the total catch, Nt, which is due to the dominant 

species, Nmax- The dominance of certain species such as the Fragilaria taxa in the 

sediment samples, and Cocconeis placentula and Achnanthes minutissima in the 

epiphyton samples has already been seen (c.f. Chapter 3), and so it was considered 

important to assess the level of dominance in each substrate grouping to see if one 

particular substrate was more susceptible to dominance in the diatom community than 

another.

The Berger-Parker dominance index can be calculated as:

d =
N t

May (1975) concluded that this index seemed “to characterise the distribution as well as 

any (index), and better than most”. Table 22 gives the results of the Berger-Parker 

dominance index calculations, based on the different substrate groupings given in Table 

23.
Table 22: Berger-Parker Dominance Index for each lake and each substrate grouping. Values 
shaded are discussed in the text. Mean results shown of x  samples (given in bold), with standard 
deviations.

Substrate Beeston Blickling Felbrigg Green
Plantation Gunthorpe

Sediment 0.49 ±0.15 
9

0.37 ±0.11 
7

0.41 ±0.11 
9

0.31 ± 0.07 
7

0.47 ±0.13 
8

Submerged 0.49 ± 0.24 
7

0.76 ±0.14 
5

0.65 ±0.14 
3

0.51 ±0.11 
8

0.53 ± 0.24 
11

Emergent 0.47 ±0.19 
9

0.74 ±0.19 
8

0.50 ±0.17 
15

0.69 ±0.15 
7

0.63 ± 0.26 
9

Floating 0.23 ± 0.07 
4 No samples 0.41 ±0.12 

2
0.64 ± 0.00 

1
0.66 ± 0.21 

4

There are several differences in the dominance index between lakes and between 

substrates. In Beeston, all of the substrates appear to have a diatom community of 

comparable dominance, apart from the floating plants, which had a much lower total 

(although this may be due to the low sample number). In Blickling, the submerged and
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emergent plants have a dominance index approximately double that of the sediment 

samples. There were no floating plants collected fi'om this lake. In Felbrigg, the 

floating, emergent and sediment samples had comparable index scores, but the 

submerged plants had a much higher score. In Green Plantation, the greatest differences 

between substrates were evident, with the sediment samples having the lowest index 

score, followed by the submerged plants, and then the emergent plants. As there was 

only one sample collected fi'om the floating plant group, this substrate will not be 

discussed. In Gunthorpe Lake, the sediment and submerged plant samples had 

comparable index scores, these being lower than the scores calculated for the emergent 

and floating plants.

Figure 51 shows the Berger-Parker index scores calculated for the substrates (excluding 

the floating plants due to the low number of samples), along the TP and Secchi depth 

gradients, with linear trend lines fitted.
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Figure 51. Berger-Parker index scores for the samples along the TP gradient. A = sediment, 
B = submerged plants, C = emergent plants
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There was some indication that diatom species dominance in the sediment samples 

increased with increasing TP, although with an value of 0.27, this should be treated 

with some caution. This was also the case for the submerged plant samples, although 

again the relatively low value (0.25) should be noted. Conversely, the level of 

dominance in the emergent plant samples decreased with increasing TP, with an R  ̂

value of 0.25.

When the scores were plotted along the SD gradient, some different patterns were seen 

(Figure 52). There was a negative relationship between Secchi depth and the 

dominance of diatom species in the sediment samples and the submerged plant samples 

(R  ̂ 0.31 in both cases). There was no relationship between Secchi depth and index 

scores in the emergent plant samples (R  ̂ = 0.12) but this may have been due to an 

obvious outlier: Blickling. When this was excluded, a very strong correlation between 

Secchi depth and dominance scores was seen (Figure 53). In contrast to the other 

substrate types, dominance increased as SD increased (R  ̂= 0.88).
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Figure 52. Berger-Parker index scores for the samples in lakes plotted along the SD gradient. 
A = sediment, B = submerged plants, C = emergent plants
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Figure 53. Berger-Parker index scores for the emergent plant samples in lakes plotted along the SD 
gradient, excluding the Blickling outlier scores.
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Species accumulation curves

The species accumulation curve can be defined as the cumulative number of species, 

S(n), collected against a measure of the sampling effort (n). The sampling effort in this 

case was measured as the number of plant and mud samples taken from each lake at 

each month. As effort increases, gradually more and more of the diatom species living 

on a particular substrate will be caught until eventually only the rarest species remain 

unrecorded. At this point, increased effort will not increase the recorded species 

number (i.e. the species accumulation curve Avill have reached an asymptote). The 

species accumulation curve was run in the computer program Species Diversity and 

Richness (Pisces Conservation Ltd), with number of runs set to the total number of 

samples present. This plots the average species accumulation curve for the samples, 

which are randomly shuffled and hence removes the effect of sample order on the curve. 

One assumption of this procedure is that asymptotic behaviour is only observed if the 

samples come from a single, reasonably homogeneous habitat; hence the samples were 

put into the relevant substrate groupings. The plant species included in each grouping 

are detailed in Table 23.

Table 23: Plant species collected divided into the various subjective groupings.
Submerged plants Emergent plants Floating plants and algae

Ceratophyllum demersum 
Ceratophyllum submersum 

Char a sp.

Elodea canadensis 
Hippuris vulgaris 

Myriophyllum spicatum 
Potamogeton pectinatus 
Potamogeton pusillus

Carex sp. 
Phragmites australis 

Typha sp.

Cladophora sp. 
Enteromorpha sp. 

Flab (undifferentiated 
floating algal biomass) 

Lemna minor 
Nymphaea alba
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Figure 54. Species accumulation curve for the benthic sediment samples (total of 40 samples from 
the complete dataset of 133 samples). Logarithmic curve fitted on actual values.
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Figure 55. Species accumulation curve for the submerged plant samples (total of 34 samples from 
the complete dataset of 133 samples). Logarithmic curve fitted on actual values.
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Figure 56. Species accumulation curve for the emergent plant samples (total of 48 samples from 
the complete dataset of 133 samples). Logarithmic curve fitted on actual values.

45 -

40 -

S- 30 -

V = 8.5045Ln(x) + 8.1223 
R2 = 0.995910 -

Samples

Figure 57. Species accumulation curve for the floating plant samples (total of 11 samples from the 
complete dataset of 133 samples). Logarithmic curve fitted on actual values.

The species accumulation curves vary according to substrate type (Figures 54-57). The 

curves all fit a logarithmic distribution with high accuracy (R  ̂ values exceeding 0.99 in 

all cases). In terms of sampling effort, if the number of samples taken is (for example) 

ten, then the number of species captured from the benthic sediment samples is 

approximately 30. For the submerged plants, this total is around 28, emergents 28, and 

the floating plants 27. Therefore it seems that the benthic sediment develops a more 

diverse diatom flora than the other samples, albeit marginally. Floating plants capture 

the least amount of diatom species, although this may be an artefact of the low number 

of samples collected. However, when a smaller number of samples are selected, for
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example three, there is little difference between the substrates (between 17 and 18 

species collected per substrate). This indicates that at lower sampling effort, all 

substrates yield a comparable number of species.

Discussion

Diatom associations with substrate

The ordinations presented here demonstrate that substrate explains more variance in this 

dataset than TP, Secchi depth or time. This illustrates the need to consider the effects of 

substrate on diatom communities when designing a biomonitoring programme.

The data analysis showed that several diatom species were more commonly associated 

with the plant substrates than the sediment (including Cymbella microcephala, 

Gomphonema parvulum and Amphora pediculus). There was considerable overlap 

between those species seen on the submerged plants and those on the emergent plants. 

The submerged and emergent plants captured the highest amount of floristic variation of 

all the substrates, with the emergent plants having higher abundances of adnate forms 

such as Achnanthes minutissima and Cocconeis placentula. Acs and Buczko (1994) 

noted high abundances of A. minutissima and Gomphonema olivaceum on reed samples 

in a mesotrophic lake in Hungary, as well as small, unidentified Nitzschia species. It 

was thought that A. minutissima and G. olivaceum competed with each other in the 

epiphytic matrix, with A. minutissima being more competitive. This observation was 

attributed to possible nutrient exchange between the host reed and A. minutissima, 

which is more tightly attached to the substrate than G. olivaceum. Acs and Buczko 

(1994) conducted their study in a mesotrophic lake, where the effect of nutrient release 

by macrophytes becomes more important than in eutrophic lakes (Burkholder and 

Wetzel, 1989). In eutrophic lakes such as those in this study, the effect is negligible 

(Fontaine and Nigh, 1983), and so the diatoms may respond more directly to the 

nutrients available in the overlying water than those available in the substrate itself. It 

has also been found that algal abundance can be correlated with plant morphology 

(Siver, 1980; Burkholder and Sheath, 1984), which is therefore an important 

characteristic to consider when developing a diatom-based monitoring system. This 

hypothesis is explored in Chapter 5.
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Several authors (Goldsborough and Hickman, 1991; Otten and Willemse, 1988) suggest 

that the physical conditions of the substrata (e.g. roughness of surface, colour, 

wettability, etc.) are important modifiers of colonisation on emergent plants such as 

Phragmites and Typha. On hydrophobic substrata, Cocconeis placentula was found to 

be more abundant (Goldsborough and Hickman, 1991). Acs and Buczko (1994) 

controlled for substrate surface properties, but found that C placentula abundance still 

differed between treatments. They hypothesised that C. placentula was more 

competitive under harsh circumstances such as nutrient limitation. There is no evidence 

of this in the data presented here, where C placentula appears to have no response to 

TP concentrations (c.f. Chapter 3). This may, however, be because the concentrations 

of phosphorus are such that nutrient limitation never occurs.

The sediments had a flora composed mainly of the motile Navicula species, and the 

Fragilaria taxa. The generalist taxa such as Fragilaria have been reported to exist 

under varying TP concentrations in surface sediment/chemistry datasets of lowland 

lakes, e.g. Bennion, (1995); Bennion et al., (2001). It therefore seems that there are 

uncertainties associated with the ecology of the Fragilaria species, which require 

further investigation. Indeed, there was some indication in this study that Fragilaria 

construens var. venter and Fragilaria construens were responding more strongly to the 

light gradient than the TP gradient. Bennion et a l (2001) discuss the factors important 

for Fragilaria growth in shallow lakes. They theorise that light is critical for Fragilaria 

taxa, as they grow in situ on surface sediments, and will be less abundant if there is 

shading fi'om macrophytes and epiphytes, or indeed low light conditions due to turbidity 

and phytoplankton blooms. They conclude that Fragilaria would be poor indicators of 

trophic status, due to their very high TP tolerance, and no clear TP optima. The data 

presented in this study support this argument.

Seasonality

There was some evidence that the diatom species were affected by seasonality. 

Variability in the assemblages was greater in the winter months on the submerged and 

emergent plants. In summer a number of tychoplanktonic diatom species (such as 

Fragilaria capucina and Synedra ulna) were present on the submerged plants. 

Phytoplankton reaches a peak growing phase in eutrophic lakes in the summer months,
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so this observation would be expected. The sediments captured a higher variance in the 

spring than in the other seasons. Benthic diatom diversity was also generally higher 

during this part of the year. In accordance with these findings, high diversities were 

seen in spring on artificial substrates (glass slides) in some Irish loughs (Barbiero, 

2000), compared to the naturally occurring epilithon.

The emergent plant diatom flora was at its most diverse in the early spring and late 

summer, although overall diversity was lower than in the sediment samples. Seasonal 

effects were noted in a study of artificial versus natural substrates in some oligotrophic 

lakes in Ireland (Barbiero, 2000) in which lowest diversities of diatoms were seen in 

summer. This contrasts with the results presented in this study, most likely because the 

substrates chosen in the Irish study were either glass slides or rocks, which develop a 

different community to submerged and emergent plants.

Diversity and TP/Secchi depth

There was an indication of a negative correlation between TP and diversity on the 

submerged plants, and a positive correlation between these two parameters on the 

emergent plant substrates. The dominance index increased with increasing TP on the 

sediment substrates, and slightly increased on the submerged plants. In contrast, 

dominance decreased with increasing TP on the emergent plant samples. Diversity 

generally decreases vrith increasing eutrophication in aquatic ecosystems (Mason, 

1991), and there is a tendency towards dominance of nutrient-tolerant algal species with 

enrichment. Whilst this conclusion would explain the correlations between increasing 

TP and decreasing diversity/increasing dominance in the sediments and on submerged 

plants, it does not explain why diversity increased with increasing TP on the emergent 

plants. Perhaps emergent plant diatom diversity was affected by factors other than TP 

(such as invertebrate grazing), whilst the submerged plant diatom communities were 

subject to greater influence by TP. It is also possible that the growth of the emergent 

plants themselves had an effect on diatom diversity, since it has been found that age of 

substrate has a profound effect on diatom species composition and density (Slater, 

1991). Slater (1991) found that diatom assemblages on the bottom (therefore older) 

leaves of Potamogeton sp. tended to be more similar to each other than the assemblages 

from the top (younger) leaves. Further research is therefore required to establish why 

diversity increases with increasing TP on the emergent plants.
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There was a negative correlation between Secchi depth and diversity on the submerged 

plants (NB: the SD gradient used was plotted from high to low SD). When Blickling 

was removed from the dataset, there was a very high positive correlation between 

diversity and Secchi depth on the emergent plants. This result was surprising, because 

one would expect diversity to decrease with decreasing SD, i.e. as light conditions 

became less favourable for diatom growth. There was some indication that light 

availability might be affecting diatom community structure in a study of two freshwater 

Antarctic lakes, but this was not investigated in full (Oppenheim and Greenwood, 

1990). The effects of light availability on the development of benthic diatom 

community structure in different habitats has not been studied at all, and represents a 

significant gap in our knowledge. Most effort has been made to investigate the effects 

of light on epiphyton biomass, presumably because this is easier to measure than the 

effects on community structure. Lalonde and Downing (1991) found that epiphyton 

biomass decreased with depth, but did not answer the question of how light availability 

affects community structure in such situations. Although not concerned with diversity. 

Marker and Collett’s (1997) study of epiphytic algae on Phragmites in the River Great 

Ouse revealed that algal biomass peaked when the light climate was improved, since 

higher concentrations were found on the outer fringes of reedbeds, just below the water 

surface (where light is more readily available).

Blickling was an outlier in two of the analyses carried out on the full dataset. This lake 

is significantly larger in surface area than the other four, and was dominated by a 

cyanobacterial bloom for the whole sampling period. These two factors probably had a 

significant effect on the stability and functioning of the benthic diatom communities, 

since it was likely that they had been subjected to varying levels of disturbance by wind 

(due to the higher surface area), and lower light levels than the other lakes. pH was also 

very high during the summer in Blickling, which would have led to dissolution of some 

of the diatom frustules (and probably was the main factor contributing to problems with 

harvesting diatoms from the summer samples). The presence of this outlier in such a 

small set of lakes indicates the complexity of shallow lake ecosystems, and is important 

to consider in future studies of benthic diatom community structure.

There was no correlation between diversity in the sediment samples and TP/Secchi 

depth. This is probably because the epipelon is more responsive to nutrients available 

in the sediments than the water column (Goldsmith, 1996). Diatom species dwelling in
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the sediments of shallow lakes are likely to be better adapted to changing light 

conditions, since this parameter can change rapidly over a short period of time. It is 

therefore likely that a community response to light would not be seen.

The variable results seen in the diversity data contradict results seen in a study of 

Nepalese streams, where various substrates were sampled for diatoms with the aim to 

develop a water quality biomonitoring programme (Rothfritz et a l, 1997). It was found 

that diatom samples from both the epiphytic and the epilithic habitats reflected the same 

chemical gradient (in this case acid-base status, sulphate concentration and 

conductivity), but H’ diversity and evenness did not vary between habitats, suggesting 

no differences in diatom community structure. It was noted that the epiphytic samples 

held a significantly larger proportion of the total species pool of diatoms, which agrees 

with the results given here which indicated that the submerged and emergent plants 

captured the largest amount of floristic variation. The authors recommended 

comprehensive sampling in the assessment of diatom biodiversity, but single habitat 

sampling for water quality monitoring.

The submerged and emergent plants had a higher diatom species dominance than the 

sediments. Dominance in the sediment samples increased with increasing TP. 

However, there was a negative correlation between TP and dominance in the emergent 

plant samples. Species that were most dominant on the plants included Achnanthes 

minutissima and Cocconeis placentula, which were also reported as being dominant on 

various plant species in the eutrophic Lake Tâkem in Sweden (Blindow, 1987). 

Rothfiitz et al (1997) found that Cocconeis placentula, Achnanthes lanceolata and 

Achnanthes pediculus were significantly more abundant on bryophytes than in the 

epilithon in Nepalese hill streams.

Biodiversity is an important characteristic to consider when investigating ecosystems, 

since it has been argued that a large proportion of native species richness is required to 

maximise ecosystem stability and sustain function (Schwartz et a l, 2000). However, 

the hnks between biodiversity and ecological functioning are poorly understood, and 

there are several arguments indicating that biodiversity and functioning are linked 

(Chapin et a l, 1997; Tilman, 1997; Edwards and Abivardi, 1998), and others that there 

are no correlations between the two (Hooper, 1998; Hooper and Vitousek, 1997). The 

majority of diversity/ecological functioning studies have been carried out on terrestrial
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plant and animal communities, with relatively few in aquatic environments (e.g. Finlay 

and Esteban, 1998; Marques et al., 1997). The links between biodiversity of benthic 

diatoms and the functioning of lake ecosystems in particular has not been studied, 

although attempts are now being made to rectify this (Sayer et a l, 1999). Stevenson 

(1996) states that interpretation of diversity scores in benthic algal communities is 

unclear.

Sampling effort

The results revealed that for all substrates, large numbers of samples failed to capture 

significantly higher numbers of species. For the same number of samples, the benthic 

sediments captured only shghtly more diatom species than the plant substrates. Benthic 

sediments are known to have diverse diatom communities (Round, 1981), but few 

studies have been carried out on the diatom communities living on plant substrates. 

Goldsmith (1996) questioned the use of plants in a river-based diatom monitoring 

system, since plants tended to be dominated by a few generalist diatom taxa, whereas 

sediments were more diverse and supported the more responsive taxa. This may be the 

case in rivers, but was not the case in this study, as the plants were the more sensitive 

substrate in terms of their diatom composition. However, Goldsmith (1996) noted that 

epipelic diatoms were more likely to be responding to the nutrient content of the 

sediment than the overlying water column, which would be a problem if diatoms were 

to be used to monitor water quality.

Summary

• Substrate explained more variance than TP, Secchi depth or time.

• There were two defined groups of substrates, according to CA: the sediments and 

the plants, with some uniquely occurring diatom species on each. The submerged 

plants covered a larger amount of variance than the sediments, and hence were 

recommended as a useful substrate to sample when developing a diatom-based 

biomonitoring programme. The emergent plants captured a slightly lower amount 

of floristic variation, and had the advantage of being available at all times of the 

year for sampling purposes.
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Diatoms were affected by seasonality, with variation greater in the winter on the 

submerged/emergent plants, and in spring in the sediments. Diversity tended to be 

higher in the summer and early spring on the plants, and the early spring in the 

sediments.

An investigation of sampling effort revealed that collection of large numbers of 

samples from any of the substrates was unnecessary since very few additional 

species were found with extra sampling effort. The optimal number of samples is 

approximately three.
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Chapter Five

Experimental study: the effects of 
submerged plant architecture and 

grazing on benthic diatom communities

Introduction

In previous chapters, the submerged plants were shown to capture the greatest floristic 

variation in the diatom community. This chapter describes results of an in situ 

experiment carried out during the summer of 2000 in three of the study lakes to examine 

this substrate further. Firstly, artificial plants are used in place of naturally occurring 

macrophytes to examine the effects of plant architecture on benthic diatom community 

structure. Secondly, the effect of herbivorous grazing on diatom community 

composition is explored by placing a subset of the artificial plants in cages designed to 

reduce overall grazing, whilst not significantly affecting light transmission to the 

epiphyton. Thirdly, the effects of vertical positioning on the plants on community 

composition are investigated. In each case, the diatom data are summarised as total 

species numbers and relative abundance of the principal taxa. Additionally, the 

indicator taxa identified in Chapter 3 are used to assess water quality.

Methods

Experiment One: effects of plant architecture and vertical distribution 
patterns

Two different plastic plant types were used to assess the effects of plant architecture on 

benthic diatom colonisation. The plants selected were Elodea canadensis and 

Myriophyllum spicatum\ both submerged species typically associated with eutrophic 

lakes. These plants differ in morphology, with Elodea possessing wider, larger leaves 

than the more differentiated, feather-like Myriophyllum. Each plant possessed three
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separate strands, approximately 30cm in length, attached to a plastic base. These 

strands were used as replicates in this experiment.

One individual plant of both species was attached to a brick with tape (Figure 58). A 

float was attached with rope to allow future identification and recovery. The weighted 

plants were then placed in a water depth of one metre in three study lakes (Gunthorpe 

Hall, Green Plantation and Felbrigg Hall) in July 2000 for a period of three months. 

The plants were placed in areas which, at the time, did not have any submerged plant 

growth. A water sample was taken fi’om each lake for subsequent chemical analysis in 

July 2000 (when the plants were placed) and in October 2000 (when they were 

recovered). A water column light profile was taken just prior to installation of the 

plants (see methods elsewhere).

After three months, the plants were recovered and each strand was cut into three pieces; 

the bottom section attached to the brick, the middle section, and the top section (each 

being approximately 10 cm long), to assess vertical distribution patterns. These 

sections were placed into methanol in suitable containers for subsequent diatom 

preparation.

There were 54 samples in total for this experiment: three replicates of three vertical 

sections and two plant types in each of the three lakes.

Experiment Two: effects of grazing on benthic diatoms

To assess the effects of grazing by invertebrates and fish on epiphytic diatom 

colonisation, the same plant species as outlined above were used. These plants were 

placed into a “cage” of nylon meshing, with an average mesh size of between 3 and 

5mm, to reduce numbers of grazers on the plants without disrupting the available light. 

The cages were placed into the three lakes at a depth of 1 metre in July 2000 as in 

Experiment 1, and were recovered after three months (October 2000). The plants were 

then sectioned as described in experiment one. Unfortunately, the samples at Felbrigg 

were unrecoverable, and therefore data analysis was carried out on the Green Plantation 

and Gunthorpe samples only. There were 36 samples in total (three replicates of three 

vertical sections, with two plant types and two lakes sampled).
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Figure 58. Experimental set-up: (a) caged and (b) uncaged plastic plants.

Results

Physico-chemical conditions during experimental period

The TP and SRP concentrations in all three lakes were higher in July than in October of 

the experimental period. TP concentrations in Felbrigg were high (>100pg TP 1'̂ ) and 

those in Gunthorpe and Green Plantation were relatively low (<15 pg TP 1'̂ ) (Table 24).

As expected, temperature was higher in July than in October in all lakes. Silica 

concentrations were higher in October than in June in Felbrigg and Gunthorpe and 

nitrate concentrations were higher in October in all lakes (which would be expected as 

submerged plants started to die back). pH remained relatively constant over the 

experimental period in all lakes. Chlorophyll a was higher in July than October in all 

lakes, with Green Plantation having consistently the highest concentration, due to a 

cyanobacterial bloom present from the early summer until late autumn.
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Table 24: Physical and chemical data for the three lakes during the experimental period in 2000

Ju ly
Felbrigg

O ctober
Green Plantation
Ju ly O ctober

Gunthorpe
Ju ly  O ctober

Conductivity (|iiS cm ') 520 450 730 530 560 510
Temperature (°C) 24 11 19 11 24 11
pH 7.6 7.7 8.2 7.6 7.7 7.5
Alkalinity (mg I"’) 91 134 161 152 201 190
TP(pgr') 134.29 111.43 12.86 5.71 11.43 4.29
SRP(pgr') 60.91 22.50 12.73 2.29 6.36 3.52
Nitrate (mg l ') 0.02 1.03 1.46 1.98 1.06 1.96
Silica (mg l ') 0.40 3.29 5.74 5.69 7.71 11.56
Chi a (pg r') 10.26 5.33 96.66 25.46 14.36 4.23

Light extinction coefficients were calculated for each lake in July and October (Table 

25). The extinction coefficient calculation is given in Chapter 2.

Table 25, Extinction coefficients for the three lakes (at one metre depth)
Lake Extinction 

coefficient (m *) 
July

Extinction 
coefficient (m *) 

October

Mean (n=2)

Felbrigg 2.53 1.23 1.88
Gunthorpe 1.55 0.41 0.98

Green Plantation 2.46 0.68 1.57

Extinction coefficients indicate the level of water clarity at a particular depth (in this 

case 1 metre), with a high coefficient indicating a higher level of turbidity. Felbrigg 

was the most turbid of the three lakes (mean extinction coefficient of 1.88 m' )̂, 

followed by Green Plantation with a slightly clearer water column (1.57 m'^), and 

finally Gunthorpe which had good water clarity (0.98 m' )̂.

The three sites are ranked in the same order using either TP or light extinction 

coefficient data as follows: Felbrigg -  high P, turbid; Green Plantation -  intermediate P 

and clarity; Gunthorpe -  lowest P and clear water.

Experiment One: effects of plant architecture

(i) Total diatom species numbers

The mean numbers of diatom species observed on the plant samples for each lake 

ranked according to TP concentration and light extinction coefficients are shown in 

Figure 59. The data are given for combined Myriophyllum and Elodea (overall) and for 

Myriophyllum and Elodea separately. A paired 2-sample t test for means was
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performed on the data, to assess if the differences in mean species numbers were 

significantly different between lakes.

25
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Figure 59. Mean number of diatom species counted on artificial plants in the three lakes, with 
lakes in order of increasing TP/light extinction coefficient. The overall mean is composed of 18 
samples, and the separate Myriophyllum/Elodea means are of 9 samples.

The Elodea plants had significantly fewer diatom species than the Myriophyllum plants 

(/ = -2.21, p = 0.02). The replicates produced broadly similar results, with a variance of 

12.22 for the Elodea samples, and 11.17 for the Myriophyllum samples (F test statistic 

1.09, p>0.05).

Overall, the mean number of species decreased significantly along the TP gradient 

(Gunthorpe v Green Plantation t = 1.83, P<0.05, Gunthorpe v Felbrigg t = 5.06, p<0.05, 

Green Plantation v Felbrigg t = 2.48, P<0.05). There was no significant difference in 

the mean number of species counted on the Myriophyllum plants (n = 9) in Gunthorpe 

compared to Green Plantation (t = 1.13, P = 0.14), or from Green Plantation to Felbrigg 

(t = 1.69, P = 0.06), but the number significantly decreased from Gunthorpe to Felbrigg 

(t = 3.34). There was no significant difference in the mean number of species counted 

on the Elodea plants (n = 9) in Gunthorpe compared to Green Plantation (t = 1.42, P = 

0.10), or from Green Plantation to Felbrigg (t = 1.72, P = 0.06), but the number 

significantly decreased from Gunthorpe to Felbrigg (t = 3.68).
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(ii) Major diatom taxa

The percentage abundance data presented here are means of nine samples in each case 

(three replicates x three vertical sections).

The diatom communities living on the artificial plants were dominated by a few taxa, 

namely Achnanthes minutissima, Fragilaria construens, Cocconeis placentula and 

Amphora pediculus. There were, however, clear differences in the diatom species 

composition of the three lakes, and to a lesser extent between the two plant types within 

a single lake (Figure 60).

The Myriophyllum plants in Gunthorpe had high abundances of Fragilaria construens 

and Achnanthes minutissima, and Fragilaria construens var. venter and Fragilaria 

pinnata were also important. In Green Plantation, the Myriophyllum plants were 

dominated by Cocconeis placentula. Amphora pediculus and Achnanthes minutissima, 

and in Felbrigg, the Myriophyllum diatom community consisted of Fragilaria 

construens var. venter, Fragilaria construens and relatively lower abundances of 

Fragilaria capucina rumpens, Achnanthes minutissima and Cocconeis placentula.

The Elodea plants in Gunthorpe were dominated by Achnanthes minutissima, with a 

relatively high abundance of Fragilaria construens. Nitzschia palea appeared in 

noticeable abundance (10%), and Cymbella microcephala was present in small numbers 

(around 1.5%). In Green Plantation, the Elodea plants were dominated by three species: 

Cocconeis placentula. Amphora pediculus and Achnanthes minutissima. Cymbella 

microcephala was seen in low abundance. In Felbrigg, the Elodea plants were 

dominated by a Fragilaria matrix, consisting mostly of Fragilaria construens venter, 

Fragilaria construens and Fragilaria capucina rumpens.

In Gunthorpe, there were higher abundances of Fragilaria construens, Fragilaria 

construens var. venter and Fragilaria pinnata on the Myriophyllum plants than there 

were on the Elodea plants. The Elodea samples had higher abundances of Achnanthes 

minutissima and Nitzschia palea than the Myriophyllum samples. In Green Plantation, 

there were few differences in the diatom communities between the two plants, although 

there was a marginally higher abundance of Achnanthes minutissima on the Elodea 

plants. In Felbrigg, there was a higher abundance of Fragilaria brevistriata, Fragilaria
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construens and Fragilaria construens var. venter on the Elodea plants than on the 

Myriophyllum plants, and vice versa for Achnanthes minutissima.

I
0>

I

100%

□  Achnanthes minutissima g  Amphora pediculus

OH Cymb ella microcephala g  Fragilaria brevistriata

□  Fragilaria capucina rumpens H Fragilaria construens 

m Fragilaria pinnata El Navicula elginensis

0  Nitzschia palea ■  Other species

El Cocconeis placentula 

^Fragilaria capucina 

□  Fragilaria construens venter 

B Nitzschia frustulum

Figure 60. Most abundant diatom species on the uncaged plastic plants in the three study lakes.

Floristic similarities in ordination space

The full dataset was subjected to DCA to assess the floristic similarities between sites 

and between plant types in ordination space. Based on the gradient lengths obtained in 

this analysis, (>2 S.D. for the first axis), it was determined that statistical techniques 

based on a unimodal response model would be appropriate for analysis (ter Braak and 

Prentice, 1988). Therefore CA was used to ordinate the diatom data and explore 

differences in the sites and the plant type, based on species composition. Summary 

statistics for the CA are provided in Table 26. The total dataset of 90 samples was used 

(including both the grazed and ungrazed samples). Rare species were downweighted.
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Table 26. Summary statistics for a CA carried out on the diatom data from the artificial plant

Axes 1 2 3 4 Total
Eigenvalues 0.461 0.156 0.083 0.055 1.580
Cumulative percentage variance of 
species data

29.2 39.1 44.3 47.8

Sum of all unconstrained eigenvalues 1.580

The correspondence analysis of the dataset indicated complete separation of the three 

lakes in ordination space based on their diatom taxa (Figure 61). All three lakes 

therefore had diatom communities that were distinctly different to one another.

2 .0 -

1.0

Axis 2 (0.156) 

0.0

- 1.0

- 2.0

- 2.0 - 1.0 0.0 2.0

Axis 1 (0.461 )

Figure 61. CA hiplot of the artificial plant data, grouped hy site. O = Gunthorpe, 0 = Green 
Plantation, □  = Felbrigg.

There was almost complete overlap between the samples when grouped by plant type 

{Myriophyllum and Elodea) (Figure 62). This indicated that the diatom communities 

were very similar between plant type.
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Figure 62. CA biplot of the artificial plant data grouped into Myriophyllum  (0) and Elodea (O).

Diatom species associated with Gunthorpe included the Cymbellas {Cymbella 

microcephala, Cymbella cistula, Cymbella amphicephala), and certain Nitzschia species 

such as Nitzschia gracilis and Nitzschia linearis (Figure 63). The diatom community 

associated with Green Plantation was composed of Achnanthes conspicua, Cocconeis 

placentula, Rhoicosphenia abbreviate and various Navicula species including Navicula 

elginensis. The diatom species associated with Felbrigg were Fragilaria capucina 

rumpens, Navicula halophila, Nitzschia sublinearis and Fragilaria construens var. 

venter.

Between-lake differences in diatom community composition were substantially greater 

than within-lake differences on the different plant types, the latter being relatively small. 

Plant architecture, therefore, appeared to have a relatively low influence on diatom 

community composition compared to water quality.
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Figure 63. CA biplot of the artificial plant data, showing diatom species.

(iii) Indicator taxa

As an aim of this thesis is to assess the value of benthic diatoms for monitoring lake 

water quality, it was considered important to assess the impact of plant architecture on 

the abundance of the six indicator species identified in Chapter 3 (these being 

Achnanthes hungarica, Nitzschia frustulum, Nitzschia palea, Nitzschia gracilis, 

Cymbella microcephala and Cymbella cistula). Indicator ratios were calculated from 

the mean relative abundances of the two groups of indicator taxa for each lake, using the 

complete plastic plant sample data. The indicator ratio calculation is explained in 

Chapter 3. A linear regression line was fitted to the data derived for these three lakes, 

using the mean values of TP and extinction coefficients in each plot.

There was a negative correlation between the indicator ratio derived from both Elodea 

and Myriophyllum samples combined and increasing TP concentration, with an value 

of 0.64 (Figure 64). There was a stronger negative correlation between the indicator 

ratio derived from both Elodea and Myriophyllum samples combined and increasing 

extinction coefficient, with an value of 0.99 (Figure 65).
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Figure 64. GoodrPoor indicator ratio (based on combined Elodea/Myriophyllum samples, plotted 
against TP). Linear regression line fitted.
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= 0.9978
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Figure 65. Good:Poor indicator ratio (based on combined Elodea/Myriophyllum samples, plotted 
against extinction coefficient). Linear regression line fitted.

A negative correlation between TP concentration and indicator ratio was seen when the 

Elodea sample data alone was used (R  ̂ value of 0.86) (Figure 66a), and when the 

extinction coefficient was correlated with the Elodea data, a slightly stronger negative 

correlation was seen (R  ̂ 0.91, Figure 66b). The Myriophyllum samples alone gave a 

very weak negative correlation with TP concentration with a low R  ̂ value of 0.38 

(Figure 66c), but a strong negative correlation with the extinction coefficient data (R  ̂

0.95, Figure 66d). The differences between the ratios produced by the two plant types 

were negligible, and it is likely that both plant types can be employed in biomonitoring 

studies using epiphyton with equal success.
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Figure 66. Good:Poor indicator ratios correlated with water quality parameters. (A) = Elodea and 
TP concentration, (B) = Elodea and extinction coefficient, (C) = Myriophyllum and TP 
concentration, (D) = Myriophyllum and extinction coefficient.
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Experiment Two: effect of grazing on benthic diatoms

(i) Total diatom species numbers

Several paired 2 sample /-tests for means were carried out on the data collected from the 

samples from the two study lakes, Gunthorpe and Green Plantation (Table 27), to 

ascertain if grazing affected the total numbers of species present. The total amounts 

were means of 18 samples, comprising three replicates of the three vertical sections 

from the two plant types. The plant types alone were means of nine samples, 

comprising three replicates of the three vertical sections. Mean numbers of species are 

also given (Figure 67).

Table 27. Results of paired 2 sample t-tests for means on the two lake dataset (* = significant at

Analysis T stat (df) P
Gunthorpe total caged ‘v’ Gunthorpe total uncaged -2.11 (17) 0.03 *
Green Plantation total caged ‘v’ Green Plantation total uncaged -2.58(17) 0.009 *
Gunthorpe Elodea caged ‘v’ uncaged 0.64 (8) 0.26 NS
Gunthorpe Myriophyllum caged ‘v’ uncaged -6.20 (8) 0.0001 *
Green Plantation Elodea caged ‘v’ uncaged -0.24 (8) 0.41 NS
Green P\a.ntàtion Myriophyllum caged ‘v’ uncaged -3.70 (8) 0.003 *

20

Myriophyllum Myriophyllum 
caged  uncaged

Total caged  Total uncaged  Bodea caged  Bodea
uncaged

□  Gunthorpe □  G reen Plantation

Figure 67. Mean number of diatom species in Gunthorpe and Green Plantation in the grazing 
experiment.

154



In the case of the combined plant types and the Myriophyllum type, there were 

significantly more species in the uncaged than the caged samples in both lakes. 

However, these differences were not significant for Elodea in either lake.

(ii) Major diatom taxa

The percentage abundance data presented here are means of nine samples in each case 

(three replicates x three vertical sections) (Figure 68).

In Gunthorpe, the caged Elodea plants had very high abundances of Achnanthes 

minutissima (60%), with the remainder comprising mostly of Fragilaria construens 

(nearly 20%), and other uncommonly occurring species such as Nitzschia palea and 

Gomphonema parvulum. The caged Myriophyllum plants had high abundances of 

Achnanthes minutissima (nearly 40%) and Fragilaria construens (around 20%), as well 

as Fragilaria construens var. venter (10%).

The caged Elodea samples in Gunthorpe had a higher percentage of Achnanthes 

minutissima than the uncaged Elodea samples (60% compared to 40%), but lower 

abundances of Fragilaria construens and Cocconeis placentula.

The caged Myriophyllum samples in Gunthorpe had higher abundances of Achnanthes 

minutissima than the uncaged Myriophyllum samples (nearly 40% compared to 22%). 

There were higher abundances of Fragilaria brevistriata (10%) on the caged samples 

compared to around 2% seen on the uncaged samples, whereas Fragilaria construens 

was present in much lower abundance on the caged samples than on the uncaged 

samples (20% compared to 40%).

In Green Plantation, the caged Elodea plants were dominated by the 

Cocconeis/Amphora/Achnanthes complex seen on all the other plant treatments in this 

lake. Percentage abundances of these taxa were as follows: Achnanthes minutissima 

21%, C. placentula 20%, Amphora pediculus 22%. The caged Myriophyllum plants 

were dominated by Cocconeis placentula (22%), Amphora pediculus (22%) and 

Achnanthes minutissima (18%). The remainder of the overall abundance was composed 

of Navicula elginensis (around 10%), and various Fragilaria species.
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The caged Elodea samples in Green Plantation had very similar diatom compositions to 

those seen on the uncaged Elodea samples. There were, however, lower abundances of 

Cocconeis placentula on the caged Elodea samples than the uncaged ones (20% 

compared to 40%). The Myriophyllum uncaged samples were very similar to the caged 

samples in composition.

Overall, there were few compositional differences between the caged and uncaged 

samples, although differences were more pronounced in Gunthorpe than in Green 

Plantation. Higher abundances of Achnanthes minutissima were seen on the caged 

samples than on the uncaged samples in Gunthorpe, whereas in Green Plantation the 

abundances of this particular species were very similar between treatments. As in 

Experiment 1, there did not appear to be any marked differences between the plant types 

in terms of diatom composition.
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Figure 68. Most abundant diatom species on the uncaged ‘v’ caged plants.
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(iii) Indicator taxa

Indicator ratios were calculated for the Gunthorpe and Green Plantation caged samples, 

as for the uncaged samples in Experiment One. These are compared with the ratios for 

the uncaged samples in Table 28.

Table 28. Indicator ratios for the caged and uncaged samples in Gunthorpe and Green Plantation 
Pond.

Gunthorpe Green Plantation
Combined caged samples 0.87 0.27
Combined uncaged samples 0.69 0.43
Caged Elodea samples 0.81 0.33
Uncaged Elodea samples 0.62 0.55
Caged Myriophyllum samples 0.93 0.21
Uncaged Myriophyllum samples 0.76 0.30

In all cases, the ratios were lower in Green Plantation than in Gunthorpe. The caged 

samples in Gunthorpe gave a higher ratio value than the uncaged samples, but the 

reverse was true in Green Plantation. These results indicate that grazing does affect the 

abundance of the indicator diatom species, but not in a consistent way. The ratio with 

either uncaged or caged samples is broadly the same and provides a description of water 

quality of Gunthorpe relative to Green Plantation. However, these results should be 

viewed with caution, as only two lakes were analysed.

(iv) Diatom growth form

A simple ratio of adnate: stalked growth form was calculated for the relative abundances 

of taxa in the samples from Gunthorpe and Green Plantation. Certain indicator diatoms 

(such as Cymbella microcephala) possess stalked growth forms, whereas others 

{Achnanthes hungarica) possess adnate growth forms. It was therefore considered 

important to assess the effect of grazing on the adnate: stalked ratio as this may have 

implications for using the indicator ratio calculation described in Chapter 3. Only 

selected diatom species with known growth form were used for the ratio calculations 

(Table 29). Species such as Cymbella microcephala were not used as these were not 

present in high abundances in all samples.
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Table 29. Growth forms of selected diatom taxa

Adnate Stalked
Achnanthes conspicua Gomphonema acuminatum
Achnanthes hungarica Gomphonema gracilis
Achnanthes lanceolata Gomphonema olivaceum

Achnanthes minutissima Gomphonema parvulum
Cocconeis placentula Gomphonema truncatum

The grazed samples had higher adnate: stalked ratios than the ungrazed samples in all 

cases (Figure 69). Paired two sample /-tests for means were carried out on the dataset, 

using the combined replicates of the Gunthorpe and Green Plantation samples for each 

analysis (therefore n = 6, df 5). There was a significantly lower ratio on both the 

Myriophyllum and Elodea ungrazed samples than the grazed samples with results of (/ 

stat -2.20, p<0.05), and (using a higher P value of 10%) (/ stat -1.53, p<0.10), 

respectively. There were no significant differences between the ratios calculated for the 

Myriophyllum ungrazed versus the Elodea ungrazed, or the Myriophyllum grazed versus 

the Elodea grazed samples (/ stats -0.66 and -0.51 respectively).

GUMUG GUMGR GUELUG GUELGR GPMUG GPMGR GPELUG GPELGR

Figure 69. Adnate: stalked diatom ratios calculated for different plant species/treatments. GU = 
Gunthorpe, GP = Green Plantation, M = Myriophyllum^ EL = Elodea^ □  = ungrazed, ■  = grazed. 
Mean values (n=3) shown.
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Effects of vertical zonation: vertical distributions of diatom taxa

(i) Myriophyllum samples

The data presented here are means of the three replicates in each case.

In Gunthorpe, there were virtually no differences in the diatom communities between 

the top, middle, and bottom sections of the plants in either the grazed or ungrazed 

samples, all being dominated by an Achnanthes minutissima/Fragilaria 

constmens/Fragilaria construens venter complex (Figure 70).

In Green Plantation, there was no appreciable difference between the communities in 

the top and middle sections of the plants in either the grazed or ungrazed samples, both 

being dominated by a Cocconeis placentula/Achnanthes minutissima/Amphora 

pediculus matrix. There was a slightly higher abundance, however, of Fragilaria taxa 

on the bottom sections of the plants, in comparison with the higher sections. There 

were a number of small differences between the grazed and ungrazed samples: on the 

top sections, the ungrazed samples had higher abundances of Amphora pediculus and 

Nitzschia frustulum than the grazed samples; on the middle sections, the ungrazed 

samples had more Cocconeis placentula and Navicula elginensis than the grazed 

samples; and on the bottom sections, the ungrazed samples had more Fragilaria 

brevistriata, Fragilaria construens venter and Fragilaria pinnata, and a noticeably 

lower abundance of Cocconeis placentula than the grazed samples.

In Felbrigg, the three vertical sections (grazed samples only) were broadly similar, and 

were dominated by a Fragilaria complex. However, the middle sections had slightly 

more Achnanthes minutissima and Amphora pediculus than the top and bottom sections 

of the plant, and less Fragilaria construens var. venter.
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Figure 70. Vertical differences in diatom community composition on the Myriophyllum  plants. GU 
= Gunthorpe, GP = Green Plantation, FE = Felbrigg, T = top, M = middle, B = bottom, Gr = 
grazed. Un = in cage (ungrazed).

(ii) Elodea samples

In Gunthorpe there were few differences between the vertical sections (Figure 71). 

Nevertheless, more A. minutissima occurred on the ungrazed sections than the grazed 

ones throughout the whole plant. There did appear to be a relatively high abundance of 

Fragilaria brevistriata on the middle section of the grazed treatment, which was not 

seen on the corresponding ungrazed sample, or elsewhere on the plant. Cymbella 

microcephala appeared in the middle sections of the plant, in a lower abundance on the 

ungrazed samples than the grazed ones.

In Green Plantation, there were no major differences between the top, middle or bottom 

sections of the plants. On the top sections of the ungrazed samples, however, there 

were higher abundances of Fragilaria brevistriata, Fragilaria construens and Navicula 

elginensis, and a lower abundance of Achnanthes minutissima, compared to the 

corresponding grazed sections. The middle ungrazed sections had slightly more 

Achnanthes minutissima, Navicula elginensis and Nitzschia frustulum, and less 

Cocconeis placentula (compared to the grazed sections). The bottom ungrazed sections
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had more Nitzschia frustulum and less Cocconeis placentula than the grazed bottom 

sections.
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Figure 71. Vertical differences in diatom community composition on the Elodea plants. GU = 
Gunthorpe, GP = Green Plantation, FE = Felbrigg, T = top, M = middle, B = bottom, Gr = grazed. 
Un = in cage (ungrazed).

There were very few differences between the community compositions of the various 

Elodea sections and treatments in Felbrigg, which were dominated by a Fragilaria 

construens/construens venter/brevistriata complex. The middle sections had more 

Cocconeis placentula and Fragilaria brevistriata than the other sections, and there 

appeared to be more other species occurring on these sections than on the top and 

bottom parts.

(iii) Effects of vertical zonation on indicator ratios

Indicator ratios were calculated as before for the three lakes, and separated into the top, 

middle and bottom samples (Table 30). For Gunthorpe and Green Plantation, these data 

combine three replicates of two plant types and two treatments, giving an average of 12 

samples. For Felbrigg the data combine three replicates of two plant types of one 

treatment, giving an average of six samples.
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Table 30. Indicator ratios for the top/middle/bottom samples from each lake. values given from

Gunthorpe Green
Plantation

Felbrigg Correlation
(+/-)

Top 0.63 0.51 0 0.88
Middle 0.76 0.34 0.08 0.98 -

Bottom 0.95 0.19 0 0.89 -

Ratios decreased with increasing TP across all the samples, regardless of which section 

was analysed. There was no consistent pattern across the vertical sections from each 

lake. In Gunthorpe, the bottom section gave a higher ratio than the top and middle 

sections, whereas in Green Plantation the bottom section gave a lower ratio than the 

middle and bottom. In Felbrigg the ratios were broadly similar from all vertical 

sections.

Discussion

Variation between replicates was not significant, and therefore between 

sample/treatment variation was more important in these experiments than natural 

variation. This was important, as the data analysed here were expressed mainly as 

means of three replicates.

In a study of diatom species diversity in Kiel Fjord, species richness (the measure of 

diversity used in this chapter) increased initially before levelling off, and it was thought 

that this may be due to algal succession (Hillebrand and Sommer, 2000). This factor 

was not accounted for in the data presented here, since the plants were taken out after a 

certain exposure time. Repetition of the experiment over a set time period is 

recommended to assess the true effects of colonisation time on the epiphyton 

community. However, it is likely that succession had reached a stable phase after the 

three months colonisation time given, and the rate of new colonisation may only be 

important for a short period after initial exposure (Peterson, 1996).

1. Plant architecture effects

There are two theories regarding submerged macrophytes and the epiphytes that 

colonise them. The first is that submerged plants are neutral substrates for associated 

epiphytes. This was hypothesised by Cattaneo and Kalff (1979) who found similar
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epiphyton densities and compositions on natural and artificial plants. This theory was 

refuted by Gough and Gough (1981) who observed differences between architecturally 

similar macrophytes growing in close proximity to each other. Their conclusion was 

that whereas some plants may be neutral hosts to their epiphyton, others may have 

significant effects on the composition of the algae colonising them. The aim of this 

chapter was to assess whether plant architecture affects epiphyton communities in the 

study lakes, and if so, in what way.

A large study on epiphyton biomass and its relation to lake trophic status, depth and 

macrophyte architecture was carried out in the early 1990’s (Lalonde and Downing, 

1991) in several south Michigan (USA) lakes. Significantly, seven macrophytes with 

differing architecture developed very different epiphyton biomass. Macrophytes with 

flexible, ribbon-hke leaves supported lower epiphyton biomass than broad-leaved and 

whorled architecture plants. One major failing of the Lalonde and Downing study was 

the reliance on epiphyton biomass alone, as no effort was made to establish the species 

composition of the epiphyton and how this changed over the substrates and TP gradient. 

The results of Experiment One go some way to rectify this gap in current knowledge.

Only small differences were noticed between the dominant diatom taxa on the different 

plant types. Commonly occurring species in all samples included Achnanthes 

minutissima and Cocconeis placentula, which are known epiphytes in eutrophic lakes 

(Acs and Buczko, 1994) and Broadland dykes (Waterford and Driscoll, 1992). There 

were also high abundances of the various Fragilaria species, which are common in 

shallow lakes of this type (Waterford and Driscoll, 1992; Bennion, 1995). The fact that 

the Fragilaria^ generally appeared in larger abundances on the lower sections of the 

plants indicates their sediment-inhabiting nature. However, the Fragilarias can be 

termed “metaphyton”, since they occupy both the sediment and any surfaces associated 

with the sediment, with some (e.g. Fragilaria construens) forming chains between the 

two. The appearance of Navicula elginensis on the plants in Green Plantation was 

surprising. This species is knovm to inhabit eutrophic, hard water lakes (Frank Round, 

Eileen Cox, pers. comms ), but generally only on hard surfaces such as rocks and sand. 

It is possible that the artificial nature of the plastic plants encouraged the growth of this 

species, but why it developed in this lake and not in the others is not known. This 

highlights the problems of using artificial substrates in diatom studies, since a 

completely unique community can often develop (Goldsmith, 1997; Barbiero, 2000).

163



However, the artificial plants in the experiments described here supported diatom 

communities that were broadly similar in composition to those seen on the real Elodea 

and Myriophyllum plants in the study lakes (c.f. Chapter 3). The real plants were 

dominated by Achnanthes minutissima and Cocconeis placentula, with varying 

abundances of Gomphonema parvulum and Fragilaria taxa. The only obvious 

difference was the complete absence of Navicula elginensis from the real plant dataset.

The Elodea plants had significantly fewer diatom species on them than the 

Myriophyllum plants. There are several theories regarding lower epiphyte richness on 

aquatic macrophytes, including allelopathy, successional effects, wave disturbance and 

differences in light conditions. In the case of this experiment, allelopathy can be 

discounted, since both types of plant were made of plastic (and therefore would 

perceivably not release allelopathic chemicals, or at least would release the same 

amount and type). However, Danilov and Ekelund (2001) found no diatom species 

whatsoever on the plastic substrates they used for a similar experiment to the one 

described here, and postulated that this was due to some unmeasured inhibitory 

chemical exuded by the plastics used. This supposed inhibitory factor was also 

discussed by Wetzel (1983). However, conflicting results are provided by Cattaneo and 

Amireault (1992), who found that plastic substrates were useful substrates in periphyton 

studies. In fact, plastic has become the most used substrate in periphyton studies 

(Cattaneo and Amireault, 1992), with workers abandoning other substrata such as glass 

and stones.

Successional effects can also be discounted, since the plastic plants were placed into the 

lakes at the same time. The effects of colonisation times on diatom communities can be 

very pronounced; with diversity increasing dramatically after the initial pioneer 

community develops (Cattaneo and Kalff, 1979; Watanabe et a l, 2000).

The possible reasons for the lower number of species on the Elodea plants are 

numerous. Cattaneo and Kalff (1979, 1980) suggested that plants with undissected 

leaves are less conducive to epiphyte growth than those with highly dissected leaves, as 

the latter may permit better utilisation of light and dissolved nutrients (and therefore 

provide better growing conditions for the resultant epiphyte flora). Elodea has recurved 

linear-elliptical leaves which are much less dissected than Myriophyllum. Therefore it 

is likely that on the Elodea plants, the diatoms encountered an environment that was
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much less conducive to colonisation than the highly dissected Myriophyllum leaves. 

This morphological difference may have inhibited diatom colonisation sufficiently to 

explain the fewer species observed on the Elodea plants.

The plants’ physical movement in the water column may also have an effect on the total 

numbers of diatom species observed. The Elodea-Xy^Q plant may be more rigid than 

the Myriophyllum-Xy^Q plant, leading to less movement in the water column. This would 

perhaps decrease the epiphyte’s access to light and dissolved nutrients (Cattaneo and 

Kalff, 1979), reducing species numbers. It is also possible that the wider leaves of 

Elodea reduce light transmission to the diatom matrix more than the dissected leaves of 

Myriophyllum.

One factor that has not been considered is the effect of removing the plants from the 

lakes. Sampling disturbance was found to reduce numbers of loosely attached diatoms 

and other algae including the chain-forming species such as Fragilaria construens and 

Fragilaria vaucheriae (Cattaneo and Kalff, 1978). Watanabe et al (2000) predicted 

that pools experiencing frequent disturbance would have less diverse epipelon 

communities than those with less frequent disturbance, and disturbance particularly 

affected loosely attached algae. If Myriophyllum provided better means of attachment 

for these particular diatoms, then it would be fair to assume that this substrate would 

provide more numbers of diatom species than Elodea.

Cattaneo and Kalff (1978) found that a build-up of calcium carbonate on plant leaves 

resulted in a higher diversity of epiphyte species, presumably because the calcium 

carbonate gave a better means of attachment for the diatoms, and also because it 

provided a physically and chemically diverse microhabitat (Allen, 1971). Substrates 

possessing crevice heterogeneity provided important réfugia for diatoms, and gave 

higher diversity scores as a result (Bergey, 1999). Wiens (1976) theorised that habitat 

heterogeneity may be related to an increase in species diversity. Cattaneo and Kalff 

(1978) suggested that restriction of certain adnate diatoms such as Cocconeis placentula 

and Gomphonema intricatum on Potamogeton leaves was due to CaCOg encrustation, 

and postulated that encrustation influences the evenness of diatom communities rather 

than the species number. However, calcium carbonate encrustation only occurs on 

actively photosynthesising plants, which obviously is not the case for the plastic plants 

used in this experiment.
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The Elodea-typQ plant developed a slightly different diatom community than the finer 

leaved Myriophyllum plant, with more Cymbellas found on the Elodea samples in a few 

cases. There are several possible reasons for this observation. One is that wave 

disturbance may be decreased on a plant with relatively wider, less dissected leaves. If 

disturbance was reduced, then diatom species with less adnate morphology have a better 

chance of increasing in abundance in the epiphytic matrix. Those with a less adnate 

morphology include the Cymbellas, Gomphonemas and the Nitzschias (Moss, 1988). 

Since more Cymbellas and Gomphonemas appeared on the Elodea than the 

Myriophyllum plants in two of the lakes, this seems to be a likely proposition. It is also 

possible that the highly dissected leaves of the Myriophyllum plants trapped more silt, 

and therefore were more suited to silt/sediment dwelling diatoms such as the 

Fragilarias. Fragilaria species can quickly become dominant in diatom communities 

in eutrophic lakes, leading to the loss of less well-adapted species, including the slower 

growing large Cymbellas.

The differences between the diatom communities occurring on plants of difference 

architecture were minimal, and it therefore appeared that the benthic diatom community 

was more strongly influenced by water quality than plant architecture. This is an 

important conclusion as it indicates that submerged plants of different morphology can 

be sampled with confidence, especially as eutrophic lakes do not always possess similar 

submerged macrophyte species. As yet, only one other study has concluded that 

submerged plant architecture has a minimal effect on benthic diatom community 

composition (Waterford and Driscoll, 1992), since most studies were carried out on a 

biomass level only (Lalonde and Downing, 1991; Cattaneo et al., 1998). Waterford and 

Driscoll (1992) found little evidence of host specificity in a study of the epiphyton 

communities inhabiting aquatic macrophytes in Broadland dykes. They found major 

differences between the communities recorded fi'om dykes with different water 

chemistries, and concluded that species composition and richness of the epiphytic flora 

was largely determined by water chemistry alone. This is an important finding, 

particularly as the study was carried out in the Norfolk region. Considering that the 

macrophytes sampled in the Waterford and Driscoll (1992) study consisted mainly of 

the strap-leaved Potamogeton species, compared to the highly dissected Myriophyllum 

and Elodea species investigated in this experiment, it is apparent that wide variations in 

macrophyte morphology can be tolerated with little effect on the diatom composition.
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There are several theories regarding the use of epiphyton rather than epilithon as a 

monitoring tool. Rothfiitz et al. (1997) found that samples taken from just one habitat 

(epiphyton or epilithon) may be sufficient for water quahty monitoring, since a 

TWINSPAN analysis revealed that diatom communities varied between sites rather than 

habitat. However, Danilov and Ekelund (2000) reported that epiphyton was 

inappropriate for assessing eutrophication in Swedish lakes, whereas epilithon was 

recommended due to differences in tolerances to eutrophication of the epiphytic and 

epilithic species present. Kelly et al (1998) recommended the use of epilithon in 

monitoring the water quality of rivers. The use of epiphyton was not recommended 

since the authors considered the differences in aquatic plant morphology to have too 

great an effect on the diatom community. Although this may be the case in rivers, the 

results presented here reveal that plant morphology has a relatively small influence on 

the composition of benthic diatom communities compared with the effect of water 

quahty.

2. Grazing effects

The grazed samples had significantly more diatom species on them than the ungrazed 

samples. The most likely explanation for this observation is that grazing actively 

encouraged species overturn, reducing dominance by rapidly colonising diatoms such as 

Achnanthes minutissima and the various Fragilaria taxa.

The grazed Myriophyllum samples had significantly more diatom species than the 

ungrazed samples, indicating that grazing encouraged the development of a richer 

diatom flora on this plant type. There were no significant differences noticed on the 

Elodea plants. The increase in diatom species numbers on the grazed Myriophyllum 

plants compared to the ungrazed plants may have been due to the relative architectural 

complexity of the Myriophyllum leaves. Robson and Barmuta (1998) found that 

invertebrate species numbers increased with increased complexity of substrate 

architecture. Sommer (2000) also considers spatial heterogeneity to be an important 

factor in the increase in algal species richness with increased grazing. If invertebrate 

diversity increased, then this would feasibly lead to an increase in diatom species, since 

some invertebrates would preferentially feed on certain diatom species, leading to other
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diatoms coming in and replacing them. In the case of the grazed Myriophyllum plants, 

the increased leaf complexity (compared to Elodea) would lead to an increase in 

invertebrate diversity, and therefore the observed increase in numbers of diatom species.

There were few overall differences in diatom composition between the grazed and 

ungrazed samples, although more pronounced differences were noticed in Gunthorpe 

than in Green Plantation. In particular, Achnanthes minutissima was present in much 

higher abundance on the ungrazed than the grazed plants in Gunthorpe; the abundance 

of this diatom was similar between treatments in Green Plantation. This may have been 

due to differences in the invertebrate community present in Gunthorpe. Snails and 

chironomids can remove large quantities of adnate diatoms (Sumner and Mclntire, 

1982; Wellnitz and Ward, 2000), which includes Achnanthes minutissima. The 

difference in diatom composition between the two plant types was also negligible.

The grazed plants had significantly more adnate than stalked diatoms present when 

compared with the ungrazed plants in both study lakes. This has been found in a 

number of similar studies (Karouna and Fuller, 1992; Tuchman and Stevenson, 1991; 

Steinman et al, 1987). However, Dillon and Davis (1991) found that the diatoms 

ingested by various snail species were indistinguishable fi'om another, and other 

workers reported that grazing actually increased overstorey, stalked forms (Dudley, 

1992; Samelle et a l, 1993). In these cases, experiments were carried out on the 

chlorophyte Cladophora, which has a different morphology entirely to that of the 

aquatic macrophytes used in this study. This may explain the difference in results. In 

the present study, there was no significant difference in adnate:stalked ratio between the 

two plant types used, indicating that plant architecture had no effect on the 

physiognomy of the benthic diatom community.

Chironomids were very abundant in the three study lakes, particularly in Felbrigg. The 

high abundance of these particular grazers could have led to an increase in the 

abundance of diatoms with a prostrate/motile physiognomy, as was seen in Wellnitz and 

Ward (1998). Chironomids preferentially feed on stalked diatoms, which would reduce 

competition for light and nutrients for the lower-storey species, such as Achnanthes 

minutissima and Cocconeis placentula. Cattaneo et al. (1998) found that submerged 

plants had higher abundances of chironomids and diatoms than fioating plants, which 

were dominated by snails and cyanobacteria. It was thought that the tightly set leaves
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of plants such as Ceratophyllum demersum gave a firmer attachment and protection 

against snails, which could explain why diatoms were so abundant on these plants. 

However, it was found that the snail Lymnaea peregra was particularly associated with 

Elodea plants, although this was attributed to the snail’s preferred epiphytic 

composition of filamentous green algae, which was more commonly found on this plant 

(Lodge, 1986).

The caged and uncaged samples produced different indicator ratio values, but 

nevertheless ordered the two lakes correctly in terms of their water quality. Grazing 

would not, therefore, strongly affect a monitoring programme if these particular 

indicator diatoms were used. However, these data are based on only two sites and it 

would clearly be advisable to explore the effect of grazing on indicator taxa along a 

much wider water quality gradient at a greater number of lakes.

5. Vertical distribution patterns

Slater (1991) and Blindow (1987) hypothesised that there may be differences in 

epiphyton composition between the parts of the submerged plant sampled. Slater 

(1991) showed that there was less similarity between the diatom assemblages on leaves 

from the tops of various macrophytes (mainly Potamogeton species) and more 

similarity between the assemblages from leaves collected lower down the plants. It was 

hypothesised that as the plant is growing upwards, the lower leaves are often older than 

the leaves nearer the top, as well as being nearer and hence influenced by the bottom 

sediment. It was suggested by Slater (1991) that as the diatom assemblages varied on 

different parts of the plant, then all parts should be sampled to gain a representative 

picture of the diatom flora. This suggestion agrees with the results presented here, since 

there was no appreciable difference between the top, middle or bottom of the plants 

sampled. A combined sample is, therefore, recommended for use in a monitoring 

programme.

However, the diatoms growing on the top sections of plants are probably subjected to a 

variety of different pressures, including intense wave disturbance, changes in light 

regime, and competition with phytoplankton/metaphyton that may temporarily become 

attached to the substrate. The bottom regions of the plants can be contaminated by
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epipelon (including the motile Naviculas and the Fragilarias), and receive much less 

light than the upper regions. Although the results presented here suggest that a 

combined sample would be suitable for monitoring purposes, more research should be 

carried out on the effects of the sediment dwelling species on the community inhabiting 

the lower reaches of plant sections, particularly in lakes that possess a high abundance 

of Fragilaria taxa.

Summary

1. Plant architecture effects

• There were no overall differences between numbers of species found on the two 

plant types.

• Plants were generally dominated by Achnanthes minutissima, Cocconeis placentula, 

and various Fragilaria species, with few differences between plant type.

• There was a negative correlation between indicator species ratio and decreasing 

water quality, and very little difference in indicator ratio between Elodea and 

Myriophyllum. Therefore plant architecture has relatively little influence on diatom 

composition and hence need not be a major consideration when using epiphytic diatoms 

in a monitoring programme.

2. Grazing effects

• Grazing significantly increased diatom species numbers on both plants.

• Grazed plants had significantly more adnate than stalked diatoms present.

• The ungrazed plants in Gunthorpe had a higher abundance of Achnanthes 

minutissima than the grazed plants. The diatom communities did not appear to be 

significantly affected by the grazing treatment in Green Plantation.

• Grazing resulted in a lower indicator ratio in Gunthorpe, and a higher ratio in Green 

Plantation, indicating that a noticeable, but unpredictable effect was occurring.

• Grazing had little overall effect on water quality assessment.
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3. Vertical distribution patterns

• Diatom community composition was similar from top to bottom of the plants in 

each lake, although some differences were noticed between lakes (notably the higher 

abundance of Fragilaria taxa in Felbrigg).

• There was httle overall effect of vertical zonation on the use of benthic diatoms for 

assessing water quality of the three study lakes, since the top, middle and bottom 

samples all ranked the lakes in the same water quahty order. Therefore a combined 

sample would be recommended in a water quality monitoring programme.
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Chapter Six

Experimental study: colonisation of 
benthic diatoms on Phragmites; effects of 

light, nutrients and seasonality on 
natural and artificial substrates

Introduction

Emergent plants such as Phragmites theoretically provide a suitable substrate for 

sampling diatoms for monitoring purposes, as they are consistently present in the 

margins of lowland shallow lakes, and are easily sampled. Work carried out in this 

study, however, has indicated that the composition of diatom communities resident on 

Phragmites stems is variable seasonally and between lakes. It is important to ascertain 

whether this is because of differences in sampling methodology (i.e. depth on stem, 

spatial variability within beds), or some other as-yet unknown factor, such as grazing by 

invertebrates. This chapter describes an experiment designed to establish if there are 

any spatial differences, horizontally and vertically, within a bed of Phragmites stems, 

and if so the causes of such differences. A second experiment assesses the differences 

between diatom community composition on artificial and natural Phragmites, to 

ascertain whether artificial substrates can be used in lakes which do not possess 

reedbeds.

Müller (1999) carried out similar experimental work in a eutrophic lake in Germany, 

concentrating on the vertical zonation of adpressed diatoms on Phragmites stems. It 

was found that certain species of diatom attained their highest abundances near the 

sediment (Epithemia spp ), with Cocconeis placentula being found further up the stem 

where hght levels were higher. Vertical changes in dominance from Epithemia spp. to 

Cocconeis were explained by the grazing habits of an aquatic snail. In contrast to the 

experiments described here, Müller (1999) did not make comparisons between sites of 

differing nutrient status. Marker and Collett (1997) discovered that periphyton
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associated with submerged Scirpus and Phragmites attained high levels of biomass, but 

was patchily distributed (being confined mostly to the outer fiinges of the reedbed, just 

below the water surface). This would indicate that light has an effect on the diatom 

community.

Artificial substrates have been used in diatom studies for some time (e.g. Acs, 1998). 

They provide an element of controllability that natural substrates do not have. Factors 

such as colonisation time can be controlled for, and the perceived problems associated 

with seasonality (and subsequent unavailability) of naturally occurring aquatic plants 

can be avoided. Although standing emergent vegetation such as Phragmites can be 

present all year round in shallow lakes, winter dieback does occur. In those lakes that 

do not possess reedbeds, it may be possible to substitute artificial substrates of a similar 

morphology to provide a surface for colonisation of benthic diatoms. This chapter 

assesses the feasibility of use of such substrates.

This chapter describes the results of two experiments. The first experiment assesses the 

effects of vertical and horizontal zonation on diatom communities living on Phragmites 

stems and the second assesses the role of artificial substrates in a monitoring program.

Methods

Experiment One: effects of zonation, light and seasonality on benthic 
diatom colonisation of Phragmites

The experiments were carried out in two lakes: Felbrigg Hall Lake (high TP, high light 

extinction coefficient) and Green Plantation Pond (low TP, low light extinction 

coefficient), thus enabling the additional effects of nutrients and hght to be explored.

To assess the effects of light and seasonality on benthic diatom colonisation of 

Phragmites in two lakes of differing nutrient status (Felbrigg and Green Plantation), 

three stems of growing Phragmites were selected randomly from the fiinge of the 

reedbed (“outer reedbed” - facing the open water -  Figure 71). These were cut fi'om the 

rhizome, and stored in Sterihns in methanol until later diatom recovery in the 

laboratory. The stem was separated into two 10cm sections - the bottom section
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attached to the rhizome, and the top section above this (similar to work already carried 

out; Müller, 1999). The sample sites were marked and depth of water at each site was 

recorded (20cm +/- 1cm in all cases).

Reed or Artificial Reed

Inner ReedbedOuter Reedbed

Replicate 1

Replicate 2
1 metreReplicate 3

10cm Top Section •

10cm Bottom Sec ion

V\6ter

Sediment

Figure 71. Experiment set-up.

At a length of one metre back from these three sites, another set of reeds was cut and the 

same analyses carried out as before. These reeds were classed as the “inner reedbed” 

samples. It is unlikely that future workers will sample reeds from further than one 

metre into a reedbed, so this sampling method was considered to be adequate for most 

studies (other workers used 0.5m on river banks: Marker and Collett, 1997).

Using the Li-Cor light meter and probes, various light measurements were taken, as in 

Marker and Collett (1997). These were:

1. Subsurface (just underwater) light in main body of lake

2. Subsurface light in outer fringe of reedbed

3. Light at 1 metre depth at outer fringe of reedbed

4. Subsurface light 1 metre back into the reedbed

These measurements were corrected for ambient light conditions, and data presented as 

a percentage of the immediate subsurface irradiance in the main lake. Light extinction 

coefficients were not used in this experiment, as it was considered to be more important 

to assess the percentage of light reaching the relevant parts of the reedbed compared to 

the main lake.
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To assess seasonality effects, samples were collected in July and October 2000. A total 

of 12 samples were collected each month (three inner; three outer, with a top and 

bottom section of reed from each).

Experiment Two: does an artificial reed develop a similar diatom 
community to a natural reed?

To investigate differences between diatom communities on natural and artificial 

substrates, artificial reeds were placed in the reedbed in July 2000 at the same time as 

the initial (natural) substrata were sampled. These were bamboo garden canes of a 

suitable length (approximately 150 cm). Replication was carried out as for the natural 

reeds (i.e. three rephcates in the outer reedbed, and three in the inner reedbed). These 

were inserted into the sediment at the same approximate depth as the natural 

Phragmites, and marked to allow them to be found at a later date. In October 2000, 

three months after exposure, the artificial reeds were removed and diatoms harvested in 

the lab. This time period was chosen as it is expected to be sufficient for a 

representative diatom community to develop.

Prior to the main experiment, a pilot study was conducted in March 2000. Garden canes 

were placed in Felbrigg Lake and harvested one month later, along with 3 replicates of 

real Phragmites to establish if the diatom community growing on these artificial reeds 

was similar to that growing on the Phragmites stems. The diatom community on the 

canes proved to be very sparsely distributed, so a longer exposure time was used for the 

main experiments. It was discovered that it is very important to mark the artificial 

stems, since bamboo canes are incredibly difficult to spot amongst a stand of real 

Phragmites.

Results

Physico-chemical data

Water chemistry data for the experimental period fi'om July to October 2000 are 

detailed in Chapter 5. The light data for July and October are shown in Table 31.
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Table 31. Light data presented as a percentage of the immediate subsurface irradiance in the main 
lake

Green Plantation Felbrigg
July 2000 October 2000 July 2000 October 2000

Subsurface outer fringe 63% 26% 54% 50%
Im depth outer fiinge 76% 53% 99% 36%
Subsurface Im inside reedbed 24% 25% 14% 25%

In Green Plantation the overall percentage light available was lower in October than 

July, as expected. There was more Ught available at a depth of 1 metre in the outer 

fringe of the reedbed than there was at the surface, or inside the reedbed itself in both 

July and October. Light availability inside the reedbed was approximately one third and 

one half of that seen in the outer fringe (at Im depth) in July and October, respectively.

In Felbrigg, there was more light available at the 1 metre depth in the outer fringe than 

at the surface and inside the reedbed, but only in July, at which time, light availability 

was almost equal to that in the main lake (99%). In October, however, light availability 

was greatest at the subsurface of the outer fringe and lowest in the inner reedbed.

Experiment One: effects o f zonation, light and seasonality on 
benthic diatom colonisation o f Phragmites

The data collected from the natural Phragmites plants were used to assess the effects of 

zonation and seasonality on the epiphytic community developing on the reeds. The 

artificial reeds were not used in this analysis, since only one month’s data were 

available.

(i) Total diatom species numbers

Total numbers of species were calculated for each of the samples, with the data then 

being subjected to a paired t test for means (Figures 73-74). In Green Plantation there 

were no significant differences between the numbers of species found on the inner and 

outer samples in July (t stat 0.99, p = 0.19). However, in October, there were 

significantly more species on the inner samples than on the outer ones (t stat 4.02, p = 

0.005). There were significantly fewer species found on the inner Phragmites samples 

in July than in October (t stat -2.45, p = 0.03) in Green Plantation. Numbers of species
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in Green Plantation in July were not significantly different to those recorded in October 

(t stat-0.64, p = 0.28).

In Felbrigg, there were significantly more species on the inner Phragmites samples than 

the outer ones (t stat 3.02, p = 0.02) overall, and separately in July (t stat 3.4, p = 0.009) 

and October (t stat -2.32, p = 0.03). Numbers of species in Felbrigg in July were not 

significantly different to those recorded in October (t stat -0.88, p = 0.22).

Overall, there were significantly more species on the Phragmites stems in Green 

Plantation than in Felbrigg (t stat = 2.03, p = 0.02), Avith Green Plantation having on 

average two more species than Felbrigg. The total number of species in Green 

Plantation was not significantly different to the total number in Felbrigg in either July (t 

stat 0.72, p = 0.26), or October (t stat 1.42, p = 0.13).
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Figure 73. Average number of species found on the Phragmites stems in Green Plantation in July 
(black columns) and October (striped columns) 2000. Horizontal lines indicate mean (n=12) 
number of species for each month.
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Figure 74. Average number of species found on the Phragmites stems in Felbrigg in July (black 
columns) and October (striped columns) 2000. Horizontal lines indicate mean (n=12) number of 
species for each month.
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(ii) Species composition of diatoms on the Phragmites stems 

Floristic similarities in ordination space

The full 72 sample dataset was subjected to DCA to assess the floristic similarities 

between sites and between samples in ordination space. Based on the gradient lengths 

obtained in this analysis, (>2 S.D. for the first axis), it was determined that statistical 

techniques based on a unimodal response model would be appropriate (Ter Braak and 

Prentice, 1988). Therefore CA was used to ordinate the diatom data and explore 

differences in species composition. Summary statistics for the CA are provided in 

Table 32. Rare species were downweighted.

Axes 1 2 3 4 Total
Eigenvalues 0.390 0.351 0.289 0.262 2.028
Cumulative percentage variance of 
species data

19.2 36.5 50.8 63.7

Sum of all unconstrained eigenvalues 2.028

The correspondence analysis of the complete dataset revealed that there was 

considerable overlap between the two lakes in ordination space based on their diatom 

composition (Figure 75), indicating some similarity in the diatom communities of the 

two lakes. The diatom community consisted of species such as Achnanthes 

minutissima, Cocconeis placentula. Amphora pediculus and Gomphonema parvulum 

(Figure 76). However, there were three outhers: the three Green Plantation replicate 

bottom sections of the artificial reed samples placed in the inner reedbed. These 

particular samples were associated with Navicula elginensis, Cymbella affinis, 

Fragilaria leptostauron and Synedra pulchella. Since these outlying samples were 

skewing the rest of the dataset, they were removed, and the CA repeated.
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Figure 75. CA biplot of complete dataset grouped into Green Plantation (O) and Felbrigg (□). 
Outliers are Green Plantation samples (bottom section of artificial reed in inner reedbed, replicates 
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Figure 76. CA biplot of complete dataset showing diatom species. Diatcodes given in Appendix.
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With the outliers removed, there was clear overlap between the diatom assemblages of 

the two lakes (Figure 77). The samples from Green Plantation were associated with a 

cluster of Fragilaria taxa {F. capucina, F. construens, F. construens var. venter) (Figure 

78). It was difficult to assess any particular species associations with Felbrigg, since the 

overlap in variance was so great between the two lakes. However, there were a few 

diatom species that were found in Felbrigg that were not present or occurred rarely in 

Green Plantation (namely those at the bottom of the plot in Figure 78). These included 

Gyrosigma sp., Neidium productum, Gomphonema angustatum and Navicula capitata.
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Figure 77. CA biplot of dataset grouped into Green Plantation (O) and Felbrigg (□ ) . Outliers are 
removed.
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Figure 78. CA biplot of dataset excluding outliers showing diatom species. Diatcodes given in 
Appendix.
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When the dataset was classified into outer and inner reedbed, there was considerable 

overlap between the two types of sample (Figure 79). This was also the case for the 

samples when classified into top or bottom sections, although the bottom samples 

captured more species variance than the top samples (Figure 80).
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Figure 79. CA biplot of dataset grouped into outer reedbed samples (O ) and inner reedbed 
samples (□ ) . Outliers excluded.
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OO

□ □

Axis 1
Figure 80. CA biplot of dataset grouped into top samples (O) and bottom samples (□ ). Outliers 
excluded.

182



The inner bottom samples appeared to be characterised by a slightly different diatom 

community than the other samples (Figure 81), and were particularly associated with 

Rhoicosphenia abbreviata, and the Fragilaria taxa (Figure 78). The outer top samples 

captured the least species variance. The outer bottom and inner top samples captured a 

similar amount of variance to each other.

Axis 2

OO

Figure 81. CA biplot of dataset grouped into outer top reedbed samples (O) and inner top reedbed 
samples (□), outer bottom reedbed samples (A ), inner bottom reedbed samples (O ). Outliers 
excluded.

Vertical and horizontal zonation in Green Plantation

The percentage abundance data presented here are means of 6 samples in each case (3 

replicates x 2 vertical sections).

In Green Plantation, the top portions of the Phragmites stems in July were almost 

completely dominated by Achnanthes minutissima (around 75%), with approximately 

10% of the total abundance being composed of Gomphonema parvulum (Figure 82). In 

contrast, the bottom sections were dominated either by Cocconeis placentula, or 

Gomphonema parvulum, with < 30% Achnanthes minutissima. The bottom sections 

were more dissimilar to each other than the top sections.

In October, the top sections were dominated by Cocconeis placentula. The bottom 

sections also had very high abundances of this diatom, but were relatively diverse. The 

October inner samples had a relatively high abundance of Fragilaria construens var. 

venter.
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The communities developing on the top outer sections of the plants were similar to 

those on the top inner sections in each month. The main differences in species 

composition occurred in the bottom samples. In July, the outer bottom samples were 

dominated by A. minutissima and Gomphonema parvulum (around 30% each), whereas 

the inner bottom samples were dominated by Cocconeis placentula (65%), A. 

minutissima (15%) and Gomphonema parvulum (15%). In October, the inner bottom 

samples had a community dominated by Cocconeis placentula (30%), A. minutissima 

(20%) and Fragilaria construens var. venter (20%). The outer bottom samples had a 

high abundance of C. placentula (50%), with lower abundances of A. minutissima 

(15%) and other species such as Nitzschia frustulum and Nitzschiapalea.
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Figure 82. Most abundant diatom species on the Phragmites stems in Green Plantation. TRO = top 
section, outer reedbed; TRI = top section, inner reedbed; BRO = bottom section, outer reedbed; 
BRI = bottom section, inner reedbed.
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Vertical and horizontal zonation in Felbrigg

In Felbrigg, the top sections of the Phragmites stems in July were dominated almost 

completely by A. minutissima (between 75 and 90%). Whilst this taxon was important 

in the bottom sections in July, Rhoicosphenia abhreviata was also abundant (between 

30 and 45%) (Figure 83). In October, the community living on the top sections was 

dominated by Cocconeis placentula and Achnanthes minutissima, with many other 

species also important (including Nitzschia frustulum, Nitzschia palea and Fragilaria 

construens venter). The bottom sections had a community dominated by C. placentula 

and A. minutissima, but the Fragilarias were also important, with abundances of 

Fragilaria construens reaching around 10%.

The top sections of the plants in Felbrigg in July (inner/outer) were very similar to each 

other. The bottom inner sections in July were very different to the bottom outer 

sections. The former was dominated by Rhoicosphenia abbreviata (45%), with lower 

abundances of A. minutissima (25%) and C. placentula (20%); whereas the latter was 

dominated by comparably higher abundances of A. minutissima (55%) and lower 

abundances o ïRhoicosphenia abbreviata (30%).

In October, there were noticeable differences in horizontal distribution of the diatom 

communities. The top outer sections had high abundances of/I. minutissima (50%), and 

C placentula (20%), with other species present in abundances of less than 10%. The 

inner samples had higher abundances of C  placentula (40%), and less A. minutissima 

(15%). Rhoicosphenia abbreviata was important in these samples (20%). The bottom 

inner sections of the plants were dominated by Cocconeis placentula (35%) and 

Fragilaria construens venter (20%), with slightly lower abundances of Fragilaria 

construens, Rhoicosphenia abbreviata and Achnanthes minutissima. The outer samples 

had abundances of 40% of Achnanthes minutissima, and much lower abundances of C 

placentula (15%), Fragilaria construens, Nitzschia frustulum, Nitzschia palea and 

Rhoicosphenia abbreviata.

185



i«
1
EQ01I
I

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
TROJul TRUul BROJul BRUul TROOct TRIOct BRIOct BROOct

□  Achnanthes minutissima 

\SJ]Fragiiaria brevistriata

□  Fragilaria pinnata 

g] Nitzschia frustulum 

■  Other species

B Amphora pediculus 

g  Fragilaria construens 

0  Gomphonema olivaceum 

S Nitzschia palea

g  Cocconeis placentula 

^Frag ilaria  construens venter 

dl Gomphonema parvulum 

Ei Rhoicosphenia abbreviata

Figure 83. Most abundant diatom species on the Phragmites stems in Felbrigg. TRO = top section, 
outer reedbed; TRI = top section, inner reedbed; BRO = bottom section, outer reedbed; BRI = 
bottom section, inner reedbed.

To assess differences in diatom composition between July and October, the dataset was 

subjected to CA, excluding the outliers previously established (Figure 84). Figure 85 

shows the species composition, and is repeated from Figure 78 for clarity.
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There was considerable overlap in the species present in samples from July and 

October. However, a cluster of samples from July can be seen to the right of the biplot, 

which were particularly associated with Cymbella minuta, Gomphonema acuminatum, 

Gomphonema angustatum, Gomphonema augur, Gomphonema parvulum, Achnanthes 

minutissima, and Fragilaria brevistriata. Towards the left of the biplot, the October 

samples are particularly associated with Gomphonema gracilis, Cocconeis placentula. 

Amphora ovalis, Rhoicosphenia abbreviata, Eunotia arcus, Cymbella cistula, Navicula 

capitata and Amphora pediculus.

Experiment Two: does an artificial reed develop a similar 
diatom community to a natural reed?

(i) Total diatom species numbers

Using the October data, total numbers of species on the artificial versus the natural 

Phragmites substrates were calculated for each lake (Figure 86). Unpaired t tests for 

means were carried out on the data, comparing the numbers of species occurring on the 

natural Phragmites to the artificial substrate. In Green Plantation, there were 

significantly fewer species on the top naturally occurring reeds found in the outer 

reedbed than there were on the artificial reed {t stat = -7, p = 0.009). In Felbrigg, there 

were no significant differences between the numbers of diatom species found on the 

artificial and natural substrates (Figure 87). Overall, there were significantly more 

species found on both substrates in Green Plantation than there were in Felbrigg 

{Phragmites-. t stat 1.67, p = 0.05; artificial: t stat = 2.98, p = 0.006).
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October 2000.
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Species composition of diatoms on the Phragmites and artificial stems 
-zonation effects

In Green Plantation, the samples were generally dominated by Cocconeis placentula 

and Achnanthes minutissima (Figure 88), with few appreciable differences between the 

artificial and real Phragmites stems. The artificial substrate did appear, however, to 

have a higher relative abundance of Amphora pediculus than the naturally occurring 

stems (around 10% for the artificial samples, compared to 5% for the Phragmites 

samples).

Vertically, there were also very few differences between the two types of substrate, with 

the exception that Navicula elginensis appeared in relatively high abundance on the 

bottom sections of the artificial stems (inner reedbed). Nitzschia palea appeared on the 

bottom sections of the real Phragmites stems (outer reedbed), but in relatively small 

abundance (8%).
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Figure 88. Most abundant diatom species on the artificial and Phragmites stems in Green 
Plantation.
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In Felbrigg (Figure 89), the samples were dominated by Achnanthes minutissima and 

Cocconeis placentula, similar to that seen in Green Plantation. However, A. 

minutissima was more abundant in Felbrigg. Rhoicosphenia abbreviata was present in 

high abundance, a taxon that was seen in only low amounts in Green Plantation. There 

were few differences between the community compositions seen on the artificial and 

natural substrates, although the former had a relatively higher abundance of 

Rhoicosphenia abbreviata than the natural samples. Furthermore, there were more 

Amphora pediculus on the artificial stems, as seen in Green Plantation.

Vertically, there were few differences between the two substrates with Fragilaria 

construens and Fragilaria construens venter at their highest abundance on the bottom 

sections of both substrates. Horizontally, Nitzschia frustulum, and to some extent 

Nitzschia palea, were more abundant on the outer reedbed samples, with no difference 

between the artificial and natural substrates.
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Figure 89. Most abundant diatom species on the artificial and Phragmites stems in Felbrigg.
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CA was carried out on the dataset, and the samples were classified into natural 

Phragmites and artificial canes (Figure 90). There was considerable overlap between 

the samples.
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Figure 90. CA biplot of dataset excluding outliers. □  =Phragmites, 0 =  artificial canes.

Discussion

Effects of seasonality and spatial zonation on diatom composition

Achnanthes minutissima, Cocconeis placentula and Rhoicosphenia abbreviata were the 

most abundant species on the Phragmites stems in the two lakes. These three species 

are not considered to be useful indicators of trophic status or water quality, as they are 

ubiquitous in distribution, and show little preference for any particular type of water. 

All three are known to be epiphytic in nature, although A. minutissima and C 

placentula can be found on a variety of substrates, from rocks to artificial reeds 

(Burkholder and Cuker, 1991; Kelly and Whitton, 1995; Müller, 1999; King et ai, 

2000).

Achnanthes minutissima was very abundant in the samples in the summer, and was 

largely displaced by C. placentula (and in Felbrigg, Rhoicosphenia abbreviata) in the 

autumn. This pattern has been observed by other workers (Bowker and Denny, 1980; 

Müller, 1999). This was thought to be due to an increase in the nitrogen supply in the 

water column, which typically happens in the later parts of the year (Fairchild et al., 

1985, 1989). The concentration of nitrate was higher in the autumn than the summer in
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the lakes used for the experiments described here. However, many factors affect the 

composition of benthic diatom communities, nutrients being only one. It could also be 

possible that decreased ambient light conditions lead to an increase in the abundance of 

C  placentula over A. minutissima, or other factors such as selective grazing. There are 

no data giving detailed growth requirements of these two diatom species, which 

presents a fundamental gap in our knowledge of benthic diatom ecology.

It is possible that Rhoicosphenia abhreviata is a better competitor for light than the 

other common adnate species, since it became more abundant than A. minutissima and 

C. placentula in Felbrigg (the lake with the highest nutrients and lowest hght 

availability). Species with a similar morphology to R. abbreviata such as Epithemia 

adnata and Epithemia sorex are characterised as deepwater colonisers of Phragmites 

(Jorgensen, 1957). However, there are some conflicting results concerning the 

ecological requirements of R. abbreviata, since some authors consider the species to be 

pollution sensitive (Lange-Bertalot, 1979), whereas others have found it to be highly 

pollution tolerant (Silva-Benavides, 1996) or moderately tolerant with a requirement for 

oxygen saturated waters (Steinberg and Schiefele, 1988).

Cocconeis placentula was found in highest abundance on the top sections of the 

Phragmites stems in the autumn, displacing A. minutissima. Given that the light 

availability at the subsurface and at Im deep in each lake was lower in October than it 

was in July, this would seem to indicate that C. placentula requires a minimum amount 

of light to grow and reproduce adequately. Other workers found that C. placentula is 

found in greatest abundance at high light intensities (Bowker and Denny, 1980), 

whereas Marker and Collett (1997) noticed that C. placentula became proportionately 

more important in the shaded conditions of the inside of a reedbed, indicating that this 

species can tolerate a wide gradient of Hght availabihty, corroborated by Marker and 

Willoughby (1988). MüUer (1999) found that available light was not the factor 

controlling C. placentula abundance. In this case it was thought to be caused by 

increased grazing by an aquatic snail, leading to a reduction in self-shading by the layer 

of upper canopy diatoms in the spring. The increase in abundance of adnate diatoms, 

particularly C. placentula has been attributed to grazing effects in numerous studies 

(Hunter, 1980; Hill e/a/., 1992; Underwood a/., 1992).
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Small diatom species such as Cymbella minuta, Gomphonema augur, Gomphonema 

parvulum, Achnanthes minutissima and Fragilaria brevistriata were associated with 

both the artificial and natural reeds in July. These were displaced by larger species such 

as Amphora ovalis, Eunotia arcus, Cymbella cistula and Rhoicosphenia abbreviata in 

October. McCormick (1996) suggests that the abihty of small species such as 

Achnanthes minutissima to grow rapidly can confer competitive dominance in a diatom 

community, and that a high rate of growth may be the only pre-requisite for dominance 

in a benthic diatom community that have abundant resources available. Succession was 

seen in a study of diatom communities developing on artificial substrates in Smith 

Mountain Lake, Virginia, USA (Kuhn et a l, 1981), with initial dominance by 

tychoplanktonic species such as Cyclotella pseudostelligera being replaced by true 

benthic species such as Achnanthes minutissima. There was some indication that A. 

minutissima was being replaced by more upright, larger forms such as the Gomphonema 

taxa towards the end of Kuhn a/.’s (1981) experiment. However, it should be noted 

that the experiment was only carried out for a period of 21 days, which is a much 

shorter exposure period than that used in the experiments carried out here.

Seasonality did have an effect on the composition of the diatom communities attached 

to the Phragmites stems. There was evidence of succession occurring on the substrates 

in both lakes, with an initial dominance of smaller species in the summer being replaced 

by larger species by the autumn. Cocconeis placentula replaced Achnanthes 

minutissima in the autumn, and Rhoicosphenia abbreviata became more important than 

both species in the highly nutrient-rich Felbrigg. These results indicate that seasonality 

has a relatively strong influence on diatom composition.

Effects of nutrients on emergent plant diatom species richness

There were greater numbers of diatom species on the Phragmites stems in Green 

Plantation than there were in the more nutrient-rich Felbrigg. A decrease in algal 

species richness with declining water quality has been seen in various other studies 

(Montesanto et al, 1999; Diez et a l, 1999; Willen, 2001; Juttner et a l, 1996), which 

cover a range of aquatic environments, from marine to fi'eshwater, and include 

phytoplankton and benthic diatoms. Algal species richness can also be correlated with 

physical characteristics such as channel depth and width (Sherwood et a l, 2000). 

However, it has also been found that algal species richness can increase with higher TP
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concentrations (Pan et a l, 2000; Hillebrand and Sommer, 2000). Factors other than 

nutirents, such as grazing, can affect species richness more than nutrient levels, due to 

interactive/synergistic effects between trophic groups (Proulx et a l, 1996).

Light availability was more important to species richness at lower nutrient 

concentrations than at high ones. This was apparent in Felbrigg, where a decrease in 

light availability (both as a result of shading by other reeds or by light attenuation in the 

water column) seemed to be associated with an increase in numbers of species. 

However, high intensities of light were associated with a decline in species numbers. In 

July, there were significantly more species in the inner than the outer reedbed, with light 

availability of 14% and 54% of the main lake, respectively. This would seem to 

indicate that species richness has a unimodal response along a light gradient, with 

highest species numbers found somewhere in the middle range of light intensity. Other 

workers found that total numbers of macrophyte species increased with increasing light 

availability (Strand and Weisner, 2001), and that algal species richness decreased with 

decreasing light conditions (Pedersen and Snoeijs, 2001). However it was noted by 

Strand and Weisner (2001) that species richness can also be affected by factors such as 

interspecific competition, or colonisation time.

In Green Plantation, with lower nutrients, light conditions in the inner and outer reedbed 

were very similar. The significant experiment results (i.e. fewer species in the inner 

reedbed in July than in October, and more in the inner reedbed in October than the outer 

reedbed) are more likely to be due to factors other than light availability, such as 

grazing or wave disturbance. More diatom species were found on the grazed artificial 

plants in Chapter 5, presumably because grazing increases species overturn, and reduces 

dominance. It is therefore suggested that invertebrate grazing may have increased from 

July to October in the reedbeds in Green Plantation, leading to the observed higher 

diatom species richness. Chironomids are important grazers in shallow lakes, and are 

present in large numbers at most times of the year (apart from winter, when 

reproduction ceases). They are particularly sensitive to water pollution, and have been 

used as indicators of water quality in a number of studies (Massaferro and Brooks, 

2002; Weatherhead and James, 2001; Little and Smol, 2001). Various species of 

waterfowl and fish feed on chironomid larvae, and thus they are considered to be an 

important part of the aquatic food chain (Tyson and Knight, 2001; Lindegarth and 

Chapman, 2001). It is possible that water quahty affected the number and species of
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chironomid larvae inhabiting the reedbeds in Green Plantation, with the result that 

grazing increased. Feeding by waterfowl and fish may have affected the number and 

species of larvae. Other invertebrate species, such as aquatic snails, are also found in 

reedbeds. These too could have affected the level of grazing occurring in the inner 

reedbed.

Artificial versus natural substrates

Generally there were few differences in diatom species richness between the natural and 

the artificial substrates. The pilot study results from Felbrigg in March 2000 were also 

very similar to those found in both lakes in the later experiment. Barbiero (2000) found 

that in lakes, natural substrates exhibited greater species richness than artificial 

substrates, which was not the case in this experiment. As was seen in the analysis of the 

natural substrate data, there were significantly more species found on the artificial reeds 

in Green Plantation than in Felbrigg, indicating a possible nutrient effect. Diatom 

community composition on the artificial and natural substrates in both lakes were 

generally similar to each other in both of the study lakes. Various workers have 

commented on the relative similarity of periphyton communities on natural versus 

artificial substrates (Cattaneo et al., 1975; Tuchmann and Blinn, 1979; Fontaine and 

Nigh, 1983). The similarity in composition in the present study was probably due to the 

dominance of a few diatom species (A. minutissima, C. placentula, R. abhreviata), 

which in some cases together accounted for over 90% of the total abundance, hiding the 

more subtle differences in the abundances of the rarer species.

Some subtle differences were evident between the artificial and natural substrates in this 

study, however, including higher abundance of Amphora pediculus on the artificial 

substrates than the natural reeds in both lakes, and a higher abundance of Rhoicosphenia 

abbreviata on the artificial substrates in Felbrigg. This may have implications for using 

artificial substrates in a water quality monitoring programme. Goldsmith (1997) found 

that artificial substrates had a different diatom community inhabiting them than natural 

substrates in enriched rivers. Differences were found between diatom communities on 

artificial and natural substrates in other studies (Barbiero, 2000; Goldsmith, 1996; 

Tuchmann and Stevenson, 1980; Gons, 1982).
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Goldsborough and Hickman (1991) found that the periphyton community attached to 

acrylic rods was structurally more complex than that of the naturally occurring Scirpus 

validus culms, and attributed this difference to possible allelopathic chemicals exuded 

by the plants, or the surface properties of the acrylic substrate which possibly influenced 

the adhesive strength of the diatom colonisers.

It was also hypothesised that differences in surface texture may be a major role in the 

differences in epiphyton community composition, and several workers found that coarse 

surfaces supported higher algal densities than smooth ones (Tuchmann and Blinn, 1979; 

Antoine and Benson-Evans, 1985). Intuitively it would seem that the more similar the 

texture of the artificial substrate was to the naturally occurring substrate, then the 

diatoms colonising them would also be similar. This may be one of the factors leading 

to the similarity between the composition of the communities developing on the 

Phragmites and bamboo canes in these experiments. Bamboo is very similar to 

Phragmites in morphology, and has a similar surface texture.

Summary

• Diatom species richness in the reedbeds decreased with increasing nutrients, and 

high light levels appeared to have a generally inhibitory effect on species numbers.

• Some vertical and horizontal zonation effects were noticed. The inner bottom 

samples were associated with a slightly different diatom community to the other 

samples in the dataset (mainly R. abhreviata and Fragilaria taxa). The top outer 

samples captured a low amount of species variance. The top inner and bottom outer 

samples captured a similar amount of species variance to each other, and were 

characterised by a very similar diatom community.

• The artificial and natural substrates were similar in species richness and community 

composition, e.g. Achnanthes minutissima, Cocconeis placentula and 

Rhoicosphenia abbreviata with only a few notable differences.

• Seasonality affected diatom community composition, but in an unpredictable way. 

There was evidence that small species present in July were replaced by larger 

species in October.

197



Chapter Seven

Conclusions and Further Work

Introduction

This concluding chapter will revisit the aims outlined in Chapter 1, and discuss 

whether benthic diatoms are suitable monitors of water quality in lowland, shallow 

lakes based on the results of this study. Ideas for further work are also discussed.

Do benthic diatoms respond to the nutrient gradient occurring in 
eutrophic shallow lakes?

Results described in Chapters 3 and 4 revealed that a number of diatom taxa exhibited 

marked responses along the trophic gradient. The nutrient gradient used in this study 

was relatively short, with few lakes in the dataset. Nevertheless, many taxa still 

showed a response to nutrients. For example, Cymbella microcephala was indicative 

of good quality water, and many of the Nitzschia taxa were indicative of poor quality 

water. However, many taxa did not appear to respond to the nutrient gradient. These 

results concur with those of other workers (Soininen and Niemela, 2002; Kelly, 2002; 

Potapova and Charles, 2002). However, the majority of current research (including 

that of the aforementioned workers) has been carried out on rivers. The investigation 

of benthic diatom communities in eutrophic lakes has, until now, been relatively 

neglected. This thesis goes some way to answer the questions raised by past 

researchers on the responses of benthic diatoms to nutrients in shallow lakes.

Do different submerged plant species support a different attached 
diatom community? Does growth form or “architecture” affect the 
composition of the attached diatom community?

The experimental data revealed few differences in diatom species richness or 

community composition on two types of artificial plant. There was a negative
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correlation between diatom indicator species ratio and decreasing water quality, and 

very little difference in indicator ratio between Elodea and Myriophyllum. The data 

indicate, therefore, that plant architecture has minimal effect on benthic diatom 

composition or on the use of these organisms in a monitoring scheme.

It was difficult to sufficiently analyse differences between the diatom communities 

associated with submerged plant species, as not all plant species were available for 

sampling in the lakes. This is typical of eutrophic lakes, which are in the 

phytoplankton-dominated state (Scheffer, 1990). Goldsmith (1997) commented that 

obtaining suitable species of submerged plants in lowland rivers was difficult. In 

general, the submerged plants were dominated by Achnanthes minutissima, Cocconeis 

placentula, and Fragilaria taxa. In order to accurately assess differences between 

diatom communities on submerged plant species, the number and range of lakes 

sampled should be increased. This should allow a consistent set of plant species to be 

collected.

Which substrate provides the most representative benthic diatom 
community, and hence the best measure of environmental quality?

Substrate clearly explained greater variation in the diatom data than TP, Secchi depth 

or time. Therefore the effect of substrate on diatom composition should be minimised 

in a water quahty monitoring programme. Diatoms associated with the lake sediment 

were different to those on the plants (which concurs with Round, 1953; Goldsmith 

1996, 1997). The plants captured a larger amount of variance than the sediments, the 

latter being frequently dominated by Fragilaria spp. This is important because it 

suggests that the chance of capturing particular indicator taxa is enhanced if plants are 

sampled rather than sediments, leading to a more accurate assessment of water 

quality. The emergent plants captured a slightly lower amount of floristic variation 

than the submerged plants, but had the advantage of being available at all times of the 

year for sampling purposes.

The artificial and natural substrates were similar in species richness and community 

composition, e.g. dominated by Achnanthes minutissima, Cocconeis placentula and 

Rhoicosphenia abbreviata. It therefore appeared that artificial and natural substrates 

could be used with equal success for monitoring purposes.
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When is the best time to sample henthic diatoms to get a 
representative sample?

Field study results revealed that benthic diatom communities were affected by 

seasonality, with samples being highly variable in their species composition in the 

winter on the submerged/emergent plants, and in spring in the sediments. Diversity 

tended to be higher in the summer and early spring on the plants, and the early spring 

in the sediments.

Seasonality affected diatom composition on Phragmites and artificial reeds (Chapter 

6). Small species present in July were displaced by larger species in October. 

However, it is possible that this may have been due to succession rather than 

seasonality.

It is difficult to identify the “ideal” time to sample benthic diatoms from the data 

available. If natural substrates are to be used, then summer sampling is 

recommended, as the full range of aquatic plant species are available. However, if 

artificial substrates are to be used, sampling could be carried out at any time of the 

year because the diatom community appears to be largely dependant on exposure 

time.

Does light affect the henthic diatom composition of eutrophic waters?

The experimental work with the artificial submerged plants showed that diatom 

community composition was similar fi-om top to bottom of the plants in each lake, 

indicating that light had no effect on the diatoms. However, it is possible that the 

light gradient may have been too short (as it was carried out over 10cm sections), and 

it is advised that further experiments utilising a wider range of light conditions are 

undertaken.

There was little overall effect of vertical zonation on the use of benthic diatoms for 

assessing water quality of the three study lakes, since the top, middle and bottom 

samples all ranked the lakes in the same water quality order. Therefore a combined 

sample would be recommended in a water quahty monitoring programme.
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The Phragmites experiment revealed that diatom species richness in the reedbeds 

decreased with increasing nutrients, and light was also thought to be an important 

factor affecting species numbers. Secchi depth was as important as TP in explaining 

diatom species variance in the field study, indicating the importance of considering 

the effects of light on these diatom communities.

Can diatom growth forms indicate levels of grazing?

Grazing significantly increased diatom species numbers on both types of artificial 

plant, and grazed plants supported significantly more adnate than stalked diatoms, 

indicating that growth forms could signify the presence of invertebrate grazing.

Does diversity indicate the ‘health’ of a lake?

Diatom diversity tended to be higher in the summer and early spring on the plants, 

and the early spring in the sediments. The summer months were characterised by 

high TP and low light levels in most of the lakes, whereas the early spring had lower, 

but increasing levels of TP and light. It is possible that the invertebrate grazer 

community composition differed over the summer/spring months, leading to changes 

in diatom composition via grazing. Overall, it was difficult to assess if diversity could 

indicate lake “health”, and further work (perhaps utilising higher trophic groups) is 

suggested.

Further work

This thesis has shown that benthic diatoms can act as useful monitors of water quality 

in lowland lakes. A larger nutrient gradient is clearly needed, however, before a fully 

working methodology can be implemented. This study focussed on a set of five small 

man-made lakes covering a limited nutrient gradient and geographical region. It is 

recommended that the dataset be expanded to include lakes of better quality (so-called 

“reference” lakes) in order to establish accurate nutrient requirements of the various 

benthic diatom indicator taxa, and to increase the number of taxa present. It would 

also be useful to include lakes with more species of submerged, emergent and floating 

plants (especially the latter), since the true effect of substrate specificity is only 

superficially investigated here.
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Transitional waters, including estuaries and lagoons, have also been impacted by 

eutrophication (Thornton et a l, 2002; Nedwell et a l, 2002). Since these waters 

possess suitable substrates for diatom colonisation, including emergent and 

submerged vegetation, the methodology investigated in this thesis could also be 

applied to such environments.

It would be extremely useful to attempt to establish a link between diatom diversity 

and grazer diversity in shallow lakes. It is becoming increasingly important to fully 

understand the role of biodiversity in ecosystems, particularly in nutrient-enriched 

lakes (Hulot et al., 2000), and wetlands (Engelhardt and Ritchie, 2001). Until now, 

most biodiversity studies in nutrient-enriched systems have considered linear food 

chains, but it is now apparent that more complex interactions between food webs 

containing functional groups of primary producers, herbivores, detritivores and 

carnivores are occurring (Leibold, 1989; Hulot et a l, 2000; Naeem et a l, 2000). 

Downing and Leibold (2002) found that productivity increased with species richness 

in pond food webs, and that richness influenced trophic structure as a result. If this 

was also the case in shallow lakes, then increased diatom species richness would lead 

to increased invertebrate grazer richness, and possibly increased diversity and 

richness at higher trophic levels. It is agreed that high biodiversity in ecosystems of 

all types should be encouraged, particularly at sites subject to human degradation such 

as many lowland, shallow lakes (Sayer et a l, 1999). The establishment of links 

between aquatic biodiversity and ecosystem functioning is one of the central themes 

of the Water Framework Directive, and should be explored further.

In conclusion, the results presented in this thesis indicate that the use of benthic 

diatoms in a shallow lake water quality monitoring programme has great potential. It 

is suggested that aquatic plants, whether submerged or emergent, are the best 

substrates for monitoring purposes. Seasonality does have an effect on diatom 

composition, although it is likely that this may be due to colonisation and succession 

rather than a “true” seasonal effect. Further work is required to examine the possible 

synergistic effects of nutrients, light and grazing on benthic diatoms in such 

ecosystems.
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Appendix 1

Table I. Sample codes and details

Site Sample type Date sampled Sample code
BEES BENTHIG 17-Jan-OO BEBE100
BEES BENTHIG 14-NOV-99 BEBE11
BEES BENTHIG 16-Mar-OO BEBE300
BEES BENTHIG 12-Apr-OO BEBE400
BEES BENTHIG 17-May-OO BEBE500
BEES BENTHIG 21-Jun-99 BEBE6
BEES BENTHIG 14-Jul-99 BEBE7
BEES BENTHIG 20-Aug-99 BEBE8
BEES BENTHIG 17-Sep-99 BEBE9
BEES GAREX 21-Jun-99 BEGA6
BEES G.DEMERSUM 20-Aug-99 BEGD8
BEES G.DEMERSUM 17-Sep-99 BEGD9
BEES GHARA 21-Jun-99 BEGH6
BEES GHARA 14-Jul-99 BEGH7
BEES GHARA 20-Aug-99 BEGH8
BEES G.SUBMERSUM 14-Jul-99 BEGS7
BEES ENTEROMORPHA 14-JUI-99 BEEN7
BEES FLAB 20-Aug-99 BEFL8
BEES LEMNA MINOR 20-Aug-99 BELM8
BEES LEMNA MINOR 17-Sep-99 BELM9
BEES P.PUSILLUS 21-Jun-99 BEPU6
BEES TYPHA 17-Jan-OO BETY100
BEES TYPHA 14-NOV-99 BETY11
BEES TYPHA 16-Mar-OO BETY300
BEES TYPHA 12-Apr-OO BETY400
BEES TYPHA 17-May-OO BETY500
BEES TYPHA 14-Jul-99 BETY7
BEES TYPHA 20-Aug-99 BETY8
BEES TYPHA 17-Sep-99 BETY9
BUG BENTHIG 15-NOV-99 BLBE11
BUG BENTHIG 14-Mar-OO BLBE300
BUG BENTHIG 17-Apr-OO BLBE400
BUG BENTHIG 18-May-OO BLBE500
BUG BENTHIG 20-Jun-99 BLBE6
BUG BENTHIG 13-Jul-99 BLBE7
BUG BENTHIG 22-Sep-99 BLBE9
BUG GHARA 20-Jun-99 BLGH6
BUG GHARA 13-Jul-99 BLGH7
BUG GHARA 25-Aug-99 BLGH8
BUG PHRAGMITES 15-NOV-99 BLPH11
BUG PHRAGMITES 14-Mar-OO BLPH300
BUG PHRAGMITES 17-Apr-OO BLPH400
BUG PHRAGMITES 18-May-OO BLPH500
BUG PHRAGMITES 20-Jun-99 BLPH6
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BUG PHRAGMITES 13-Jul-99 BLPH7
BUG PHRAGMITES 25-Aug-99 BLPH8
BUG PHRAGMITES 22-Sep-99 BLPH9
BUG P.PEGTINATUS 20-Jun-99 BLPP6
BUG P.PEGTINATUS 13-Jul-99 BLPP7
FELB BENTHIG 1 T-Jsn-OO FEBE100
FELB BENTHIG 11-Nov-99 FEBE11
FELB BENTHIG 16-Mar-OO FEBE300
FELB BENTHIG 12-Apr-OO FEBE400
FELB BENTHIG 16-May-OO FEBE500
FELB BENTHIG 18-Jun-99 FEBE6
FELB BENTHIG 09-Jul-99 FEBE7
FELB BENTHIG 16-Aug-99 FEBE8
FELB BENTHIG 16-Sep-99 FEBE9
FELB GANE 1 12-Apr-OO FEGA1400
FELB CANE 1 16-May-OO FEGA1500
FELB GANE 2 12-Apr-OO FEGA2400
FELB GANE 2 16-May-OO FEGA2500
FELB GANE 3 16-May-OO FEGA3500
FELB GLADOPHORA 16-Aug-99 FEGL8
FELB LEMNA MINOR 16-Aug-99 FELM8
FELB PHRAGMITES 11-Nov-99 FEPH11
FELB PHRAGMITES 1 12-Apr-OO FEPH1400
FELB PHRAGMITES 2 12-Apr-OO FEPH2400
FELB PHRAGMITES 16-Mar-OO FEPH300
FELB PHRAGMITES 3 12-Apr-OO FEPH3400
FELB PHRAGMITES 16-May-OO FEPH500
FELB PHRAGMITES 18-Jun-99 FEPH6
FELB PHRAGMITES 09-Jul-99 FEPH7
FELB PHRAGMITES 16-Aug-99 FEPH8
FELB PHRAGMITES 16-Sep-99 FEPH9
FELB P.PEGTINATUS 16-May-OO FEPP500
FELB P.PEGTINATUS 18-Jun-99 FEPP6
FELB P.PUSILLUS 09-Jul-99 FEPU7
GREP PHRAGMITES 17-May-OO GPPH500
GREF BENTHIG 18-Jan-OO GRBE100
GREP BENTHIG 09-NOV-99 GRBE11
GREP BENTHIG 13-Mar-OO GRBE300
GREP BENTHIG 17-May-OO GRBE500
GREP BENTHIG 14-Jul-99 GRBE7
GREP BENTHIG 14-Aug-99 GRBE8
GREP BENTHIG 20-Sop-99 GRBE9
GREP GHARA 12-JUI-99 GRGH7
GREP GHARA 14-Aug-99 GRGH8
GREP GHARA 20-Sop-99 GRGH9
GREP ELODEA 12-JUI-99 GREL7
GREP ELODEA 14-Aug-99 GREL8
GREP ELODEA 20-Sep-99 GREL9
GREP ENTEROMORPHA 12-Jul-99 GREN7
GREP M.SPIGATUM 13-Aug-99 GRMS8
GREP M.SPIGATUM 20-Sep-99 GRMS9
GREP PHRAGMITES 18-Jan-OO GRPH100
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GREP PHRAGMITES 09-NOV-99 GRPH11
GREP PHRAGMITES 13-Mar-OO GRPH300
GREP PHRAGMITES 12-Jul-99 GRPH7
GREP PHRAGMITES 14-Aug-99 GRPH8
GREP PHRAGMITES 20-Sep-99 GRPH9
GUNT BENTHIC 18-Jan-OO GUBE100
GUNT BENTHIC 09-NOV-99 GUBE11
GUNT BENTHIC 13-Mar-OO GUBE300
GUNT BENTHIC 10-Apr-00 GUBE400
GUNT BENTHIC 15-May-OO GUBE500
GUNT BENTHIC 09-Jul-99 GUBE7
GUNT BENTHIC 12-Aug-99 GUBE8
GUNT BENTHIC 24-Sep-99 GUBE9
GUNT CAREX 14-Jun-99 GUCA6
GUNT C.DEMERSUM 14-Jun-99 GUCD6
GUNT C.DEMERSUM 09-Jul-99 GUCD7
GUNT C.DEMERSUM 12-Aug-99 GUCD8
GUNT C.DEMERSUM 24-Sep-99 GUCD9
GUNT CHARA 09-Jul-99 GUCH7
GUNT CLADOPHORA 09-Jul-99 GUCL7
GUNT HIPPARUS 09-NOV-99 GUHI11
GUNT HIPPARUS 10-Apr-00 GUHI400
GUNT HIPPARUS 15-May-OO GUHI500
GUNT HIPPARUS 09-Jul-99 GUHI7
GUNT HIPPARUS 12-Aug-99 GUHI8
GUNT HIPPARUS 24-Sep-99 GUHI9
GUNT NYMPHAEA 15-May-OO GUNA500
GUNT NYMPHAEA 12-Aug-99 GUNA8
GUNT NYMPHAEA 24-Sep-99 GUNA9
GUNT PHRAGMITES 18-Jan-OO GUPH100
GUNT PHRAGMITES 09-NOV-99 GUPH11
GUNT PHRAGMITES 13-Mar-OO GUPH300
GUNT PHRAGMITES 10-Apr-00 GUPH400
GUNT PHRAGMITES 15-May-OO GUPH500
GUNT PHRAGMITES 09-Jul-99 GUPH7
GUNT PHRAGMITES 12-Aug-99 GUPH8
GUNT PHRAGMITES 19-Sep-99 GUPH9

Table II: Diatom species with codes and authorities

ACOOIA Achnanthes lanceolata (Breb. ex Kutz.) Grun. in Cleve & Grun. 1880
ACOOID Achnanthes lanceolata dubia Grun. in Cleve & Grun. 1880
ACOOIR Achnanthes lanceolata frequentissima Lange-Bertalot 1991
ACOOIT Achnanthes lanceolata robusta (Hustedt)LB 1991
AC008A Achnanthes exigua Grun. in Cleve & Grun. 1880
AC013A Achnanthes minutissima minutissima Kutz. 1833
AC032A Achnanthes hungarica (Grun.) Grun. in Cleve & Grun. 1880
AC134A Achnanthes helvetica (Hustedt) Lange-Bertalot in LB & K 1989
AMOOIA Amphora ovalis ovalis (Kutz.) Kutz. 1844
AM004A Amphora veneta veneta Kutz. 1844
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AM008A Amphora thumensis (Mayer) A Cleve
AM012A Amphora pediculus (Kutz.) Grun.
CLOOIA Cymatopleura solea (Breb. & Godey) W. Sm. 1851
CM004A Cymbella microcephala microcephala Grun. in Van Heurck 1880
CM006A Cymbella cistula cistula (Ehrenb. in Hempr. & Ehrenb.) Kirchner 1878
CM018A Cymbella gracilis (Rabenh.) Cleve 1894
CM022A Cymbella afiinis Kutz. 1844
CM031A Cymbella minuta minuta Hilse ex Rabenh. 1862
CM045A Cymbella prostrata prostrata (Berkeley) Brun 1880
COOOIA Cocconeis placentula placentula Ehrenb. 1838
DTOlOA Diatoma ehrenbergii Kutz. 1844
EP007A Epithemia adnata adnata (Kutz.) Rabenh. 1853
EU013A Eunotia arcus arcus Ehrenb. 1837
EU029A Eunotia vahda Hust. 1930
EU070A Eunotia bilunaris (Ehrenb.) F.W. Mills 1934
FROOIA Fragilaria pinnata pinnata Ehrenb. 1843
FR002A Fragilaria construens construens (Ehrenb.) Grun. 1862
FR002C Fragilaria construens venter (Ehrenb.) Grun. in Van Heurck 1881
FR006A Fragilaria brevistriata brevistriata Grun. in Van Heurck 1885
FR009A Fragilaria capucina capucina Desm. 1825
FR009B Fragilaria capucina mesolepta (Rabenh.) Rabenh. 1864
FR014A Fragilaria leptostauron leptostauron (Ehrenb.) Hust. 1931
FR045E Fragilaria parasitica subconstricta Grun. in Van Heurck 1881
FR057A Fragilaria fasciculata (Agardh) Lange-Bertalot sensu lato 1980
FR060A Fragilaria tenera (W. Smith) Lange-Bertalot 1980
FR9999 Fragilaria sp.
GOOOIA Gomphonema olivaceum (Homemann) Breb. 1838
G0003A Gomphonema angustatum angustatum (Kutz.) Rabenh. 1864
G0006A Gomphonema acuminatum acuminatum Ehrenb. 1832
GO013A Gomphonema parvulum parvulum (Kutz.) Kutz. 1849
GO019A Gomphonema augur Ehr.
GO023A Gomphonema truncatum truncatum Ehrenb. 1832
G0050A Gomphonema minutum (Ag.) Ag. 1831
G09999 Gomphonema sp.
GY9999 Gyrosigma sp.
NA003A Navicula radiosa radiosa Kutz. 1844
NA005A Navicula seminulum Grun. 1860
NA007A Navicula cryptocephala cryptocephala Kutz. 1844
NA008A Navicula rhynchocephala rhyncocephala Kutz. 1844
NAOllA Navicula exigua exigua Grun. in Van Heurck 1880
NA014A Navicula pupula pupula Kutz. 1844
NA017A Navicula ventralis Krasske 1923
NA022A Navicula halophila halophila (Grun. ex Van Heurck) Cleve 1894
NA023A Navicula gregaria Donk. 1861
NA030A Navicula menisculus menisculus Schum. 1867
NA037A Navicula angusta Grun. 1860
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NA054A Navicula veneta Kutz. 1844
NA056A Navicula cuspidata cuspidata (Kutz.) Kutz. 1844
NA057A Navicula elginensis elginensis (Greg.) Ralfs in Pritch. 1861
NA060A Navicula digito-radiata digito-radiata (Greg.) Ralfs in Pritch. 1861
NA063A Navicula trivialis Lange-Bertalot 1980
NA066A Navicula capitata capitata Ehrenb. 1838
NA066B Navicula capitata hungarica (Grun.) R. Ross 1947
NA112A Navicula minuscula minuscula Grun. in Van Heurck 1880
NA317A Navicula decussis Ostr. 1910
NA751A Navicula cryptotenella Lange-Bertalot 1985
NA9999 Navicula sp.
NE9999 Neidium sp.
NI002A Nitzschia fonticola Grun. in Van Heurck 1881
NI007A Nitzschia hungarica Grun. 1862
NI008A Nitzschia frustulum (Kutz.) Grun. in Cleve & Grun. 1880
NI009A Nitzschia palea palea (Kutz.) W. Sm. 1856
NI014A Nitzschia amphibia amphibia Grun. 1862
NI017A Nitzschia gracilis Hantzsch 1860
N1024A Nitzschia sublinearis Hust. 1930
NI028A Nitzschia capitellata Hust. 1930
NI031A Nitzschia linearis linearis W. Sm. 1853
NI033A Nitzschia paleacea (Grun. in Cleve & Grun.) Grun. in Van Heurck 1881
NI042A Nitzschia acicularis (Kutz.) W. Sm. 1853
NI171A Nitzschia subacicularis Hust. 1937
NI201A Nitzschia graciliformis Lange-Bertalot & Simonsen 1978
PICO1A Pinnularia gibba (Ehrenb.) Ehrenb. 1843
SU003A Surirella ovalis ovalis Breb. 1838
SYOOIA Synedra ulna ulna (Nitzsch) Ehrenb. 1836
SY003A Synedra acus acus Kutz. 1844
SY019A Synedra capitata Ehrenb. 1836
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