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The physical, chemical and biological characteristics of five southern English chalk 
streams from neighbouring catchments were investigated seasonally over two 
years. Stream characteristics were studied at both a catchment scale and at a local, 
reach scale. 

At the catchment scale, the five chalk rivers had very similar physico-chemical 
properties. Differences between years and between seasons were much greater than 
those between rivers or within-river longitudinal dififerences. Elevated inorganic 
nutrient concentrations, relative to 'pristine' systems, indicated some degree of 
catchment water quality deterioration in aU five rivers. 

The effect of physical habitat degradation (channel overwidening and 
sedimentation) on biological river 'health' was investigated at a within-river, reach 
scale. Overwidening was found to have little impact on benthic invertebrates over 
the two years. In contrast, the increased proportion of fine sediment within the 
coarse gravel substratum had a marked effect on invertebrate communities. 
Communities showed a high degree of stability between years, and between 
individual catchments, reflecting the overall biological stability of these systems. 

Manipulation experiments at a smaller, within-reach scale demonstrated the 
importance of substratum characteristics to macroinvertebrate communities. 
Invertebrate colonisation over time of newly exposed substrata was quantitatively 
and qualitatively different for coarse and fine particle sizes, interpreted as a 
function of shifting resource utilisation and microhabitat preferences. The relatively 
long time taken to fully colonise new substrata demonstrated the weak ability of 
chalk stream invertebrate communities to respond rapidly to changes in habitat - a 
reflection of the stable physical nature of natural chalk streams and the 
vulnerability of their communities to anthropogenic disturbance. 

The implications of these findings for the management of chalk rivers at 
hierarchical spatial and temporal scales is discussed, within a fi-amework of water 
quality enhancement. 
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Chapter One: Introduction 

1.1.1 River ecosystems 

Throughout history, humans have had a close association with rivers, and it is 

widely accepted that river ecosystems have been utilised to a greater extent than 

any other natural environmental system (Boon 1992). Intensive agriculture, 

industrial development, fisheries and tourism have altered the size, shape, course 

and content of many of our major rivers (Angermeir and Bailey 1992). 

Exploitation of any resource inevitably leads to changes in the surrounding 

environments. However, in an aquatic context, the effects of man's interference 

often do not occur at the point of alteration, thus making it difficult to relate effects 

to possible causes. Societal demands made upon many water resources are often in 

direct conflict with the supply capabilities of these systems. In this sphere of 

conflicting interests, the need for intervention through resource management has 

become evident (Van Stokkom et al. 1993). It can therefore be concluded that 

rivers are highly complex and variable natural systems that pose a major challenge 

to both scientific understanding and management (Carman 1998). 

The intensity and distribution of catchment activities ultimately dictate the direction 

of water resource management through their impact on water quality. 

Understanding the environmental controls on water quality is recognised as an 

important consideration in the management of rivers and their catchments 

(MuUholland and HiU 1997). As awareness of the importance of aquatic 

environments increases and recognition of the anthropogenic perturbations being 

imposed upon these systems becomes widespread, much research is being directed 

to understanding the impacts of human activity on riverine ecosystems. 
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1.1.2 River management 

Land and water constitute two of the basic resources in the life-support system on 

which humans depend (Lundqvist et al. 1985, Mellquist 1992). With increasing 

standards of living, growing populations and concentrations of anthropogenic 

activities, the pressures on global and local water resources are becoming 

intensified. Concerns about the environmental impacts associated with the 

development of these activities have grown rapidly in recent decades (Pugh 1997). 

The most noticeable response in this respect has been in the increasing attention 

paid to the management of natural environmental resources. Management seems to 

be perceived as a means by which resource utilisation in the contemporary setting 

is assured and which encompasses the necessary conservation of the productivity of 

resources on a long-term basis (Lundqvist et al. 1985). In particular water 

management has become an issue of high priority (Loucks 2000). 

The management of a river or river system in its simplest form could be the 

movement of a few stones in a river bed in order to improve the passage of water, 

fish or timber, and the subsequent maintenance of these changes over a period of 

time (Mellquist 1992). At the other end of the spectrum is a complete alteration to 

the hydrological and ecological conditions of particular stretches/entire length of a 

river system. Ideally the objectives of river management should include: 

• Balancing users' interests 

• Optimising the use of resources (e.g. abstraction, recreation, industrial) 

® Recognition of environmental interests and those of the general public when 

exploiting water resources 

• Cleaning up after previous activities (Ten Brink and Woudstra 1991, Loucks 

2000) 

It has been recognised that problems will not be solved in the channel alone 

because these issues, for the most part, originate in the rivers' catchment areas. 

This recognition has permeated through to scientific and management communities 

and recently there has been an increase in the study of river systems at the 
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catchment scale (Cannan 1998). 

1.1.3 Holistic catchment research 

A river can be thought of as a transport system for waters, sediments, solutes and 

biota (Newson 1992). This broad definition encompasses many complex and 

interactive processes, operating at a variety of scales. In response to their inherent 

variability and complexity, numerous scientific disciplines have been engaged in 

the investigation of these systems, including, for example, geomorphologists, 

hydro logists, engineers and ecologists. However, in the early stages of research on 

lotic systems, little communication and discussion of ideas took place between 

these disciplines. This division had the effect that each discipline developed its 

own approach to the study of river environments in isolation (Cannan 1998). 

Consequently, in the past, there have been few attempts to treat streams and rivers 

holistically (Minshall et al. 1983). Indeed, a truly holistic view of streams did not 

emerge until the late 1950s with the recognition that stream biota were influenced 

by the surrounding landscape (Ross 1963, Hynes 1975). There has been a 

subsequent shift in perspective fi-om that of viewing streams or their component 

stretches as individual entities to that of a synthetic (integrated) view that seeks 

generalisations about streams as whole ecosystems (Minshall et al. 1985). 

The precursor to the current holistic view of river ecosystems was the River 

Continuum Concept (RCC) developed by Vannote et al. (1980). The RCC 

proposed a synthetic view of stream ecosystems, with the antecedents emphasising 

the unifying aspects of flowing water (especially geomorphology and hydraulics) in 

structuring stream communities (Margalef 1960, Hynes 1963, Wallace et al. 1977, 

Elwood et al 1983). Vannote et al. (1980) regarded the entire fluvial system as a 

continuously integrated series of physical gradients and associated biotic 

adjustments. This approach provided useful generalisations concerning temporal 

and spatial variations in the supply of energy, and biological community structures 

within rivers (Minshall et al. 1985). 
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It is now widely recognised by practitioners in all disciplines that it is far more 

beneficial to scientific understanding to consider together all the interacting 

hydrological, geomorphological and biological processes occurring within rivers 

(Cannan 1998). Petts (1994) divided the research on the functioning of river 

systems into five principles and summarised rivers as: 

® three dimensional systems; 

® driven by hydrology and fluvial geomorphology; 

® structured by food webs; 

® characterised by spiralling processes; and 

® dependent upon change - changing flows, moving sediments and shifting 

channels. 

Townsend (1996), in his catchment hierarchy approach, argued for an integration of 

existing river concepts with the patch dynamics concept, viewing streams as 

mosaics of patches (Pringle et al. 1988, Downes et al. 1993). An hierarchical 

fi-amework of both river and patch dynamics concepts on the scale of the river 

catchment enables the prediction of spatial and temporal patterns of ecological 

variables in the river baski, which can be fed into the river management framework. 

Utilising the holistic view of rivers provides a pathway towards integrated river 

basin management (IRBM). IRBM requires an holistic view not only of the river 

systems themselves, but also of the sources and processes causing water quality 

problems throughout the surrounding areas (Pegram and Bath 1995). It therefore 

follows that not only do the rivers have to be regarded as a whole entity, but so do 

the catchments surrounding the rivers, giving rise to the study of rivers on a 

catchment scale (Petts 1994). The underlying principle of the catchment theory is 

that strong links exist between rivers and the land over which they flow (Cannan 

1998). The catchment can therefore provide us with a natural and clearly defined 

geographical unit on which to base the study, and management, of rivers (Imhof et 

al. 1996, Cannan 1998). The increasing catchment pressures on rivers have led the 

authorities responsible for the management of these systems to adopt 'sustainable 

management policies' (Cannan 1998). For example, the Environment Agency (in 

the UK) is responsible for the sustainable management of many ecosystem 

functions, one of which being riverine environments (Petts et al. 1995, Cannan 
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1998). The link between river ecosystems and their surrounding drainage areas is 

clear, it follows that their management should be based on a catchment scale. 

Therefore an understanding of catchment processes and functions is fundamental to 

the efficient and effective management of lotic ecosystems (Cannan 1998). 

1.2 VVVITTIGR QIJAIJETTY 

1.2.1 Factors affecting water quality 

Society benefits immeasurably from rivers (Karr 1999). However, for centuries, 

UK freshwater resources have been taken for granted. Exploitation of rivers was 

fundamental to the Industrial Revolution for steam power, for canal transport, for 

industry, and for disposing of wastes (Boon and Howell 1997). Over the past 200 

years the sustainability of the use of this resource has been under threat. 

Chemically 'pure' water (water devoid of any dissolved substances) is virtually 

never found within the natural environment (UNESCO 1978). Hence, the term 

'natural waters' (i.e. waters containing chemicals in suflBciently low concentrations 

to cause no impairment to the surrounding environments; Pagenkopf 1978) is more 

commonly associated with the monitoring of riverine environments. It has long 

been accepted that the water flowing in any stream channel has undergone many 

natural interactions before becoming a component of the running water. These 

interactions arise from a combination of hydrological, chemical, biological and 

physical factors, all of which exert an influence on the quality of water. Together 

with this, anthropogenic activities often influence the water quality of a riverine 

environment. The influence of anthropogenic disturbances upon aquatic systems 

are summarised in Figure 1.1. At one end of the continuum of human influence on 

the environmental condition of an environment, (Figure 1.1 (a)), severe disturbance 

can result in reductions in water quality, ultimately leading to extremely degraded 

systems, whilst at the other end of the gradient conditions can be pristine. A 

parallel gradient passes through healthy, or sustainable, condition or activities 

(Figure 1.1 (b)). Below a threshold defined by specific criteria, the conditions or 

activities are no longer healthy or sustainable in terms of supporting healthy 

systems (Karr 1999). 
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Figure 1.1. Continuum of human influence on environmental condition (adapted 
from Karr 1999). 

The fundamentals of water quality monitoring have been recognised for some time. 

For example, Fish (1973) stated that the purpose of the assessment of water quality 

is to establish the present position and how this changes under the influence of 

controllable and uncontrollable events in the short and long term. 

The term 'water quality' is liberally used throughout the literature as if a single 

concept of water quality were universally recognised (Robards et al. 1994). 

However, even though 'quality' is a widely used term, it is a difficult concept, at 

least in absolute terms, to explain (HellaweU 1997). It has been defined as 'that 

which makes a thing what it is, property, attribute, grade of goodness and 

excellence'' (Maitland 1997). Given that there are scores of elements associated 

with freshwater and many thousands of chemical components, let alone a myriad of 

biological species, to derive an absolute description of water quality is extremely 

difficult (Pugh 1997). Therefore there would appear to be no satisfactory, absolute 

measure of water quality other than the extent to which a sample deviates from pure 

dihydrogen oxide. In the field of quality management, quality has a more specific 
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application, which may be defined as the ''degree to which a product is fitted to the 

purpose for which it is made'' (Pugh 1997). Quality used in this context is a relative 

rather than an absolute criterion and this pragmatic approach can be applied to the 

definition of water quality. 

Water that is suitable for human consumption, for example, may be toxic to fish 

(Hellawell 1988). At the same time, water in which fish thrive may be completely 

unacceptable as a potable water supply. Therefore the definition of river water 

quality depends upon the use of the water. Definitions exist for potable water 

supplies, industrial processes, effluent disposal, fisheries, recreation, wildlife and 

nature conservation (Hellawell 1997, Pugh 1997). In general, the term "water 

quality" is used in monitoring surveys to give an indication of the condition/state of 

the water at the time of sampling (UNESCO 1978). As such, water quality 

guidelines have been used over the past years as an important component of the 

management of water resources (Johnes et al. 1996, Hart et al. 1999). 

1.2.2 Methods of assessment 

Physico-chemical methods 

There is almost an infinite range of methods available for the assessment of river 

water quality. Historically, the monitoring assessment and regulation of aquatic 

ecosystems has been largely based on chemical measures of water quality 

(Metcalfe-Smith 1994). Chemical analyses can be undertaken on water samples in 

order to determine the quantities of specified substances (Hellawell 1997). The 

range of substances for which analytical methods are available is huge and 

increasing all the time, as is the accuracy with which these substances can be 

detected. Coupled with this, increases in technology have led to automation 

processes which enable a high number of samples to be analysed, thus increasing 

the fi-equency at which samples can be collected. If reliable chemical quality 

criteria for a particular use can be established and if the sampling regime is robustly 

designed, then chemical water quality assessment can be extremely efficient 

(Hellawell 1997). For example, many studies concerned with fi-eshwater quality 

relate to chemistry and some limnologists would argue that good chemical data are 
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adequate to categorise the quality of any water both for human needs and 

ecological purposes (Maitland 1997). 

However, the current view in aquatic research is that chemical monitoring alone 

provides insufficient information and evidence to enable meaningful conclusions to 

be drawn and cannot provide a reliable assessment of the health of an aquatic 

system (Roux et al. 1993, Metcalfe-Smith 1994, Wright et al. 1994). 

Consequently, with the increasing importance of ecological conservation in 

catchment management, there has been an increase in the support for a biological 

approach to water quality assessment (Karr 1993), when previously biological 

methods only played a supporting role in the formal regulatory system (Pugh 

1997). 

Biological methods 

Biological methods have been viewed as superior to chemical approaches, which, 

due to their snapshot nature, only reveal the environmental state at the moment of 

sampling (Hellawell 1997). Both the quality and quantity of flowing waters are 

highly variable and help shape the structure of communities found within and 

surrounding water bodies (UNESCO 1978). Biological communities are subject to 

the totality of chemical and physical influences, hence exhibit an integrated 

response to a fluctuating environment over time (Roux et al. 1993). Biological 

methods are regarded as being particularly relevant for assessing environmental 

water quality, particularly for those aspects of water which have ecological 

consequences which cannot be assessed readily in the laboratory from a limited 

number of samples (Hellawell 1997). It follows that any perturbation/disturbance 

imposed upon a system will ultimately impact upon the supply or quality of 

flowing waters, leading to a shift in the community structure. A monitoring of this 

shift win therefore enable an assessment to be made of an imposed stress or 

disturbance event over time. 

Biological monitoring can be directed at a variety of levels, investigating 

individuals, populations and communities. The scales required by the investigation 

being undertaken determine the level chosen (Carman 1998). It is possible to use 
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any group of organisms to examine the biological condition of a river, and in 

Britain early attempts at detecting pollution used both faunal and floral data 

(Armitage et al. 1983, Cannan 1998). In an ideal situation it would be preferable to 

use many aspects of the biotic community of a river as indicators (Cannan 1998). 

However, this is often not practical. The biota occupying any particular water body 

are determined by a number of factors which have combined to make the specific 

environment what it is in the locality, i.e. to give it its own particular water quality 

(Pugh 1997). Whilst there are many components of the aquatic biota of a river, 

attention has been focused on macroinvertebrates as they are present in all but the 

most polluted rivers and are relatively easy to sample (Hellawell 1978, 1986, Logan 

and Brooker 1983, Norris 1995). Macroinvertebrates are those organisms 

inhabiting the bottom substrates of Ireshwater habitats for at least part of their life 

cycle (Cannan 1998). This group of organisms is generally regarded as being an 

important component in aquatic ecosystems, and provides one approach to studying 

the functioning of streams and rivers (Hildrew and Giller 1994, Cannan 1998). 

Water quality monitoring using macroinvertebrates 

Benthic macroinvertebrates are used widely in the biological assessments of 

freshwater quality principally because of their biology: they are ubiquitous, with a 

large number of species occupying most aquatic habitats and environments which 

results in a wide range of responses to environmental stresses (Cannan 1998). 

Their relatively long life cycles and sedentary nature mean that they provide an 

analysis of conditions over time relative to the site fi"om which they were sampled 

(Cannan 1998). The taxonomy of many groups is well known, as are the responses 

they exhibit to stresses imposed (Hogg et al. 1995, Cannan 1998). A wide range of 

expertise has been gained on the techniques of collection and analysis, for which 

simple and inexpensive equipment can be used (Rosenberg and Resh 1993, Cannan 

1998). Also an extensive knowledge of these organisms has been accumulated 

through a long history of research (Cannan 1998). 

Research on these communities has been wide and varied. Much attention has been 

focused on patterns of distribution and abundance of individuals, and the 

underlying factors controlling these patterns (Armitage et al. 1983, Logan and 
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Brooker 1983). Biological studies open up the possibility of investigating temporal 

and spatial variation in the composition of macroinvertebrate communities and 

hence the water quality of riverine systems on a temporal and spatial scale (Jenkins 

et al. 1984). Through their time-integrative nature, these approaches enable the 

understanding of the responses of riverine communities to both natural and 

anthropogenic perturbations. There are many reasons for research being 

concentrated on macroinvertebrate sampling approaches. Numerous advantages of 

using these individuals have been proposed, and are summarised below: 

® macroinvertebrates contribute significantly to riverine species diversity and act 

as the main pathway between primary production and many other species 

occupying higher trophic levels (Harper et al. 1992) 

® individuals are sedentary in nature and have relatively long life spans (Mason 

1996) 

• the group is taxonomically heterogeneous, with diiBFerent families and species 

having different responses to stresses imposed upon them (Metcalfe-Smith 

1994). This opens the potential to study combined influences on 

macroinvertebrate communities 

« their taxonomy is well established 

® macroinvertebrates are present in the majority of aquatic habitats, especially 

within riverine systems 

• individuals from each family are relatively abundant, enabling accurate 

measurements of abundance to be made. 

• a wide range of experience has been gained on the techniques of collection and 

analysis, for which simple and inexpensive equipment can be used (Rosenberg 

and Resh 1993) 

• once collected, the individuals are usually large enough to be observed by the 

human eye (Cummins 1992), aiding the identification procedure 

All of these facets of these organisms make them extremely valuable for identifying 

shifts in community structure. 

However, as with any seemingly ideal monitoring tool, potential disadvantages 

have been recognised and need to be noted prior to the commencement of any 

biological study. Metcalfe-Smith (1994) stated that macroinvertebrates respond to 

10 
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apparently minor natural changes in substrate particle size, organic content and 

texture. Their life histories can be complex and monitoring results can vary 

seasonally. Spatial heterogeneity within communities can be high, requiring 

considerable sampling replication to achieve statistically reliable results. Despite 

these disadvantages, because of the value of the qualitative and quantitative results 

they generate, macro invertebrates have been widely used in the assessment of water 

quality of running waters for many years (Hynes 1960, 1970, Armitage et al. 1983, 

Wright et al. 1984, Battegazzore et al. 1996, Wood and Armitage 1997, Charvet et 

al. 2000). 

1.2.3 Holistic approach to water quality monitoring 

Many studies that have examined water quality in relation to one or more aspects 

have failed to appreciate the importance of other elements of the ecosystem (Pinay 

et al. 1990). Therefore, in recent years it has become increasingly recognised that 

individual water quality methods have both advantages and disadvantages 

(examples of those associated with chemical and biological methods are outlined in 

Table 1.1). Consequently, attention has been focused on developing monitoring 

schemes that adopt a wider perspective than simply describing and assessing water 

quality through a series of measurements (Maitland 1997). Although chemistry and 

biology are different scientific disciplines, the distinctions between chemical and 

biological methods of assessing water quality are somewhat artificial. For 

example, measuring dissolved oxygen is often regarded as a chemical water quality 

assessment but the result obtained often depends on many biological factors 

(Hellawell 1997). It has been suggested that no single method is sufficient to 

measure water quality: a combination of two or more, preferably of different kinds, 

is essential for an adequate understanding (Hellawell 1997). 

Therefore for a catchment approach to water quality monitoring a combination of 

assessment methods is often regarded as essential (Boon and Howell 1997, Howell 

and Mackay 1997). When water quality methods are used in conjunction (Figure 

1.2), the approaches can be complementary in nature. As such, studies that utilise 

both chemical and biological (in particular macroinvertebrate) methods of 

assessment are seen to provide a unique insight into the understanding of prevailing 

11 
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ecosystem controls (Wright et al. 1994). 

Table 1.1. Comparison of the differences between chemical and biological water 

Chemical methods Biological methods 

Procedure closely defined 
Standard analytical methods have 
been developed for most 
determinands 

Procedure often adapted 
Some biological procedures have been 
standardised but many field methods are 
modified by operators to meet local 
circumstances 

Variables controlled 
Laboratory conditions enable 
control to be effected 

Variables uncontrolled 
The complexity of biological systems 
and natural variability together with the 
vagaries of field conditions limits control 

Determination precise 
Chemical analyses are often able 
to determine minute quantities 
with a known precision 

Determination imprecise 
Biological methods may be imprecise; 
for example, it may be difficult to 
identify species with certainty 

Results repeatable 
Replicate samples or sub-samples 
may be used to refine 
determination 

Results unrepeatable 
Intrinsic biological variability and the 
destructive nature of some sampling 
methods limits repeatability 

Statistically robust 
Reduced variability and the 
applicability of standard statistical 
procedures assists in the 
assessment of results 

Statistically tenuous 
Considerable variability and complexity 
and limited replication impair statistical 
confidence 

Relevance extrapolated 
Results can only be applied to 
environmental assessments where 
considerable additional data on the 
likely or potential consequences 
for biota are known 

Relevance immediate 
Direct involvement of biological systems 
facilitates the application of results to 
environmental management 

Biological 

Chemical 

Human 

Natural 

Figure 1.2. Factors affecting the water quality of rivers (adapted from Howell and 
Mackay 1997). 
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I J \VAl%%tQ*%LLrnfIN(]HAl*:STRi%UWS 

Potential inputs detrimental to water quality may be derived from many sources 

within a catchment area but are often grouped and classified as either point or 

diflEuse (non-point) sources (Klapper 1991). Point source pollutants enter water 

bodies at discrete, identifiable locations and are therefore relatively easy to estimate 

and control compared with pollution from difiRise sources. By definition non-point 

source pollution results fi-om materials entering a stream fi-om sources which 

usually cannot be clearly defined (Belong and Brusven 1992). 

Difiuse pollution of surface and groundwaters is still a major problem in many 

countries (Sarmiento et al. 1988, Kronvang et al. 1993). The area over which non-

point pollutants can exert an influence is large, potentially affecting ecosystem 

processes in reaches located at considerable distance fi'om the area in which 

pollutants enter a river. Although numerous countries have implemented measures 

to reduce point source pollution, non-point source pollution remains at the same 

magnitude, or is increasing, due to intensive agricultural production (Edwards et al. 

1990, Kristensen and Hansen 1994). For example, nutrient enrichment and 

increased sediment supplies are often correlated with agricultural land use (Clarke 

et al. 1985). The potential impacts of these pollutants have received much research 

and are the focus of the current study. 

1.3.1 Sediments 

It is widely recognised that fine sediments can be easily transported from 

surrounding catchments into water courses (Olssoon and Persson 1988, Gumell et 

al. 1992). Fine sediments have been recognised for some time as a common and 

significant pollutant to aquatic bodies defined in both granulometric and chemical 

terms (Robinson 1973). In recent years there has been increasing evidence of 

sediment problems in chalk rivers (Walling and Amos 1995). Although many 

studies have investigated the effects of deposited sediments on salmonid spawning 

grounds in chalk stream systems, the impacts of sedimentation can be observed 

throughout whole riverine ecosystems. Therefore, there is a need to identify the 

physico-chemical effects of sedimentation and the impact that this process has on 

13 
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all in-stream communities in order to gauge water quality impacts (Wood and 

Armitage 1997). 

To date, numerous studies have been carried out on the causes and deleterious 

effects of fine sediment deposition on the ecology of running waters at a variety of 

scales, especially with regard to declining fish populations (Carling 1984, Berkman 

and Rabebi 1987, Sear 1993, Andrews 1995, Byres 1996, Magee et al. 1996, Wood 

and Armitage 1997). All streams carry loads of suspended sohds under natural 

conditions. However, superimposed upon the natural sediment load a river 

transports is the anthropogenic sediment component produced as a by-product of 

catchment activities (Ryan 1991). The effects of sediment addition are often 

difiScult to quantify, especially where difiuse land uses are concerned (Wood and 

Armitage 1997, Bryson 1998). Quantification difficulties have been attributed to 

the lack of information relating to natural baseline conditions, the relatively 

unknown cumulative effects of sediments on stream biota and the extreme spatial 

and temporal variability in the extent and degree of sedimentation on stream 

ecosystems (Carling 1984, Ryan 1991). 

Sources of fine sediments 

The relative contribution to the solids budget fi-om near and far field difiuse sources 

is a subject of great debate (Mainstone 1999). In the chalk streams of southern 

England reduced river flows, caused by over-abstraction fi-om surrounding aquifers, 

have resulted in reduced channel scour and sediment transport capacity (Walling 

and Amos 1995). Land uses have changed and resulted in increased sediment 

mobilisation and delivery to streams. Increased livestock numbers and stocking 

densities and the tradition of using the streams for livestock watering have caused 

increased poaching and trampling of channel banks with associated increased 

sediment inputs to channels (Rabeni and Smale 1995, Walling and Amos 1995). 

The poaching of the banks has increased channel widths, which reduces flow 

depths and velocities and encourages increased sediment deposition. Geologic 

characteristics of individual drainage basins exert a strong influence on degree of 

sedimentation and sensitivity to land disturbance (Everest 1987). 

14 
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The shift in agricultural land use is of specific relevance to the chalk streams of 

southern England. Within the River Test catchment, sediment yields have risen 

with the increase in the amount of land dedicated to agriculture since the Second 

World War (Byres 1996). Changes in the agricultural cropping patterns and soil 

conservation practices have influenced sediment addition to riverine systems. The 

switch fi-om spring to winter cereals has been instrumental in increasing erosion 

rates (Gumell et al. 1992), leaving large areas of land bare during the winter 

months when the soil erosion hazard is recognised as being at its maximum 

(Boardman 1990). These changes fi-om agriculture based on crop rotations to 

increasing dependence on continuous growth of cereals have caused increases in 

soil erosion in recent years. Changes in the type and weight of machinery used in 

cultivation have also affected soil erodability leading to higher levels of soil loss 

(Gumell et al. 1992). It is thought therefore that changes in agricultural cropping 

patterns are likely to be one of the most influential factors which cause changes in 

on-site erosion within catchments in southern England. 

The activities of the Ministry of Defence (MoD) are also important since they have 

large landholdings in a number of chalk river catchments (such as the Hampshire 

Avon and River Frome in Dorset). Whilst most of their land is given over to rough 

grassland used for training purposes, soil disturbance and the creation of highly 

compacted tracks by the heavy vehicles create the potential for enhanced delivery 

of particulate loads should be considered (Mainstone 1999). 

Point source inputs can also be substantial, particularly fi-om these fish farms and 

commercial watercress beds without physical treatment of effluents. Sewage 

treatment discharges usually contain low levels of solids due to secondary 

treatment. It has been estimated that a large cress farm without any form of 

sediment trapping can deliver 100 tonnes of particulates per year (Casey and Smith 

1994), whilst a sizeable fish farm without effluent treatment can generate 54 tonnes 

(derived fi-om figures given by Solbe 1982), equivalent to sewage treatment works 

with secondary treatment serving 34,000 and 63,000 population equivalents 

respectively (Mainstone 1999). Many fish and cress farms now remove solids 

using settlement lagoons, but their proper maintenance is vital to high removal 

efficiency. 
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Effects of fine sediments 

Enhanced sediment loads can have many varied and profound effects on the whole 

riverine ecosystem. From an ecological point of view, it is unclear whether 

localised gravel bed siltation has had any significantly adverse efiects on aquatic 

habitats (Petts et al. 1989). In the short-term, slow rates of change have been 

observed to create a number of transitional habitats that increase the overall habitat 

diversity within rivers. However, when sediment addition to a riverine system is 

extended over a prolonged period, the morphology and ecology of specific channels 

may be completely altered (Wood and Armitage 1997), warranting further 

examination of the processes in operation. 

Variations in flow and concomitant increases in both suspended and deposited 

sediment are a natural occurrence in all streams (Ryan 1991). It follows therefore 

that stream organisms should be adapted to withstand occasional increases in 

suspended and benthic sediment levels. However, in extreme situations, fine 

sediments can smother the riverbed, change channel morphology, kill aquatic flora, 

clog the interstices between substrate clasts, increase macroinvertebrate drift, and 

reduce the available habitat for benthic organisms (Petts et al. 1989, Ryan 1991, 

Wood and Armitage 1997). Direct stream bed sediment deposition, although an 

inevitable result of sediment transport, is not the only important effect. An increase 

in turbidity due to suspended sediments can affect the photo synthetic activity and 

production of aquatic organisms, if light is their limiting factor (Ryan 1991). 

1.3.2 Nutrients 

In recent years much emphasis has been placed on the enrichment of natural waters 

by man's various activities, with considerable speculation as to nutrient sources and 

their variations. Eutrophication of most freshwaters is dependent upon supplies of 

nitrogen and phosphorus (Vollenweider 1968, Spink et al. 1998). These 

concentrations depend on a number of catchment characteristics, including land 

use, fertiliser application rate, soil type and the hydrological flow pathways linking 

the land to the stream (Roberts and Marsh 1987, Johnes et al. 1994a, 1994b, 

Heathwaite and Johnes 1996). 
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The definition of what constitutes a nutrient species is somewhat dependent on the 

perspective fi-om which the river is being studied (Webb and Walling 1992). In this 

study selection included those elements that are vital to the health of plants and 

animals, and are strongly involved in cycling processes between the inorganic and 

organic compartments of rivers and their drainage basins. The generally low levels 

of the nutrients in natural water make them ideal indicators of surface water quality. 

Therefore, the determination of nutrient levels contributes much to the meaningful 

assessment of the water quality of river systems. 

Sources of nutrients 

Modem agricultural practices, particularly the use of fertilisers (Kronvang et al. 

1995), have been strongly linked with elevated nutrient concentrations in aquatic 

environments (Neill 1989, Stribe and Fleischer 1991). The application of fertilisers 

has not only resulted in higher crop yields and nutrient removal via increased 

yields, but also has led to an improved nutrient level in the soil which subsequently 

leads to increased loss of nutrients (Isermann 1990). The realisation of this link is 

not recent, with studies in the late 1960s and early 1970s relating increased nutrient 

levels in chalk streams to increases in the application of fertilisers (Casey 1975, 

1977). As early as 1965 there was considerable speculation and concern directed at 

the rise in nitrate concentrations in chalk water, the sources of these nutrients and 

their variations. Studies on the River Frome (Dorset) indicated that fi-om 1965 to 

1972 there was an overall increase in nitrate of 41%, which was proposed to be 

linked to the fact that the use of nitrogen fertilisers had doubled in Dorset since 

1965 (Casey 1975). 

As with the causes of sedimentation (§ 1.3.1) the timing and length of crop 

coverage influences the extent of nutrient export. For example, exports of nutrients 

are higher Irom arable land compared to grassland as the soil is left bare for a set 

period each year. The specific crop type is also important in the loss of nutrients. 

For example, the breakdown of oilseed rape litter in the soil has been observed to 

lead to greater export than the decomposition of cereals (Addiscott et al. 1991). 

Many studies have demonstrated the importance of terrestrial processes to stream 

water nutrient concentrations. Weathering of parent material is known to be an 
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important source of phosphorus to stream water (DUlon and Kirchner 1975). 

Perturbation studies of small catchments have shown the importance of vegetation 

in retaining nutrient inputs and minimising losses to the stream (Likens et al. 1977), 

with the amount of riparian vegetation therefore influencing nutrient concentrations 

in rivers. Agriculture has intensified greatly in many areas of chalk downland over 

the past sixty years, resulting in the use of very thin and nutrient poor soils for 

arable production and intensive grazing (Environment Agency 1998a). Nutrient 

application rates to sustain arable crops and higher grass yields are high, placing 

chalk aquifers (particularly shallow ones) in an extremely vulnerable position 

(Mainstone 1999). 

Sewage treatment works tend to dominate the point source load of nutrients (even 

with treatment), although fish farms and watercress beds can also both be important 

contributors. A sizeable fish farm with no effluent treatment can generate the same 

load of phosphorus as a sewage treatment works serving 1000 people (assuming 

secondary treatment). Whilst cress beds are amongst the smaller point sources, the 

usage of phosphorus per unit area is very high and plant uptake can be highly 

ineflScient (Mainstone 1999). This is of particular concern since cress farms are 

often located in the headwaters of chalk rivers, particularly in Hampshire where 

80% of the UK's national production is concentrated. The losses 6om 1 hectare of 

cress beds are equivalent to nearly 100 hectares under intensive arable production 

located on high-risk impermeable soils (Parr et al. 1998), much of which enters 

chalk headwaters during the growing season. 

Discharges fi-om Ministry of Defence (MoD) facilities are a concern in that the 

MoD has large landholdings in a number of chalk stream catchments (for example 

the Hampshire Avon catchment), and, until recently, their activities lay outside the 

normal fi-amework of environmental regulation. Consequently Httle is known about 

the nutrient loads discharged in their effluents (Mainstone 1999). 
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Effects of nutrients 

Nutrients are essential for the survival and growth of any organism but problems 

can arise when these substances are present in systems in excess amounts. The 

presence of inorganic nutrients in river water has only recently become a serious 

water quality consideration. In a relatively natural unpolluted state, concentrations 

of inorganic nutrients often occur in excess of the requirements of the organisms 

present. However, in certain conditions, some compounds can be present at 

concentrations that may be utilised to the point of exhaustion, limiting the amount 

and rate of primary production and therefore controlling the whole basis of aquatic 

ecosystems. Any alteration in the amount or concentration of these compounds can 

therefore carry profound implications for organisms higher up the trophic levels. 

The growth of algae to nuisance proportions can be an eventual expression of 

eutrophication, leading to blankets ofbenthic algae and blooms of phytoplankton. 

Increased algal growth rates have been proposed as the principal impact of 

increased nutrient additions to freshwater bodies (Marsden et al. 1997). 

Nutrient enrichment, leading to eutrophication, is now recognised as being 

widespread and a common environmental problem (Wilson et al. 1996). 

Consequently, there is a recognised need to reduce the current nutrient loads 

delivered to many water bodies in the UK in order to restore higher ecological and 

chemical quality to these systems (Johnes and Heathwaite 1997). Considerable 

effort has been directed at determining the factors affecting nutrient levels in 

freshwaters (Casey and Farr 1982), and it was considered that examining nutrient 

concentrations in a chalk stream context would provide an important insight into 

the trophic status of these freshwater environments. 
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1.4 AJ&IS INI)IL4TICMYAUE()F THE THESIS 

1.4.1 Catchment research 

Increasing human population and the associated agricultural and industrial activity 

have resulted in chalk stream systems becoming increasingly impacted, in terms of 

greater use of the water resources that are available in the catchments, and 

increased pollution entering the system from point and non-point sources (Pegram 

and Bath 1995). In recent decades, greater public awareness of environmental 

issues has prompted demands for conservation measures and pollution reduction 

practices (Stonehouse et al. 1997). 

With respect to rivers, a multidisciplinary approach is frequently being adopted 

which addresses scientific, engineering, social and administrative aspects of the 

systems (Pegram and Bath 1995). A central component of this system requires the 

qualitative and quantitative description of the impacts of pollution within the 

catchments, which will provide management with information about the impact of 

activities on water quality. A catchment-wide assessment of water quality is 

therefore a necessity. However, the implementation of such an approach to river 

water quality assessment is difficult. Not only does the scale at which monitoring 

is undertaken require definition, but more fiindamentally the aspects of the systems 

to be assessed also requires consideration (Caiman 1998). Ideally, experimental 

scales should be defined with respect to the ecological/management criteria of 

interest to the investigation (Poizat and Pont 1996, Cannan 1998). 

The inherent problems associated with collection of data at a catchment level are 

common to studies of any component within the system (Caiman 1998). However, 

the research carried out for this thesis is an attempt to develop sampling 

methodologies adaptable at a catchment level with a high degree of replication. 

1.4.2 Aims of thesis 

All natural and anthropogenic activities affect the natural riverine environment in 

some way and to some extent, either beneficially or detrimentally. The extent and 
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nature of these impacts depends on the situation, manner and timing which the 

activities occur. Activities occurring within river catchments are numerous, with 

many of them impacting upon the water quality of the associated rivers. Alteration 

to the water quality of chalk streams is not a new phenomenon. The overall 

objective of my investigation was to evaluate the potential impacts of catchment 

activities on the water quality of chalk streams in southern England, focusing on the 

extent to which catchment activities impact upon the water chemistry and ecology 

of chalk streams. 

Several sampling programmes were designed to facilitate this research. These 

included a biological assessment of a matrix of sites encompassing various 

catchment activities, coupled with physical and chemical surveys of five chalk river 

systems. Also, the patterns of chemical water quality within and between river 

systems were investigated, along with activities occurring within the catchments. 

The data derived Irom these programmes should indicate the role that catchment 

activities play in determining the water quality and ecological health of chalk 

streams in southern England, leading to the assessment of the relative stability of 

these systems. 

1.4.3 Chapter outlines 

Chapter Two: Chalk river ecosystems: The aim of this research programme was to 

assess and quantify the impacts of catchment activities on the water quality of chalk 

streams in southern England. Given that chalk rivers are unique systems, this 

chapter provides an introduction into the characteristics of chalk rivers, a 

justification of selection of study rivers, a background to the study rivers and an 

introduction kito the rationale behind the sampling programme employed. 

Chapter Three: Physico-chemical water quality of chalk rivers: This chapter 

describes the physico-chemical composition of different chalk river systems. 

Initially an introduction into the chemical composition of unimpacted chalk rivers 

is given, coupled with the impacts and consequences of excess nutrient loading. 

The second section provides an outline of the field survey undertaken fi-om spring 

1998 to spring 2000. The methods adopted for the processing of the collected 
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samples in the laboratory are also detailed. The third section presents the results of 

the field survey, examining longitudinal, seasonal and interaimual patterns in the 

composition of flowing chalk river waters. Long term variability of nutrients in a 

chalk river over an eighteen year period is also examined. The data provide a 

quantitative description of the chemical environment of chalk rivers through the 

presentation of various primary chemical parameters, including nutrient levels, pH, 

conductivity, dissolved oxygen, temperature and SPM values. The final section 

will discuss the current findings and place them into a wider context. 

Chapter Four: Macroinvertebrate community composition of chalk rivers: This 

chapter describes the relative impacts of various catchment processes on the 

biological quality of chalk rivers. The causes and consequences of two catchment 

processes previously identified as being, on the whole, detrimental to the ecological 

quality of five chalk rivers are introduced. The processes highlighted are channel 

widening and physical sedimentation of channel beds. The second section of this 

chapter provides details of the field survey undertaken fi-om spring 1998 to spring 

2000. The methods adopted for the processing of collected samples and subsequent 

analyses of data are also described. The third section presents the results of the 

field survey, examining patterns both within individual rivers systems and between 

the five catchments studied. The data will be shown to provide an indication of the 

potential impacts, both beneficial and detrimental, on the ecological quality of 

chalk river catchments using macroinvertebrate communities. The final section 

discusses the ecological impacts of catchment processes on southern chalk rivers, 

placing current results into a wider context. 

Chapter Five: Recolonisation dynamics of chalk rivers: This chapter describes the 

temporal response of macroinvertebrate communities to a simulated 'worst case' 

disturbance scenario. The disturbance theory in riverine systems is introduced and 

the factors potentially influencing the recolonisation of macroinvertebrates are 

outlined (e.g. substrate size and food availability). The causes and consequences of 

anthropogenic disturbance to streambeds are also highlighted (e.g. cattle 

trampling/poaching of streambeds, gravel washing and artificial substrate 

placement) which create new habitats. The second section of this chapter provides 

details of the manipulation experiment undertaken in the autumn of 1999: to 
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determine substrate recolonisation patterns in a chalk stream. The methods adopted 

for the processing of collected samples are also outlined. The next section presents 

the results of the experiment, examining the temporal response of invertebrate 

communities along with the influence of substrate size on the colonisation of taxa. 

The data provide an indication into dynamics of recolonisation of invertebrates in a 

chalk stream environment. The final section discusses the ecological impacts of 

disturbance processes in southern chalk rivers, placing the temporal recolonisation 

dynamics and the substrate preference of taxa into a wider context. 

Chapter Six: General discussion: The main findings of the thesis are summarised 

and implications for the fiiture management of chalk rivers are discussed. Local 

versus catchment wide disturbances are reviewed leading to the formulation of a 

hierarchical management strategy for chalk rivers. Limitations of the study and 

considerations for future research are presented. 
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2.1 CHARACTERISTICS OF CHALK STREAMS 

All rivers reflect the nature of their catchments and this is particularly true of chalk 

streams (Berrie 1992, Mainstone 1999). Many characteristics of chalk rivers can be 

attributed to the physical and chemical properties of the chalk over which they 

flow, including for example, their water chemistry, hydrology, stream flow, flora 

and fauna. 

2.1.1 Geology 

A typical chalk stream is the result of a specific combination of geology, plant and 

animal species, and management (Westlake et al. 1972). In the present study, all 

the rivers examined flow over catchments dominated by chalk. Chalk streams have 

many attributes that are related to the physical and chemical properties of the chalk 

geologies over which they flow and which set them apart from other lowland rivers 

(Berrie 1992), giving rise to a distinctive hydrochemistry and flow regime. Chalk 

is a very pure form of limestone, consisting almost entirely of calcite of organic 

origin, mainly from marine algae and fragments of calcified animal structures laid 

down during the Cretaceous period (Giles et al. 1991, Berrie 1992). Chalk is 

highly porous with pore space typically forming about 40 % of its volume, giving it 

great capacity to absorb water and form substantial aquifers. It is this high porosity 

that results in the rivers having all the typical characteristics: few tributaries 

(occurring at right angles to the main channel), intermittent headwaters 

(winterboumes), and short stream lengths in relation to the catchment area (Berrie 

1992). The drainage densities of chalk rivers (km of stream/sq. km of land area) are 

low, around 0.12 compared with values of up to 0.47 for the clay-vale rivers of 

Sussex and Kent (Mainstone 1999). The drainage pattern of chalk rivers contrasts 

sharply with that of rivers on impermeable clay catchments, where rainfall flows 

overland, creating a host of tributaries with a branching pattern. 
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Features which typify the channels of chalk rivers include, for example, low 

longitudinal frequency of riffles and pools, infrequent gravel shoals and exposed 

riverine substrates, shallow cross sections and sinuous channel form (Sear et al. 

1999). It is uncertain to what extent these features are the result of natural or 

human influences. Channel morphology is a frinction of hydro logical regime, 

sediment delivery and the drift geology through which the river flows. Chalk rivers 

generally have low hydraulic energy, too low to mobilise gravel, and are, therefore, 

less able to shape channel morphology than other river types (Mainstone 1999). 

2.1.2 Hydrology 

The hydrology of any river is arguably the most important factor controlling the 

form and function of its ecosystem. The principal hydro logical pathway within 

chalk streams is through slow percolation into the underlying aquifer and 

subsequent discharge via springs. Streams that flow over catchments dominated by 

chalk therefore originate almost entirely from ground water, often receiving little 

surface run-off (Berrie 1992, Mainstone 1999). Around 90% of the annual stream 

discharge may be derived from groundwater sources (Casey 1981, Mainstone 

1999), and violent floods are rare (Casey and Smith 1994). 

The slow release of water from aquifers greatly attenuates the sporadic nature of 

rainfall. With chalk rivers, ratios of maximum to minimum daily mean flows are 

generally less than 10:1, often in the order of 3:1 on pure chalk geologies (Ladle 

and Westlake 1995), contrasting with clay catchments where ratios are greater than 

100:1. Importantly, whilst peak flows in aquifer fed rivers are relatively small 

compared to flashier river types, they are sustained for longer periods by the high 

base flow component. Spring fed channels have been found to equal or exceed 

bank full flows for approximately 30% of the time compared to 5% in run off 

dominated rivers (Whiting and Stamm 1995). This regime produces sustained 

waterlogging in riparian soils, a characteristic of chalk river floodplains in their 

pristine state (Mainstone 1999). 

In general, a chalk aquifer will rise in winter months, producing a stronger 

discharge from perennial springs. Flows will increase throughout the winter and 
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continue to rise well into spring months, after which they will decline steadily until 

the next winter (Berrie 1992). This whole process is governed by a consistent 

recharge occurring during winter months (Westlake et al. 1972). Where chalk 

rivers flow over mixed geology, run-olf from impermeable soils or flows from 

aquifers with faster response times will distort this hydrograph. Such distortions 

may be generated by a variety of human activities, including urban development, 

land drainage and water abstraction (Mainstone 1999). Flows within chalk rivers 

are generally fast flowing and shallow, with velocities sufficient to prevent silt 

being deposited on beds predominately composed of gravel. Owing to the physical 

filtration of most of the streamflow by percolation through chalk, and the relatively 

low hydraulic energy of chalk rivers, inputs of solid material are naturally low in 

chalk rivers. The characteristic state is therefore one of clear waters with very low 

levels of suspended solids and low bed loads of fine sediment (Mainstone 1999). 

2.1.3 Water chemistry and instream biota 

The hydrology of chalk streams often produces a relatively stable and predictable 

environment (Bickerton et al. 1993, Casey and Smith 1994, Prenda et al. 1997). 

Due to the high proportion of discharge derived from groundwater sources, chalk 

stream flows, temperatures and most chemical components are strongly buffered 

against change (Ibbotson et al. 1994, Mainstone 1999). For example, water enters 

chalk rivers in southern England from springs at 11 °C, ensuring that temperatures 

remain relatively warm in the winter but relatively cool in the summer. The 

characteristic annual temperature range of a sizeable southern chalk stream is 5 -

17°C (Mainstone 1999). Chalk streams have characteristically high alkalinity (180-

260 mg r'), conductivity and pH (7.5-8.5) (Bickerton et al. 1993, Mainstone 1999). 

The water generally contains an excess of all major nutrients and low amounts of 

suspended solids (Casey and Newton 1972). Another common characteristic of 

chalk rivers is that they support a rich and diverse community of 

macroinvertebrates and macrophytes due to good light penetration (Giles et al. 

1991, Berrie 1992). 

All of the factors described above represent very favourable conditions for plant 

growth and production, and chalk streams typically have high densities of algae. 
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diatoms and macrophytes (Berrie 1992). Chalk rivers have a characteristic plant 

community, often dominated in mid-channel by river water crowfoot Ranunculus 

penicillatus var pseudofluitans and starworts Callitriche obtusangula and C. 

platycarpa, and along the edges by watercress Rorippa nasturtium-aquaticum and 

lesser water-parsnip Berula erecta. They have low banks which support a range of 

water-loving plants. These conditions support important game fisheries, notably 

for brown trout Salmo trutta. Chalk rivers also support species listed on Annex II 

of the EC Habitats Directive (92/43/EEC), including Brook lamprey Lampetra 

planeri, salmon Salmo salar, cray&sh AustropotamobiuspalUpes and otter Lutra 

lutra (Mainstone 1999). 

2.1.4 Recognition of the importance of chalk rivers 

Chalk rivers, like most lowland rivers in England, are generally highly physically 

modified systems (Mainstone 1999). Their current ecological significance and 

their social value (visual amenity and specific water and catchment uses) are 

intricately linked to certain aspects of historical modification. Examples include, 

fishing, water meadows, flood defence, land drainage and agricultural improvement 

which have all had detrimental impacts on chalk rivers and their associated 

habitats. A number of chalk rivers have been designated as Sites of Special 

Scientific Interest (SSSIs), including the Rivers Test, Itchen, Frome and Hampshire 

Avon, aU of which were chosen as study rivers in this research. Under the EU 

Habitats Directive (92/43/EEC), Special Areas for Conservation (SACs) are being 

designated to protect listed species and habitats. Based on the SSSI network, the 

candidate list of cSACs includes two chalk river systems: 

• the Itchen (designated for Ranunculus beds and the southern damselfiy 

Coenagrion mercuriale), and, 

® the Hampshire Avon (designated for Ranunculus beds, Atlantic salmon Salmo 

salar, bullhead Cottus gobio, sea and brook lampreys Petromyzon marinus and 

Lampetra planeri, and Desmoulin's whorl snail Vertigo moulinsiana). 
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2.2.1 Anthropogenic exploitation and modification 

The human pressure on chalk rivers has for the last centuries been intense, these 

systems being utilised and managed for a wide range of activities. As time has 

progressed, the nature of usage of chalk rivers has also shifted. However, the 

impacts upon rivers are due to both recent activities and those carried out many 

years ago. Examples of pressures being exerted on chalk rivers in southern 

England are presented below. 

Abstraction: there is great demand for abstraction of the high quality water for a 

variety of purposes. Excessive abstraction mainly for public water supply from the 

chalk aquifer has contributed to low flows on a number of chalk rivers. This has 

led not only to drying out of upper sections and riparian zones, but also to 

accumulation of silt and changes in the aquatic vegetation structure (National 

Rivers Authority 1991, 1993, 1995). Artificial measures to counter these effects, 

such as sealing of the bed with concrete and narrowing of the channel, can 

themselves have negative ecological consequences (Mainstone 1999). 

Physical modification: Like most lowland rivers, the beds of many chalk rivers 

have been dredged and lowered and flow has been confined to specific channels for 

flood defence, drainage, navigation, and other purposes. As low energy systems, 

chalk rivers are generally less able to revert to their original channel structure. 

Some have side channels, created during times of much higher flows after the last 

ice age. These have sometimes been modified to create lakes for ornamental or 

fishery purposes. The management of water meadows from a mill head was also a 

common practice in recent centuries. The fiiU extent of these modifications on the 

animal and plant communities of chalk rivers is not known (Mainstone 1999). 

Pollution: Chalk rivers serve the typical fiinction of receiving discharges of various 

types. In common with most lowland rivers, chalk rivers have been significantly 

affected by sewage discharges and, in times of low flow, de-oxygenation may 

occur. High levels of nitrates (leaching from ploughed land into groundwater) and 
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phosphate (from sewage efHuent) can be found in many chalk rivers. Because of 

this enrichment, excessive growths of blanket-weed have been observed on what 

were previously free of instream vegetation. Changes in plant communities have 

occurred, including loss of water crowfoot {Ranunculus penicillatus) beds from 

some river stretches. Effluent from fish farms, water-cress beds and light industry 

can have similar detrimental effects (Ladle and Westlake 1995, National Rivers 

Authority 1995, Mainstone 1999). 

Catchment land use: The land adjacent to chalk rivers is often dominated by arable 

cultivation for wheat and barley. Prior to the 1940s, the majority of chalk 

downland areas were used for extensive grazing regimes or under woodland. Land 

use change adjacent to rivers has led to conversion of permanent grassland to 

intensive leys and silage as well as arable crops. These can have significant 

consequences on river nutrient loads (Mainstone 1999). The ploughing of the 

catchments has led to high levels of nitrate leaching into the groundwater aquifer 

and to the run-off of soil particles, causing sUtation and concretion of river gravels, 

which are vital for the spawning of salmon and trout (Berrie 1992, Wood et al. 

1999). Alongside the rivers, the land is often used for cattle pasture. Some of these 

areas were formerly water meadows, with the early grass production used for hay 

and grazing (National Rivers Authority 1995). Over-grazing can exacerbate 

siltation of river gravels. Light trampling by cattle also creates muddy margins of 

importance for a range of uncommon invertebrates (Harrison 2000). Direct 

destruction as a result of development pressure may also occur. Flood defence 

operations can add to the ecological stresses on these systems (Mainstone 1999). 

Fisheries management: On many chalk rivers this is intensive, with regular weed 

cuts in the channel; fencing off and mowing of strips along the bank; infilling and 

stabilisation of banks; removal of unwanted fish species (e. g. pike, grayling); and 

stocking with farm-reared trout. Some fisheries management practices are 

evidently beneficial to conservation, such as cleaning gravels, while others are 

neutral providing they do not either impact on characteristic plant and animal 

communities or are carried out in previously unmanaged areas. However, on the 

whole, it is considered that fisheries management modifies habitats and fish 
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communities to suit the needs and preferences of game anglers (Mainstone 1999). 

Hence it is obvious that chalk rivers have in the past, and still continue, to 

experience a number of activities which impact upon the natural systems. It is 

widely agreed that these influences have greatly changed these river systems in 

their physical appearance over the past centuries. It is believed that there are no 

British examples of large chalk rivers with natural channel geo morphology (Ladle 

and Westlake 1995, Mainstone 1999). Table 2.1 outlines the major anthropogenic 

activities thought to impact upon the sediment and nutrient status of chalk river 

catchments, indicating their potential ecological implications. 
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Table 2.1. An inventory of key human activities undertaken in chalk river systems and their links to ecological impact (modified from 
Mainstone 1999). 

Note: Some activities can have beneficial effects (in italics), depending upon how they are performed. 

Sphere of activity Specific activity Further detail Potential direct effect 

Discharge of polluting substances (point 

sources) 

Domestic sewage Organic pollution, nutrient enrichment, increased solids load Discharge of polluting substances (point 

sources) Fish farms Organic pollution, nutrient enrichment, increased solids load 

Contamination with fish farm chemical 

Discharge of polluting substances (point 

sources) 

Cress farms Increase solids load 

Pesticide contamination 

Discharge of polluting substances (point 

sources) 

Livestock farms Yard washings, silage liquor, slurry, etc. Organic pollution, nutrient enrichment, increased solids load 

Discharge of polluting substances (point 

sources) 

Road run-off Hydrocarbon and heavy metals contamination, solids load 

Discharge of polluting substances (point 

sources) 

Other (e.g. industrial) Organic/toxic/nutrient/solids pollution 

Flood defence/land drainage Channel modifications Deepening Loss of hydrological continuity with banks, reduced floodplain 

water table 

Flood defence/land drainage Channel modifications 

Straightening Reduced physical diversity, particularly depth, current, velocity 

and substrate type. Loss of riffle pool/sequence 

Flood defence/land drainage Channel modifications 

Longitudinal reprofiling Reduced variation in channel gradient and hence current velocities, 

depth and substrate type 

Flood defence/land drainage Channel modifications 

Widening Reduced water depth, current velocity and floodplain water table. 

Loss of hydrological continuity with banks 

Flood defence/land drainage 

Bank reinforcement Hard (concrete, piling etc) Loss of habitat structure and riparian flora/fauna 

Flood defence/land drainage 

Bank reinforcement 

Soft (geotextiles, willow hurdles etc) Encouragement of natural regrowth but altered habitat structure 

and flora/fauna 

O 

¥ 

I 
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Sphere of activity Specific activity Further detail Potential direct effect 

Flood defence/land drainage 

cont. 

Disposal of weed cut (caught 

downstream) 

Smothering of riparian and floodplain vegetation (which 

can also cause bank instability), pollution via run-off, soil 

enrichment, encouragement of ruderal vegetation 

Flood defence/land drainage 

cont. 

Dredging 

Disposal of dredgings 

Reinstatement of overlarge channel, loss of benthic infauna, 

high solids remobilisation within channel 

Smothering of riparian and floodplain vegetation, 

steepening of bank edges, soil enrichment, encouragement 

of ruderal vegetation, pollution via run-off. 

Flood defence/land drainage 

cont. 

Removal of bankside 

vegetation 

Trees, scrub Potential loss of habitat for animals. Increased light to river 

and encouragement of plant production 

Agriculture Intensive livestock 

grazing 

In riparian areas with free access to 

river 

Bank destabilisation, soil erosion, nutrient enrichment and 

disturbance of bankside vegetation, enrichment and siltation 

of channel. Loss of wetland/meadow plant species and 

associated fauna in favour of ruderal species 

Agriculture Intensive livestock 

grazing 

In wider catchment (chalk downland 

and floodplain) 

Soil erosion and loss of particulates, nutrients and 

agrochemicals to river network. Nutrient/agrochemical 

contamination of groundwater and subsequent baseflow 
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Table 2.1 cont. 
Sphere of activity Specific activity Further detail Potential direct effect 

Agriculture cont. Ploughing/arable 

cropping 

In riparian areas Bank destabilisation, soil/nutrient loss to river, damage to 

marginal and riparian flora/fauna from pesticide/herbicide 

spray drift, nutrient enrichment of bankside vegetation and 

encouragement of ruderal species. Pesticide/herbicide run-

off to river 

Agriculture cont. Ploughing/arable 

cropping 

In wider catchment (chalk downland 

and floodplain) 

Soil erosion and loss of particulates, nutrients and to river. 

Contamination of groundwater and subsequent baseflow 

Fisheries management Cleaning of spawning 

gravels 

Improvement in gravel habitat for a range offish species 

and some flora. Possible destruction of silty habitats. 

Smothering of gravels downstream 

Recreation, amenity and access Public use of riparian 

areas and main 

channel for walking, 

canoeing etc. 

Disturbance to sensitive mammals (e.g. otters) and nesting 

birds. Trampling of sensitive habitats. Possible benefit to 

water voles from mink disturbance. 
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STUDY RIVERS 

The term chalk river is used in this research to describe watercourses dominated by 

groundwater discharge from chalk geology, including those that flow over a range 

of non-chalk surface geologies at various points along their length, particularly in 

the lower reaches (Mainstone 1999). 

The majority of chalk rivers in the UK are located in England, in and downstream 

of areas of outcropping chalk in the south. East Anglia, and forther north in 

Lincolnshire and Yorkshire. There are approximately 35 rivers and major 

tributaries that are classified as chalk rivers, ranging from 20 to 90 kilometres in 

length, from the Frome in Dorset to the Hull in Humberside. 

2.3.1 Choice of river 

After an initial survey of the area involved, five river systems were selected for 

study: the Rivers Test, Itchen and Meon in Hampshire, the River Frome in Dorset 

and the River Avon, the catchment of which covers parts of the counties of 

Wiltshire, Hampshire and Dorset. 

These rivers were selected for numerous reasons: 

« primarily, their catchments were small enough to maintain a sampling effort in 

sufficient temporal and spatial detail to meet the objective of chalk stream 

system comparison without encountering severe sampling problems 

® the various systems represent chalk streams at a variety of scales (ranging from 

large: the River Avon, to small: the River Meon), all of which exhibit a high 

degree of habitat variability 

® accessibility to sites along the rivers was of paramount importance, and, 

® prior knowledge of certain systems (previous studies carried out by author) was 

also pivotal in the choice of the five river systems. 
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2.3.2 River Descriptions 

The River Itchen 

The Itchen (Figure 2.1) rises on the Upper Chalk of the Hampshire Downs, initially 

flowing west through Winchester before turning southwards, and entering the tidal 

estuary at Woodmill, Southampton (National Rivers Authority 1993). The 

population in the River Itchen catchment is approximately 250,000, with the main 

settlements being Southampton, Eastleigh and Winchester, which occupy 

approximately half of the total length of the main river corridor (National Rivers 

Authority 1992a). A broad riverside corridor of open land has been retained in 

many of areas, which is rarely intensively farmed. In upstream areas the catchment 

is predominately rural vyith a combination of arable and livestock farming. Further 

downstream the catchment is urban and includes areas of heavy industry. For much 

of its length the River Itchen is divided between two or more separate channels 

running parallel to each other, with many structures having been constructed to 

regulate river flows and levels (National Rivers Authority 1993). The multiplicity 

of channels has been linked with the harnessing of water power for milling, the use 

of the water meadow systems to promote early pasture development, and the use of 

the river for navigation. Traditional industries relying on water power included 

wool processing, paper making, tanning, flour and grist milling as well as the 

generation of electricity (National Rivers Authority 1992a). The high conservation 

value of the River Itchen is reflected in the statutory designation of sections as Sites 

of Special scientific Interest (SSSIs). 

The catchment forms part of the northern flank of the Hampshire Basin, dipping 

from north to south. The total catchment area of the River Itchen is 400 km^, of 

which 360 km^ is classified as chalk geology. The oldest strata exposed in the 

River Itchen catchment is the Cretaceous Chalk, a porous, fine grained limestone 

that outcrops over the whole of the north of the catchment. There are three main 

sub-divisions of the Cretaceous Chalk: the Upper, Middle and Lower Chalk. The 

catchment is dominated by Upper Chalk, however there is an inUer of Lower Chalk 

to the east of Winchester. Further south, the river flows over younger sands, silts 

and clays that are less permeable than the chalk (National Rivers Authority 1993). 
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The average annual precipitation varies from 750 mm on the south coast to 1000 

mm on the northern downland (National Rivers Authority 1993). The range in 

flows is slightly less than the neighbouring River Test, with the maximum flow 

typically only 3 to 4 times the minimum flow. This contrasts sharply with other 

rivers where surface run-off in winter can boost flows several hundred times, with 

summer flows not supported by groundwater recharge. 

There are two surface water abstractions for public supply on the River Itchen. 

Along with these, there are four major licences for groundwater abstraction for 

public water supply in the Itchen catchment, each controlling a number of supply 

boreholes. There is a thriving watercress industry based on the river in its upper 

reaches, supplied by artesian springs and boreholes. Fish farming is also an 

important industry with four major fish farms located adjacent to the river or its 

tributaries (National Rivers Authority 1992a). 

The Environment Agency sets objectives for river quality to protect natural stocks 

of fish and the uses to which the river is put. The highest objective in the 

classification is Class 1A (water of high quality suitable for potable supply 

abstraction, high class game and coarse fisheries and of high amenity value). 

Increases in population have resulted in three large sewage treatment works 

discharging directly into the lower and tidal reaches of the river. Altogether 55 km 

of the River Itchen and its tributaries above Eastleigh have an objective of Class 

1 A. Between Eastleigh and the tidal limit there is a 4 km length of the river which 

has an objective of Class IB (high water quality, suitable for game and high class 

fisheries). The downstream tributaries are also Class IB objective holders. 
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The River Test 

The River Test (Figure 2.2) is considered by many people to be the finest chalk 

stream in the world (National Rivers Authority 1991). Initially the river flows 

south across the Upper Chalk outcrop on the southern flank of the North Downs 

ridge. From these upper reaches the river widens considerably and meanders 

through a wide floodplain, often flanked by water meadows (Environment Agency 

1998a). Within the valley the main channel of the Test frequently splits to form a 

network of anastomised channels. Further south the river flows over less 

permeable soils before finally entering the estuary of Southampton Water. In its 

natural form, the precursor of the modem River Test would have flowed along a 

number of shallow silty channels with occasional gravel bars, fringed by 

marshlands and wetlands (Environment Agency 1998a). The braided channel 

system is again a legacy of the historic uses of the river for milling, for land 

irrigation of water meadows and for navigation (Environment Agency 1998a). The 

river once provided power for wool processing, paper making, tanning, flour and 

grist milling and the generation of electricity. There are stiU extensive remnants of 

the water meadow system. 

The total catchment area of the River Test is 1260 km ,̂ with the underlying 

geology forming part of the northern flank of the Hampshire Basin. The oldest 

rock is the Cretaceous Chalk that outcrops over the whole of the north of the 

catchment. Upper Chalk outcrops over much of the catchment with some 

exposures of Lower Chalk, particularly in the north west region of the catchment 

(Environment Agency 1998a). Downstream of this, the Test flows off the chalk 

and on to a varied clay, silt and sand catchment comprising London Clay and the 

overlying Bagshot Beds (National Rivers Authority 1991). These are younger 

rocks of Tertiary origin, which are much more impermeable than the Chalk. 

The mean annual rainfall across the catchment is fairly constant, varying from over 

900 mm in the upper parts of the Hampshire Downs to 750 mm in the Test Valley 

(National Rivers Authority 1991). A vast majority of this rainfall falls on the chalk 

catchment and permeates into the aquifers and the range of flows in the River Test 

are low, with the maximum flow in any one year typically only 4 — 5 times the 
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minimum (Environment Agency 1998a). 

The development of south Hampshire has generated a continuing demand for water 

for domestic and industrial use. The chalk streams provide much of the water used 

in Hampshire, particularly from the lower reaches and boreholes penetrating the 

chalk aquifers. An important consideration is the extent to which the water is 

returned to the river and the point of its return. Water taken out of the catchment or 

'consumptive use' is a loss to the river system. Some uses such as spray irrigation 

are entirely consumptive as little, if any, of the water returns to the system. 

Conversely almost all the watercress growing, gravel washing and fish farming 

users return aU the water to the same location, so the overall effects on flow are 

small (Environment Agency 1998a). On average, 80% of water abstracted for 

domestic supply is returned to the river after proper treatment. On the River Test 

consumptive use represents only 2% of the total average flow. There is one major 

abstraction for public water supply on the River Test that is located close to the 

tidal limit so that water is taken just before it is lost to the estuary. 

Approximately 135 km of the 139 km of the River Test meet the Environment 

Agency Objective Class 1A (water of high quality suitable for potable supply 

abstraction, high class game and coarse fisheries and of high amenity value) 

(Environment Agency 1998a). The catchment is predominately rural in nature, 

with a population located in small towns and villages in the North, or concentrated 

in the conurbations alongside Southampton Water. There is little manufacturing 

industry on the River Test, the only significant discharge in this category being 

from a paper mill at Overton (near the river source). The river has an objective of 

Class IB (high quality water suitable for game and high class fisheries) for the 4 

km below this discharge. There are two substantial discharges of treated sewage 

effluent made directly to the river (Environment Agency 1998a). 
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Figure 2.2. Location of the River Test, UK. 
Blue spots represent biological monitoring sites 
Red spots represent chemical monitoring sites 
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The River Meon 

The River Meon (Figure 2.3) is the smallest river investigated in this study. 

Initially the river flows north-west, before turning south towards the sea, passing 

through several villages, and finally entering Southampton Water. The headwaters 

cross permeable chalk in the upper catchment, after which the river flows over less 

permeable sands, silts and clays of tertiary age (Environment Agency 2000a). 

Historically the steep gradients of the middle and upper reaches have enabled the 

river's water power to be harnessed for iron working, wool processing, paper 

making, tanning, flour and grist milling as well as for the generation of electricity 

(Environment Agency 1998b). Structures were also constructed to improve 

navigation, and a water meadow system designed to increase surface irrigation 

throughout the catchment. Over most of Hampshire the Upper Chalk outcrops at 

the surface but it is in the Lower Chalk that the river has its source, where the 

groundwater table intercepts the surface and springs occur (Environment Agency 

1998b). Generally the river flows over the more permeable Upper Chalk, however 

there are outcrops of the Lower Chalk over which the river flows. As with the 

majority of Hampshire chalk rivers the flow is split between a number of channels 

over many sections of the river's length, this feature being attributed to the old 

milling and water meadow systems. 

There are four major public water supply abstraction points throughout the 

catchment. These are all groundwater abstractions and there are no direct water 

supply abstractions from the river. The water is mostly used within the immediate 

catchment but there is some export towards the Portsmouth area. There are also a 

significant number of private abstractions in the Meon Valley, many of which are 

used for spray irrigation and agriculture (Environment Agency 1998b). The high 

quality of the water has resulted in a thriving water cress industry on the Meon 

river, along with numerous fish farms. Within the Meon Valley there are three 

small sewage treatment works that discharge into the river (Environment Agency 

2000a). No industrial discharges are made into the river or its tributaries, apart 

from one very small cooling water discharge. The river meets the Environment 

Agency objective of Class IB for its entire length. 
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Figure 2.3. Location of the River IWeon, UK. 
Blue spots represent biological monitoring sites 
Red spots represent chemical monitoring sites 
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The River Frome 

The River Frome is the westernmost major chalk stream in England (Figure 2.4). It 

is 52 km long, with the source located in the North Dorset Downs. Initially the 

river heads west towards Dorchester, below which several small tributaries enter 

from the south. The Frome meanders in an easterly direction through a shallow 

chalk basin to Poole Harbour, before discharging into the English Channel. 

The upper part of the catchment lies within the Dorset Area of Outstanding Natural 

Beauty and is characterised by steep-sided valleys (National Rivers Authority 

1995), with the river dependent on springs and groundwater levels for its flow. 

Many of the tributaries in this upper section are winterboumes (cease to flow 

during summer months) or perched (flow underground for part of their lengths). 

Consistent with the other rivers sampled, the middle reaches of the River Frome 

have an anastomised network. The catchment through which the river flows is 

predominately rural in nature, with areas of high amenity and ecological value well 

distributed throughout (National Rivers Authority 1995). In the upper catchment, 

sheep grazing historically dominated land use, but, with changes in agriculture 

practices, arable crops now predominate coupled with dairying and stock rearing. 

Since prehistoric clearances the lower area of the catchment has been typically 

lowland heath in nature (National Rivers Authority 1995). The catchment has a 

population of 63,000, with two major settlements, Dorchester and Wareham. 

Industrial development throughout the catchment is light, with most activity being 

related to agriculture. 

The River Frome drains a catchment area of approximately 660 km ,̂ flowing over a 

geologically complex area. The north and east of the catchment are predominantly 

Middle and Lower Chalk, along with Greensand and Gault Clay (exposed through 

erosion and geological faults). Further west the river flows through a section of 

Upper Chalk, before flowing through more the recent geological strata of tertiary 

deposits, including Reading Beds, London Clays, and the sands and gravel of 

Bagshot Beds. However, chalk is viewed as the most important geological 

formation in the catchment, outcropping over 46% of the area (Paolilo 1969) and 

providing approximately 80% of the discharge through natural springs and 
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boreholes (Mann et al. 1989, Carman 1998). 

The highest annual rainfall of up to 1100 mm per year occurs in the north and 

south-west of the catchment and is thought to be attributed to the higher altitude of 

these areas. Rainfall decreases to the south and east, with records of 850 to 950 

mm in these regions (National Rivers Authority 1995). River flow decreases 

throughout the summer months, and some springs and tributaries in the upper 

regions of the catchment have been observed to dry up progressively (National 

Rivers Authority 1995). Throughout the rest of the year, flows generally remain 

stable. 

There are a number of abstraction points for water throughout the catchment. The 

largest licensed groundwater uses are public water supply and cress growing, 

although general farming has the largest number of licenses. The largest licensed 

surface water use is fish farming, followed by spray irrigation, industrial and other 

(commercial, public services and recreation) (National Rivers Authority 1995). 

There are 11 sewage treatment works of varying sizes which discharge effluent into 

the River Frome. Two of these works receive a significant trade effluent 

component. There is also a treated surface water discharge from the oil/gas transfer 

station operated by British Petroleum at Furzebrook. There are a number of 

watercress beds and fish farms located along the river's length. All of these 

processes result in the discharge of effluents into the river chaimel. The 

Environment Agency have classified the river quality objectives for the River 

Frome as Class lA for the majority of its length (Armitage 1997). Two stretches of 

the river have been designated as Class IB, where the river flows through 

Dorchester, and further east, through the town of Wareham. However, it has been 

noted by the Environment Agency that parts of the Frome may be experiencing 

eutrophication through the input of nutrients from point source discharges (sewage 

treatment works and fish farms) and diffiise inputs (agriculture). 
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Figure 2.4. Location of the River Frome, UK. 
Blue spots represent biological monitoring sites 
Red spots represent chemical monitoring sites 
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The River Avon 

The River Avon (Figure 2.5) rises in the Vale of Pewsey and flows directly south 

before entering Christchurch Harbour. Together with two tributaries the River 

Avon drains Salisbury Plain (National Rivers Authority 1992b). Below 

Fordingbridge the catchment area is concentrated on the left bank with a number of 

significant tributaries joining which drain the tertiary deposits of the New Forest. 

The overall catchment land use is predominantly rural, with light industry mainly 

situated in the towns. Although intensive agriculture is the main land use, the 

catchment retains a relatively high proportion of semi-natural habitats compared to 

other river catchments in southern England (National Rivers Authority 1992b). 

Tourism is economically important in the catchment and the water environment is 

an important feature, with extensive water meadow systems established along the 

river coupled with numerous fish farms and recreational fisheries (Environment 

Agency 1996). The catchment has a population of approximately 200,000, 

distributed throughout the towns of Salisbury, Christchurch, Ringwood and 

Fordingbridge. In addition there are several major military establishments on 

Salisbury Plain. 

The river has a geographical catchment area of approximately 1701 km^ 

(Environment Agency 1996) and covers parts of the counties of Wiltshire, 

Hampshire and Dorset. Chalk is the predominant rock type throughout the Avon 

catchment. In the uppermost sections of the catchment the chalk is underlain by the 

Greensand, which is exposed in the Vale of Pewsey. The Greensand is also an 

aquifer but inputs a more acidic groundwater into the river. As the river progresses 

south, it crosses a succession of strata including Upper Chalk, Barton, Bracklesham 

and Bagshot beds which are acidic clays, sands, silts and gravels, which support 

different land uses compared to those undertaken on the chalk deposits, including 

greater levels of dairy farming. The river is largely spring fed from the chalk 

aquifers that provide a relatively stable discharge throughout the year, consistent 

with all chalk rivers. The average annual precipitation throughout the catchment is 

769 mm. 
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Public water supply and spray irrigation form the largest consumptive use of 

surface water within the Avon catchment. Other uses of river water include fish 

farms, gravel washing and watercress farms. The main occurrence of groundwater 

abstractions is in the upper tributaries of the River Avon, with the main uses being 

public water supply, agricultural spray irrigation, watercress farms, and fish 

farming. Minor uses such as the Ministry of Defence, gravel extraction and 

industrial uses make up the remainder. 

Sewage eflEluents Irom 32 sewage treatment works are discharged to the 

watercourses in the catchment. The two largest are located in Salisbury and 

Christchurch. There is only one significant industrial discharge from a Tannery 

which process efiluent is discharged directly to the river. River quality objectives 

for the River Avon are Class 1A for the majority of the river length, with relatively 

short stretches of river classified as Class IB. These areas are located downstream 

of sewage treatment works. 
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Figure 2.5. Location of the River Avon, UK. 
Blue spots represent biological monitoring sites 
Red spots represent chemical monitoring sites 
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2.4 SAMPLDVG STRATEGY 

The objectives of water quality monitoring have been widely discussed together 

with the constraints, and many different reasons have been suggested for 

establishing water quality monitoring programmes (Alabaster 1977, Whitfield 

1988). For example, Ellis and Lacey (1980) recognised time as an important 

dimension in the consideration of objectives. Ward and Loftis (1986) also 

highlighted spatial coverage as being an important criterion for water quality 

monitoring systems. There are no hard and fast rules for water quality monitoring 

since every monitoring programme requires special determiaands, has different 

aims, and needs to take account of characteristics which are unique to the particular 

river/catchment studied (Parr 1994). However, examination of literature 

concerning the design of any monitoring programme has highlighted the Allowing 

four factors as major considerations: 

® The types of data to be collected at each site 

® The number and locations of these sites 

® The frequency of measurement of each data series 

® The period of time during which the data wiU be collected (Sanders et al. 1983, 

Parr 1994). 

2.4.1 Sampling considerations 

Most rivers encompass a wide range of environmental conditions, and support 

many different types of habitat and organisms (Kerans et al. 1992, Cannan 1998). 

These variations obviously present many difiSculties to those charged with 

responsibilities for monitoring river ecosystems (Cannan 1998). All water quality 

monitoring techniques and sampling methodologies introduce some bias (Norris et 

al. 1992). For chemical analysis, criticisms are largely concerned with the absence 

of any ecological impact relevance and unrepresentative nature of discrete samples; 

for example, in a medium-large river a monthly 1 litre discrete sample may be used 

to represent the quality of over 0.5 x 10̂  m^ of water passing a given point. 

Continuous monitoring provides a greater resolution, but is available for very few 

parameters (Mar et al. 1986). In order to take representative samples, a wide range 
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of equipment and techniques to cope with many different situations may be 

required, or alternatively large areas of the river channel will remain unsampled 

(Cannan 1998). 

Ecological studies have frequently shown the patchy and random distribution of 

organisms (Merritt et al. 1995, Cannan 1998) making sampling an important 

consideration. Patchiness (where the variance of the population is significantly 

greater than the mean; Resh 1979, Resh and McElravy 1993, Cannan 1998) is a 

commonly encountered issue in rivers. For sampling programmes assessing 

potential ecological shifts it is vital to recognise this variability and build a degree 

of replication into the monitoring (Ward et al. 1986, Boulton and Lake 1992, 

Cannan 1998). 

2.4.2 Catchment sampling programme 

In arriving at the sampling strategy adopted for this investigation, the above factors 

were considered. The overall aim of my research was to establish the water quality 

of southern chalk rivers in the UK, and in order to carry this out a sampling strategy 

was devised to facilitate the sampling of biological and physico-chemical elements 

of chalk streams at a catchment scale, enabling catchment-wide comparisons to be 

made. 

In order to assess the water quality of chalk rivers, with particular reference to 

nutrients and sediment, two simultaneous sampling approaches were adopted, 

enabling a reasonably high level of spatial coverage and resolution to be achieved 

within each of the chosen river catchments (catchment monitoring). However, 

changes in the water quality of a river can be expected to occur not only 

longitudinally within a river system, but also temporally. Rivers are extremely 

dynamic systems, undergoing marked changes, both seasonally throughout the year 

and on an annual basis from one year to the next (Cannan 1998). Therefore, a 

sampling programme that encompassed temporal monitoring as well as spatial 

coverage was developed enabling an assessment of the temporal stability of chalk 

streams (stability monitoring). 
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Catchment monitoring 

For the chemical sampling programme, five sites on each of the Rivers Itchen, Test, 

Meon, Frome and Avon, were selected as sampling locations. These sites were 

selected to incorporate specific catchment activities, e.g. water cress discharges and 

sewage treatment works discharges. The locations of these sampling sites on each 

river are shown (as red circles) in Figure 2.1 to 2.5, and photographs of selected 

sites are shown in Appendix A. 

For the biological sampling programme, three sampling reaches were established 

along each of the five sample rivers. Each river had a sedimented, over-widened 

and control reach, in effect making the rivers themselves the replicates. The sites 

were not targeted at particular locations, for example, they were distributed along 

the lengths of the rivers and covered a broad range of hydro logical and physical 

characteristics of chalk rivers. The locations of the 15 biological sampling sites are 

shown (as blue circles) in Figures 2.1 to 2.5, and photographs of selected sites are 

shown in Appendix B. 

The precise location of the sampling sites was decided primarily through a pilot 

survey of the catchments involved, but also consideration was given to practical 

issues. For example, accessibility of the site from the road and access to the 

channel was of paramount importance (specifically the River Avon). As far as 

possible, relatively undisturbed locations were chosen for the control sites, although 

in such a highly managed system it must be recognised that no part of a chalk river 

will be completely fi-ee fi-om human influence (Carman 1998). 

Stability monitoring 

Along with being spatially variable in terms of their water quality, rivers are also 

temporally variable. They undergo marked changes, both seasonally throughout 

the year and on an annual basis fi-om one year to the next (Cannan 1998). For 

example, animal communities, which are always moving through their own life 

cycles, can also be expected to be influenced by these changes in habitat, flow and 

temperature (Cannan 1998). Therefore a temporal aspect was felt to be an 
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extremely important element of this sampling strategy, as indicated by Cannan 

(1998). 

There is evidence to suggest that in the UK broad changes in invertebrates can be 

detected by sampling two or three times a year, and even at a seasonal scale 

(Morgan and Egglishaw 1965, Furse et al. 1984, Cannan 1998). Ideally, a high 

sampling resolution would be used to follow temporal change, however, accepting 

the time constraints of this study, sampling four times a year was felt to provide an 

adequate temporal coverage (Cannan 1998). It was also decided that chemical 

samples would be taken on a seasonal basis as water composition has been shown 

to vary across this time scale (Walling and Webb 1992). Sampling was carried out 

on eight occasions spanning two years for both the biological and chemical 

surveys: summer 1998, autumn 1998, winter 1998, spring 1999, summer 1999, 

autumn 1999, winter 1999 and spring 2000, as suggested by Cannan (1998). 
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3.1 INTltCMDUCTICMV 

3.1.1 Background 

There are many different properties and parameters that describe the chemical 

characteristics of rivers. These range from general descriptors, such as measures of 

conductivity and acidity, to composition in terms of major cation and anion content, 

and the concentration of organic and inorganic pollutants (Hem 1970, Webb and 

Walling 1992). The present chapter focuses on establishing the chemical 

characteristics of chalk river systems of varying scales. Key physico-chemical water 

quality descriptors considered included temperature, conductivity, pH, dissolved 

oxygen and suspended particulate matter (SPM), along with measurements of the 

concentrations of inorganic nutrients (e.g. nitrate, nitrite and phosphate). 

The transfer of chemical elements through the hydrological cycle involves a complex 

interaction of hydrological, chemical and biological systems and processes (Neal and 

Homung 1990). It follows therefore that the solute content and composition of 

rivers may vary greatly, both spatially and temporally, depending on the particular 

sources, processes and pathways that are dominant in a given drainage basin (Webb 

and Walling 1992). Coupled with this, the extent of variation and the controlling 

factors responsible for the composition of water will vary depending on the scale of 

the area under consideration. The scale at which a study is undertaken will also 

determine the patterns observed (Webb and Walling 1992). Detailed investigations 

in water composition can be carried out at selected sites, although the examination 

of the longitudinal patterns of water composition within an entire catchment has 

both scientific value for furthering our understanding of the river catchment, and 

practical implications for river management. The increased use of the catchment 

unit for management purposes has focused attention on evaluating sites in a wider 

context and raised interest in the spatial pattern of water quality along the length of 

individual rivers (Sweeting 1994, Caiman 1998). 
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CONSEQUENCES ()!? MJTrRII&PfTT LOADEVG 

3.2.1 Characteristic water properties of chalk rivers 

Aspects of the water chemistry of chalk streams of southern England have been the 

subject of much research (Casey 1969, 1975, 1977, 1981, Casey and Ladle 1976, 

Casey and Newton 1972, 1973, Casey and Smith 1994, Casey et al. 1981, 1989, 

1990, House and Casey 1989, Ladle and Casey 1971, 1979, 1991, Marker and 

Casey 1983, Westlake 1968, Westlake et al. 1972). Numerous studies have shown 

that chalk streams often produce a very stable and predictable environment in their 

unimpacted state (Bickerton et al. 1993, Casey and Smith 1994, Prenda et al. 1997, 

Mainstone 1999). Due to the high proportion of chalk stream discharge being 

derived from groundwater sources, their flows, temperatures and most chemical 

components are strongly buffered against change (Berrie 1992, Ibbotson et al. 1994, 

Mainstone 1999). Long residence times in the chalk aquifer stabilise water 

temperatures against the extremes of the seasons (Smith 1980). The characteristic 

annual temperature range of a sizeable southern UK chalk stream is 5 - 17°C 

(Mainstone 1999). 

Chalk streams have characteristically high alkalinity (180-260 mg 1"') and high 

conductivity, due mainly to calcium carbonate, and pH values typically lie within the 

range 7.4-8.5 (Bickerton et al. 1993, Mainstone 1999). Owing to the physical 

filtration of stream water through chalk and the relatively low hydraulic energy of 

chalk rivers (generating minimal natural bankside erosion), inputs of solid material 

are naturally low in chalk rivers. The characteristic state is therefore one of clear 

waters with very low levels of suspended solids and low bed loads of fine sediment. 

In the unimpacted state, chalk streams have a suspended solids concentration of less 

than 5 mg 1"' (Casey and Newton 1972), and generally contain high levels of all 

major nutrients (Berrie 1992). Indicative values for key water quality parameters 

that might be expected in chalk rivers in near pristine conditions are given in Table 

3.1, drawing heavily on observations by Robach et al. (1996) in French rivers, but 

also based on subjective judgement of historical UK conditions (Mainstone 1999). 
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It is recognised that these values should be used as a broad guide only, and were not 

intended for use in evaluations of specific rivers or river reaches without more 

detailed assessment of local circumstances. Values for upper, middle and lower 

reaches take account of nutrient spiralling and the tendency to encounter non-chalk 

geologies further down the catchment, and also admit some low-level anthropogenic 

impact from extensive agriculture and low population levels (Mainstone 1999). 

Table 3.1. Indicative values (annual means) of key water quality parameters in chalk 
rivers under near pristine condit ions (adapted from Mainstone 1999). 

Parameter Upper reaches Middle reaches Lower reaches 
Suspended solids (mg 1 ) <2 

Total Phosphorous (mg 1"̂ ) <0 01 0.02 &03 
Nitrate-N (mg 1") 0.2 0.5 1.0 

_pH 7.8-8.0 7.8 7.4 

3.2.2 Consequences of nutrient loading 

Although chalk rivers are recognised as having a naturally high nutrient content, 

increased anthropogenic activities have been highlighted as adding to these loads. 

Nutrient concentrations in excess of the natural background levels can cause major 

consequences for aquatic systems. The term 'eutrophication' describes the nutrient 

enrichment of aquatic systems and the resultant impact upon primary production 

(Marsden et al. 1997). Many studies have been published relating changes in 

primary production to nutrient enrichment in standing waters and describing the 

trophic status of lake waters (Dillion and Rigler 1974, OECD 1982, Moss et al. 

1996, Marsden et al. 1997). In contrast, however, few studies have been carried out 

defining the impact of nutrient loading on running waters (Descy 1992). Not until 

relatively recently has the presence of inorganic nutrients in river water become a 

serious water quality consideration (Environment Agency 2000b). Estimation of the 

actual loading of surface waters from nutrients is extremely difficult since data 

referring to the problem are scarce (Modest et al. 1992). Subsequently, establishing 

guidelines for the limitation of nutrient concentrations in running waters has been a 

much slower process than that for lakes (Welch er a/. 1989). However, the 

enrichment of riverine waters by nutrients can have deleterious consequences. 
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Eutrophication brings about an increase in biomass and productivity of vegetation 

(Moss 1998), and further increases in nutrient levels potentially produce more 

severe changes, including reduced species diversity and disruption of community 

structure (Marsden et al. 1997). In particular the growth of algae to nuisance 

proportions can be an eventual expression of this process, leading to blankets of 

benthic algae and blooms of phytoplankton. Although eutrophication has been seen 

to be both beneficial, (with small additions of nutrients resulting in an increase in 

biomass and productivity of vegetation (Moss 1998)), and harmful to various 

systems under different conditions, it is assumed that eutrophication as defined 

should be avoided. Consequently, eutrophication is now recognised as one of the 

main threats to the ecological quality of fi^eshwaters (Wilson et al. 1996). Due to 

the naturally high levels of nutrients supplied to chalk streams, these systems are 

potentially highly susceptible to eutrophication, with sections already designated as 

nitrate-sensitive (e.g. the lower reaches of the River Test). 

A wide range of factors determines primary productivity in rivers, the relative 

importance of which changes seasonally, with the prime limiting factors being light, 

temperature and nutrients (Reynolds 1984). In addition, factors such as flow, the 

stability of the riverbed, and biological interactions will determine the extent of algal 

biomass development (Dodds and Gudder 1992). In most circumstances 

phosphorus has been found to be the most important nutrient determining primary 

production in fresh water (Vollenweider 1968). The range of phosphorus 

concentrations found in fresh water has been divided into a series of trophic 

categories according to the development of algal biomass. Typically this 

classification may be described as: 

® ultraoligotrophic (extremely unproductive; very low levels of nutrients) 

• oligotrophic (very unproductive; waters low in nutrients and algae) 

« mesotrophic (moderately productive) 

« eutrophic (a very biologically productive water body due to the relatively high 

rates of nutrient inputs) 

® hypertrophic (excess of nutrients impacting upon biological communities) 
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Any classification scheme based upon the continuum of nutrient/biological 

interactions is by necessity an arbitrary process and the limitations of such a scheme 

must be accepted prior to use. The value of such a classification is that it provides a 

structure that facilitates the description and assessment of aquatic resources 

(Marsden et al. 1997). The trophic status of a catchment depends on the relative 

scale of nutrient input and river flow. Clearly the relative importance of point and 

difiuse sources will vary between catchments (Marsden et al. 1997). The principal 

sources and routes of entry of nutrients into chalk river systems have been examined 

by Mainstone (1999) and are outlined in Figure 3.1. Hence the relative importance 

of diffijse and point source loads depends on the intensity of human activities in the 

catchment (Mainstone 1999). For example, the magnitude of non-point source 

nitrogen and phosphorus loading has been shown to vary considerably depending on 

the proportion of agricultural land in the catchment (Taylor et al. 1986, Wright et 

al 1991). Runoff rates, timing and extent of crop cover and the hydrological flow 

pathways linking the land to the stream (Heathwaite and Johnes 1996, Johnes et al. 

1996), soil type and geology (Rast and Lee 1983) of the catchments have all been 

investigated with regard to potential nutrient sources. 

Modem agricultural practices, particularly the use of fertilisers (Kronvang et al. 

1995), have been strongly linked with elevated nutrient concentrations in aquatic 

environments (Neill 1989, Stribe and Fleischer 1991). The application of fertilisers 

has not only resulted in higher yields and nutrient removal via increased yields, but 

has also led to an improved nutrient level in the soil which leads to increased loss of 

nutrients (Isermann 1990). Point sources of nutrients are also important, especially 

with regard to phosphorous additions to riverine systems. Sewage treatment works 

tend to dominate the point source load of phosphorus even in rural areas, although 

fish and watercress farms can be important contributors. A typical fish farm with no 

effluent treatment can generate the same load of phosphorus as a sewage treatment 

works serving 1000 people (assuming secondary treatment). Whilst cress beds are 

amongst the smaller point sources, the usage of phosphorus per unit area is very 

high and plant uptake can be highly inefficient. 
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Figure 3.1. Causes and consequences of nutrient enrichment in chalk river systems 
(adapted from Mainstone 1999). 
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This is of particular concern since cress farms often constitute the headwaters of 

chalk rivers, particularly in Hampshire where 80% of the national production of 

watercress is concentrated (Casey and Smith 1994, Mainstone 1999). Hence, 

identification of the relative importance of factors in modifying stream water quality 

is extremely important and requires an understanding of the spatial and temporal 

variation in water quality parameters and, in particular, nutrient concentrations 

(Heathwaite and Johnes 1996). 

3.2.3 Study aims 

Chemical water quality is an important issue in the management of freshwater bodies 

(Johnes et al. 1996). My study aims to investigate longitudinal and seasonal 

patterns in the chemical water quality and composition of chalk river systems, using 

several key chemical parameters, at a catchment level. A fiindamental distinction is 

drawn in this study between chemical constituents that are present in 

dissolved/suspended form and those that are transported in sediment-associated 

form (Webb and Walling 1992). 

It is generally considered that catchment activities impact upon the water quality of 

southern chalk rivers. My specific aims were to investigate: 

• the longitudinal patterns of (a) general water quality parameters and (b) nutrients 

within individual rivers at local and catchment scale 

® the seasonal patterns of (a) general water quality parameters and (b) nutrients 

within the individual rivers 

® the inter-annual variation in the water quality parameters measured within the 

rivers 

Long term analyses were investigated using data acquired from the Environment 

Agency and published literature. An 18 year data set was established including 11 

years of nitrate and phosphate concentration data from previous studies carried out 

to establish the origin and variation in nutrient concentrations in a Dorset river (the 

River Frome) (Casey 1977, Casey and Clarke 1979, 1986). 
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3.3.1 Field Methodology 

Site selection 

Chemical water quality measurements were taken in samples collected from five 

chalk river catchments located throughout several counties in southern England. An 

initial survey of the chalk streams throughout Hampshire, Dorset and Wiltshire was 

undertaken during early spring 1998. Numerous river systems were considered, 

from which five were selected for study, details of which were outlined previously 

(Chapter Two). Major consideration was given to choosing representative chalk 

rivers, primarily selecting sampling areas that are subject to the wide ranging land 

and river uses/practices normally associated with chalk stream catchments. In terms 

of land use, the majority of chalk streams flow through agricultural catchments and 

urban areas which have been intensively used by man for thousands of years 

(Mainstone 1999). The original braided channels have been replaced by modified 

channels flowing in a pastoral floodplain, while the chalk downs have been cleared 

of forest and converted, originally to grassland, but recently to arable fields (Ladle 

and Westlake 1995). More recently, land uses have been dominated by intensive 

arable, sheep and dairy production in many parts of the catchment (National Rivers 

Authority 1992b). 

Five sites were located along the length of each of these river systems, 

encompassing different catchment activities. For example, sites were chosen located 

upstream and downstream of sewage treatment works, water cress farms and 

anthropogenically managed fishing lakes. Sites were also located around the few 

remaining original water meadow systems (especially on the River Avon). Control 

sites were also selected close to the headwaters of each river course and details of 

all sites are outlined in Table 3.2. Chemical water quality measurements were taken 

on a quarterly basis for two years, from summer 1998 to the spring of2000. 
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Table 3.2. Location of sites chosen for chemical survey of southern chalk streams 
and distance downstream from source (shown in Italics). 

RIVER 

ITCHEN TEST MEON FROME AVON 

Titchbourne 

(SU 5795 2975) 

2.0 km 

Southington 

(SU3065 4970) 

4.4 km 

Drayton 

(SU 6720 2265) 

2.0 km 

Wraxall 

(SU 5765 0085) 

6.5 km 

Endford 

(SU 1415 5145) 

19.4 km 

Itchen Stoke 

(SU5575 3215) 

9.0 km 

Whitchurch 

(SU 4610 4725) 

11.5 km 

Warnford 

(SU 6210 2220) 

8.2 km 

Bradford 

Peverell 

(SY 6695 9245) 

20.5 km 

Upper Woodford 

(SU 1245 3710) 

43.5 km 

Easton 

(SU 5110 3245) 

12.0 km 

Chilbolton 

(SU3895 4010) 

23.7 km 

Droxford 

(SU6095 1810) 

13.8 km 

Woodsford 

(SU 7690 9095) 

31.5 km 

Downton 

(SU 1775 2160) 

63.5 km 

Highbridge 

(SU 4680 2144) 

27.8 km 

Kimbridge 

(SU3300 2545) 

42.1 km 

Mislingford 

(SU5855 1410) 

20.0 km 

Wool 

(SU8440 8715) 

44.0 km 

Fordingbridge 

(SU 1495 1425) 

76.6 km 

Woodmill 

(SU4420 1525) 

36.2 km 

Nursling Mill 

(SU3515 1550) 

54.6 km 

Titchfield 

(SU 5410 0550) 

30.0 km 

Warcham 

(SU9230 8715) 

55.0 km 

Sopley 

(SU 1495 9775) 

84.1 km 

Following site selection a rigid sampling, processing and analytical strategy was 

devised, the outline of which is shown in Figure 3.2. The following sections provide 

details of the field methodologies and laboratory procedures carried out with the aim 

of determining the chemical composition of different chalk river systems. 
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Sample collection 

On site measurements: 2 litre sample returned to laboratory 
Temperature 

pH 
Conductivity 

Dissolved oxygen 
Sample filtered through GF/F 

47mm filter papers 

50 ml of filtrate frozen for nutrient Filter paper retained for 
analvsis SPM analysis 

i 
Dionex analysis 

Filters dried at 60°C 
overnight and re-

weighed 

Figure 3.2. Strategy for the chemical sampling and analytical process. 

Field techniques 

All water samples were collected using a grab technique from the centre of the river 

channel. Using this sample, a number of parameters were recorded using a variety 

of hand held instruments, including: temperature (LF 330/SET WTW Instruments, 

accuracy ± 0.5% of measured value), conductivity (LF 330/SET WTW Instruments, 

accuracy ± 0.5% of measured value), pH (pHep 3 microprocessor pH meter, 

accuracy ±0.1 pH, standardised with pH 4.0, 7.0 and 10.0 standard buffer 

solutions), and dissolved oxygen: per cent saturation and mg T' (Oxi 330/SET 

WTW Instruments, accuracy ± 0.5% of measured value). Following this a 2 litre 

volume of river water was transferred into a washed, plastic bottle container. A 

biological preservative was not added to these samples, as they were processed 

(filtered and stored) within 24 hours of collection (Heathwaite and Johnes 1996). 

Following initial visits to the sampling sites, field observations were recorded. For 

example, any changes in the channel morphology or bankside vegetation were 
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mapped and noted. These observations were made from the bank, without detailed 

measurements being taken as chalk streams are relatively stable systems (Berrie 

1992) and an assumption was made that channel morphology would not change 

significantly during the period of study (two years), in accordance with Carman 

(1998). 

3.3.2 Laboratory procedures 

Inorganic nutrients 

Routine chemical analysis of flowing waters has tended to focus on inorganic 

determinands: nitrate (NO3") and total phosphorus (P0^4 )• This approach is based 

on the assumption that inorganic nutrient forms are the key fractions available to 

organisms in freshwaters (Heathwaite and Johnes 1996). Accepting this, it was 

decided that nitrate, nitrite and phosphate would be sampled for during this research 

and used as indicators of the trophic status of southern chalk rivers. 

After collection, the 2 litre water samples were transported back to the laboratory 

and filtered through GF/F 47mm MilHpore filters (filter pore size <0.7 |im). These 

were retained for subsequent particulate matter analysis. For nutrient analysis 50 ml 

of the filtrate was transferred into washed, labelled glass bottles and stored at -

ZO^C. 

Inorganic nutrients (nitrate, nitrite and phosphate) were analysed using ion 

chromatography and a Dionex system with an ED40 electrochemical detector, GP40 

gradient pump and an AS40 autosampler, (a full methodology of the procedure is 

shown in Appendix C). 

Suspended Particulate Matter (SPM) 

In order to assess the suspended particulate matter, once returned to the laboratory, 

the water samples were shaken and a sub-sample immediately poured into a 

measuring cylinder ready for filtration. This sub-sample was filtered though GF/F 
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47mm Millipore filters (pore size <0.7 jj,m). Tests have shown that filters of this 

pore size retain 90% of the solids fi-om chalk streams (Farr and Clarke 1984). 

Between 0.25 and 0.8 litre of each water sample collected was filtered according to 

the suspended particulate matter concentration of the specific sample and the water 

volume available (Farr and Clarke 1984). After filtration the papers were placed in 

fi-eezer proof containers, labelled and stored at - 20°C. At a convenient time after 

sample collection the filters were removed from the freezer and defrosted. The filter 

papers were dried at 60°C overnight with each paper triplicate weighed to ensure 

analytical accuracy. 

3.3.3 Data analysis 

The results generated from this physico-chemical survey of chalk rivers have been 

analysed through univariate methods. The longitudinal and seasonal variation in 

parameters has been investigated using Analysis of Variance (ANOVA). ANOVA is 

a well established and powerful parametric technique for comparing means of a 

single variable (Sokal and Rohlf 1981). The tests can be used to investigate for 

effects that may be quite small compared to the overall variability of the system 

(Dijk 1987). Its major uses include assessing the statistical significance of 

differences in a measure among various water bodies, among different locations in 

the same water body, or among samples taken from one location at different times; 

and partitioning total variability in values of a measure into components attributable 

to variation among sites or times and components attributable to each of one or 

more levels of replication (Norris and Georges 1993, Underwood 1994). Further 

detail for the specific ANOVA used will be outlined in the individual results 

sections. 

3.3.4 Construction of interannual data sets 

Following the analyses of data generated through this study, an investigation was 

carried out into the interannual variation in the nutrient status of selected chalk 

rivers. Initially an eight year data set was constructed through the acquisition of five 
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years nitrate and phosphate data from the Environment Agency. Data were obtained 

from the Environment Agency that corresponded with the sites and months sampled 

during my research, and were averaged to provide annual means. In the case of 

nitrate concentrations, my results are added to Environment Agency data spanning a 

five year period, generating an eight year data set. The analysis of the eight year 

phosphate concentrations has been carried out on Environment Agency data alone, a 

factor which wiU be discussed in detail at a later stage. 

An even longer timescale for nitrate and phosphate comparisons was available 

through the extensive research carried out during the 1960s, 1970s and 1980s on the 

River Frome. Much research was concentrated on establishing the origin and 

variation of nitrate and phosphate in Dorset chalk rivers of varying scale (Casey 

1977, Casey and Clarke 1986). Results derived from this literature were added to 

the eight year data sets to establish any trends in the key nutrients over an eighteen 

year period. 
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3L4 Tf/LRI/LTlBOPfS If f () ir 

CHALK RIVERS 

3.4.1 Spatial and temporal variations 

The physico-chemical data comprised a total of 200 measurements for each of the 

eight water quality parameters (temperature, pH, conductivity, dissolved oxygen, 

SPM, nitrate, nitrite and phosphate) collected in Summer 1998, Autumn 1998, 

Winter 1998, Spring 1999, Summer 1999, Autumn 1999, Winter 1999 and Spring 

2000. A summary of the raw data collected is shown in Appendix D. 

The aim of this study was to investigate the longitudinal and seasonal variation in 

certain physico-chemical parameters of chalk streams, from which conclusions will 

be drawn about their overall water quality status. In order to achieve this, the 

significance of any between site and season differences were assessed statistically 

using ANOVA. A three way randomised block ANOVA (Zar 1996) was chosen to 

analyse the data. All parameters (with the exception of pH) were log transformed to 

reduce the influence of extreme values. Results have been presented for each water 

quality parameter on each river, establishing the degree of spatial (between sites and 

rivers) and temporal (between season and sampling years) variation. Figures 3.3 to 

3.10 show the variation of physico-chemical parameters for each of the five rivers 

sampled. 
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Figure 3.3. Seasonal temperature at each site across the five rivers. 
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Figure 3.5. Seasonal conductivity at each site across the five rivers. 
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Figure 3.9. Seasonal phosphate at each site across the five rivers. 
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Figure 3.10. Seasonal nitrite at each site across the five rivers. 
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Table 3.3. Three way randomised block ANOVAs with site, season and year as main 

Measure Site Season Year River 
Log Temperature <0.001 0.146 &349 

pH 0.004 <0.001 <0.001 0 418 
Log Conductivity 0.173 <0.001 <0.001 <0.001 

Log Dissolved Oxygen <0.001 <0.001 &726 0331 
Log SPM 0.008 <0.001 &332 0.006 

Log Nitrate 0.780 <0.001 0.149 0.072 
Log Nitrite 0393 0T76 0727 0^39 

Log Phosphate 0.236 0.080 0.745 0353 

Measure Site*Season Site*Year Season*Year Season*Site*year 
Log Temperature 0.103 &820 <0.001 0.985 

pH &993 0.574 0.013 0.942 
Log Conductivity 0.370 0J83 <0.001 0.672 

Log Dissolved Oxygen 0.006 0^68 &774 0J^6 
Log SPM 0.150 0.972 0.001 &370 

Log Nitrate 0.192 &821 0.003 0.807 
Log Nitrite 0.347 0.326 0.483 OjWS 

Log Phosphate 0.307 0.402 OjGO 0.689 

Temperature 

All five rivers displayed a very similar longitudinal and temporal pattern in 

temperature regime. For example, on all rivers it can be seen that the amplitude or 

range of temperatures increased with distance downstream (Figure 3.3). This is 

especially the case on the Rivers Itchen, Test and Avon. A very predictable seasonal 

pattern was seen at each site sampled, with winter minima and summer maxima. 

When statistically analysed some interesting patterns were highlighted (Table 3.3). 

There was no significant difference between the five rivers, as suggested by Figure 

3.3, and there was no significant difierence between the sampling years. Slightly 

surprising was the lack of statistical difference between sites (p-value 0.277), given 

the increase in temperature range with increasing distance downstream on all five 

rivers. The lack of statistical difference could be attributed to the extremely 

significant seasonal pattern masking this secondary variation within the rivers. 

Indeed, when the range of temperatures and maximum temperatures were assessed 

by one-way ANOVAs, with site as main factor, the results were significant (p-values 

<0.001 and <0.001 for temperature range and maximum temperature respectively), 

indicating a clear downstream pattern (Figure 3.11). 
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Figure 3.11. Relationship between distance downstream and maximum temperature 
on the five sample rivers. 

The only significant interaction was that of season and year (p-value <0.001). This 

indicates that the seasonal pattern of temperatures were not the same between the 

two sampling years. 

pH 

Again there were no significant differences between the rivers in terms of their pH 

measurements (p-value 0.418), a pattern clearly shown in Figure 3.4. Another 

pattern shown in Figure 3.4 is that pH values tend to increase with distance from 

source, a pattern supported by the significant difference between sites (p-value 

0.004, Table 3.3). Again, there was a highly significant difference between seasons 

(p-value <0.001) and sampling years (p-values <0.001). The difference between 

sampling years can perhaps be attributed to higher levels of variation on the Rivers 

Frome and Avon. Again, the only significant interaction was that of season and year 

suggesting again that the seasonal pH varied differently between the two years, the 

pattern previously highlighted on the Rivers Frome and Avon. 

Conductivity 

Figure 3.5 clearly shows that conductivity values varied between the two sampling 

years (p-value <0.001, Table 3.3). Very little between site differences were 
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observed in Figure 3.5, a finding supported by the p-value of 0.173 (Table 3.3). For 

the first time there was a significant diflerence between the rivers (Table 3.3), with a 

post hoc test revealing that the River Frome had consistently significantly lower 

conductivity values compared to the other four rivers. Coupled with this seasonal 

variation was highly significant (p-value <0.001). Again, the only significant 

interaction was that of season and year (p-value <0.001). This shift in seasonal 

conductivity values between the two years can be attributed to the relative increase 

in conductivity values in Autumn 1999 and Winter 1999 compared to the previous 

sampling year. 

Dissolved Oxygen 

A downstream pattern can be seen in Figure 3.6, with a general decrease in 

dissolved oxygen with increasing distance from source on all five rivers. The pattern 

was especially clear on the River Itchen and Frome. This pattern is supported by the 

p-value of <0.001 for between site differences (Table 3.3). Coupled with this, there 

were significant differences between seasons (p-value <0.001) (Table 3.3), generally 

thought to be attributable to summer increases. There were no differences between 

sampling years (p-value 0.726) and rivers (p-value 0.331) (Table 3.3). However, 

there was a significant interaction between site and season (p-value 0.006) 

suggesting that the sites did not behave in the same way with respect to their 

dissolved oxygen measurements over the seasons. 

SPM 

Figure 3.7 again clearly shows a difference between the sites on the five rivers, with 

SPM concentrations significantly increasing with distance downstream (p-value 

0.008) (Table 3.3). The seasonal variations in SPM concentrations were also 

significant (p-value <0.001), with generally higher SPM concentrations observed 

during winter months (e.g. River Frome and Avon). There were no significant 

differences between the sampling years (p-value 0.332) (Table 3.3). However, there 

were significant differences between rivers (p-value 0.006) and a post hoc test 

revealed that the River Frome had significantly higher concentrations compared to 
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the other four rivers. The only significant interaction was that between season and 

year (p-value 0.001) (Table 3.3), suggesting that the seasons varied differently 

between the two sampling years with respect to their SPM concentrations. This 

could perhaps be due to the higher levels of seasonal variation in the second year of 

sampling (e.g. River Frome). 

Nitrate 

Nitrate concentrations varied greatly, both temporally and spatially. There were no 

significant differences between sites (p-value 0.780), suggesting that upstream and 

downstream sites had similar concentrations of nitrates. However, there was a 

significant seasonal difference (p-value <0.001) (Table 3.3). Although rather 

difficult to highlight from Figure 3.8 Autumn values were generally elevated, 

especially during the second sampling year (e.g. River Avon, Test and Meon). No 

significant differences were found between sampling years (p-value 0.149) and rivers 

(p-value 0.072) (Table 3.3). Again, the only significant interaction was that between 

season and year (p-value 0.003), indicating that seasonal nitrate concentrations 

behaved differently between the two sampling years. 

Phosphate and Nitrite 

Phosphate was generally foimd in extremely low concentrations throughout the two 

years of sampling, with the exception of site two on the River Meon. There were no 

significant patterns between sites, seasons, years and rivers or interactions (Table 

3.3), however slightly elevated concentrations were recorded during summer and 

autumn (Figure 3.8). Nitrite concentrations showed an extremely similar pattern to 

that of phosphate concentrations previously described. The only exception to this 

pattern was site two on the River Meon, where concentrations reached 1.39 mg 1"', 

far in excess of anything found at any of the other sites. There were no significant 

differences (Table 3.3), however, Figure 3.9 does again show slightly elevated 

concentrations during summer and autumn. 
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3.4.2 Interannual variations in the physico-chemical composition of chalk 

rivers 

When chalk rivers are discussed in general terms much weight is given to their 

temporal stability, especially in terms of their chemical composition (Berrie 1992). 

The term temporal stability often refers to the lack of interannual variation of key 

chemical parameters. Therefore, consideration of water quality/composition also 

needs to be examined beyond the two years of study feasible within the current 

research. Nitrate and phosphate were chosen as general descriptors of the nutrient 

status of chalk rivers as they are often used to determine the trophic status of rivers 

(Marsden er a/. 1997). 

Nitrate concentrations from my study were added to the previous five years of 

Environment Agency data. In order to assess the long term patterns of nitrate and 

phosphate concentrations in the rivers an unreplicated randomised one way block 

ANOVA (Zar 1996) was carried out on the annual means of these nutrients. 

Statistical results 

It is recognised at this stage that different methods were used in the determination of 

the nutrients. However, these results will (1) act as a quality control measure with 

regards to under or over estimation of values, and (2) provide an idea of the 

interannual variation in nitrate concentrations. There were significant differences 

between the annual nitrate mean over the eight sampling years (p-value 0.003). A 

post hoc Tukey test revealed that these year differences were between the 

Environment Agency sampling year 1995 and my sampling years of 1998 and 2000. 

None of the other sampling years differed from one another. Although this result 

does not ftiUy rule out the potential of operator bias in the determination of nitrate, 

the lack of significant difference between all of my sampling years and the 

Environment Agency data does suggest that my determination methods were not 

consistently under or over estimating nitrate values. The result also indicates that 

there was little over all interannual variation despite the differences in nitrate 

determination methods, operator and number of samples taken. This finding is 
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further shown in Figures 3.12, 3.14, 3.16 and 3.18. 

Similar statistical analyses were carried out on the eight years of Environment 

Agency phosphate data in order to gauge the degree of interannual variation. There 

was no issue of operator bias as all the data were obtained from the Environment 

Agency. There were no significant differences between the eight sampling years (p-

value 0.478), indicating very little interannual variation in the phosphate 

concentrations of the sampled rivers. This pattern is fiirther displayed in Figures 

3.13,3.15, 3.17 and 3.19. 

River Itchen 

Figures 3.12 and 3.13 show the annual mean concentrations of nitrate and phosphate 

concentrations in the River Itchen. Figure 3.12 shows that nitrate concentrations 

exhibited a degree of interannual variation. For example, concentrations increased 

from 1993 to 1995 and declined for the next three years. Figure 3.13 displays 

phosphate concentrations from 1998 to 2000. No data were available for the sites 

sampled from 1993 to 1997. There was no evidence of any major shift in phosphate 

levels over the three years. 

1993 1994 1995 1996 1997 1998 1999 2000 

Year 

Figure 3.12. Annual mean nitrate concentrations from 1993 - 2000, River Itchen, 
Hampshire. 
Vertical bars show 1 Standard Error. 
Data source: 1993 to 1997 nitrate concentrations. Southern Environment Agency. 
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Figure 3.13. Annual mean phosphate concentrations from 1998 - 2000, River Itchen, 
Hampshire. 
Vertical bars show 1 Standard Error. 
Data source; 1998 to 2000 phosphate concentrations, Southern Environment 
Agency. 

River Test 

Nitrate values in the River Test showed a very similar interannual pattern to those 

recorded in the River Itchen, increasing from 1993 to 1995 and decreasing during 

the following three years. However, the differences observed between years were 

small, varying by less than 1 mg 1"' each year, indicating that there was little overall 

interannual difference in nitrate concentrations. 

E " 

1993 1994 1995 1996 1997 1998 1999 2000 

Year 

Figure 3.14. Annual mean nitrate concentrations from 1993 - 2000, River Test, 
Hampshire. 
Vertical bars show 1 Standard Error. 
Data source: 1993 to 1997 nitrate concentrations, Southern Environment Agency. 
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Figure 3.15 displays phosphate concentrations from 1993 to 2000 and a degree of 

interannual variation in concentrations is evident. For example, concentrations 

decreased from 0.26 to 0.16 mg/1 between 1995 and 1996. Overall, a general 

decrease was seen in phosphate concentrations during the period considered. 

0.40 

0^ 

0.30 

lllliilii 
1993 1994 1995 1996 1997 1998 1999 2000 

Year 

Figure 3.15. Annual mean phosphate concentrations from 1993 - 2000, River Test, 
Hampshire. 
Vertical bars show 1 Standard Error. 
Data source: 1993 to 2000 phosphate concentrations. Southern Environment 
Agency. 

River Meon 

A distinct trend of decreasing nitrate concentrations over the eight years (from 6.52 

mg r ' in 1993 to 5.15 mg 1"' in 2000) is evident in Figure 3.16. Figure 3.17 displays 

the phosphate concentrations over a six year period. No data were available for 

1993 and 1994. During the six year period little interannual variation in phosphate 

concentrations was evident increasing from 0.8 mg 1"' to 0.13 mg r \ 
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Figure 3.16. Annual means of nitrate concentrations form 1993 - 2000, River Meon, 
Hampshire. 
Vertical bars show 1 Standard Error. 
Data source: 1993 to 1997 nitrate concentrations. Southern Environment Agency. 
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Figure 3.17. Annual means of phosphate concentrations from 1995 - 2000, River 
Meon, Hampshire. 
Vertical bars show 1 Standard Error. 
Data source: 1993 to 2000 phosphate concentrations, Southern Environment 
Agency. 

River Frome 

Figure 3.18 displays the nitrate concentrations in the River Frome. Concentrations 

increased from 1993 to 1995, after which values decreased. However, these 

changes in concentration were extremely low, varying less than 1 mg 1"' over the 

eight year period. 
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Figure 3.18. Annual means of nitrate concentrations from 1993 - 2000, River Frome, 
Dorset. 
Vertical bars show 1 Standard Error. 
Data source: 1993 to 1997 nitrate concentrations. South West Environment Agency. 

In contrast to previous rivers, phosphate values in the River Frome (Figure 3.19) 

were relatively constant from 1993 to 2000. Any increase or decrease in 

concentration between years was extremely small. 

E 0.10 

1993 1994 1995 1996 1997 1998 1999 2000 

Year 

Figure 3.19. Annual mean phosphate concentrations from 1993 - 2000, River Frome, 
Dorset. 
Vertical bars show 1 Standard Error. 
Data source; 1993 to 1997 phosphate concentrations, South West Environment 
Agency. 
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3.4.3 Long term patterns 

Nitrate concentrations 1965 - 2000, River Frome 

Figure 3.20 shows the long term trends in the nitrate concentrations recorded in the 

River Frome from 1965 to 2000. Casey and Clarke (1979) carried out statistical 

analyses on 11 years of weekly data for nitrate concentrations from the River Frome 

from 1965 to 1975 (Figure 3.20), establishing concentrations increased by 0.11 mg 1" 

' per year. Nitrate concentrations continued to rise through the early 1990s, 

reaching a peak in 1995 after which values declined. Throughout the period 

covered by the Environment Agency there was an overall increase of 0.53 mg 1% 

Results from my study indicate that annual nitrate concentrations continued to 

decline, and throughout 1998 - 2000 there was an overall decline of 0.85 mg 1% 

mioh-cooo^cjco^io m 
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Figure 3.20. Long term trends in nitrate concentrations, River Frome Dorset. 
Vertical bars show 1 standard error. 

Data derived from Casey and Clarke (1979) 
Data derived from the South West Environment Agency 
Data from my research 
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Phosphate concentrations 1965 — 2000, River Frome 

Figure 3.21 displays the long term variation in phosphate concentrations from 1965 

to 2000 in the River Frome. Casey and Clarke (1986) established that levels 

increased from 1968 and 1971 (from 0.1 to 0.14 mg 1"'), after which there was no 

coherent variation. Considerable variation was observed in the concentrations 

within each year, generally showing a spring depression in levels, possibly related to 

biological activity (Casey and Clarke 1986). Figure 3.21 also shows that 

Environment Agency phosphate continued to fluctuate, exhibiting a high degree of 

interannual variation. 

Figure 3.21. Long term trends in phosphate concentrations, River Frome Dorset. 
Vertical bars show 1 standard error. 

HData derived from Casey and Clarice (1986) 
Data obtained form South West Environment Agency 
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3 .5 ]D][S(:us;siopf 

Rain falling on chalk land percolates through the soil accumulating in large aquifers. 

The speed of water movement through the chalk is not known precisely but tritium 

dating indicates that downward movement is slow (0.8 m yr"'), taking many years to 

return to surface flows as spring water (Casey 1977). When the water returns to the 

river channel, given the length of time percolating through the chalk bedrock, it is 

thought to be extremely pure in terms of its water chemistry and quality (Berrie 

1992). However, over the past centuries there has been extensive anthropogenic 

use of chalk rivers and their surrounding catchments, many of which have been 

linked with an overall degradation in ecosystem quality. 

3.5.1 Potential method limitations 

Given the availability of the Environment Agency data for similar sites and time 

periods sampled during my research it was decided a comparison should be made 

prior to examination and discussion of nutrient water quality trends. Some 

discrepancies became obvious for phosphate and nitrite concentrations. Simple 

visual examination of these nutrient data indicated that concentrations were 

extremely low, which in itself raised concern as chalk rivers are generally referred to 

as nutrient rich (Berrie 1992, Mainstone 1999). When the data were compared in 

more detail to Environment Agency measurements it appeared that concentrations 

for both phosphate and nitrite were a factor of 10 lower and, hence not surprisingly, 

highly significant differences existed between the two data sets. 

A variety of methods have been used for the analysis of inorganic nutrients, 

including traditional spectrophotometric techniques such as colorimetry; methods 

such as gravimetric analysis, turbidimetry and titrimetry; and electrochemical 

techniques such as ion selective electrodes and amperometric titrations (Greenberg 

et al. 1992). Phosphate is relatively immobile in all but very sandy soils and 

therefore the natural levels of phosphate in waters tend to be very low (Marr and 

Cresser 1983). Similarly, nitrite concentrations are often found in extremely low 

concentrations in natural waters, especially if dissolved oxygen is plentiful 
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converting nitrite to nitrate. Given the low concentrations of these nutrients 

normally encountered in natural waters, very sensitive methods are necessary for 

their determination. Traditionally, methods such as colorimetry have been used, 

which is known to give excellent sensitivity to extremely low levels of phosphate. 

Coupled with this, the most widely used methods for nitrite determination are based 

upon diazotization reactions, which can detect extremely low concentrations. 

However, many of these methods are not specific, suffer from interferences, can be 

labour intensive, and are often difficult to automate. Given the spatial and temporal 

intensity of the chemical sampling programme undertaken, one of the primary 

considerations was the efficient processing of collected samples. A suite of the 

individual test procedures described above can be replaced by one chromatographic 

separation, and ion chromatography has been quickly accepted by regulatory 

agencies world-wide for the detection of inorganic nutrients in environmental waters 

(Dionex 1999). Using commercially available automated apparatus many samples 

may be analysed in a working day for a wide range of anions (Marr and Cresser 

1983). Hence, ion chromatography was deemed to offer the best analytical option 

for the analysis of inorganic nutrients. 

However, given the deviation between results generated fi-om Dionex analysis and 

Environment Agency data it would appear that the above method does not provide 

sufficient detection levels to measure the low concentrations of phosphate and nitrite 

found in chalk rivers. In contrast to phosphate and nitrite, current nitrate 

concentrations showed no consistently significant difference to equivalent 

Environment Agency data. The relatively high concentration of nitrate in chalk 

waters (compared to nitrite and phosphate), and the subsequent lack of difference 

between data sets, supports the conclusion that the detection levels of Dionex 

methods were not sufficiently low for nitrite and phosphate measurement. 

However, this does not mean the phosphate and nitrite results presented are 

meaningless, rather, that comparisons for these nutrients should only be made within 

the current database, with further interpretation limited to Environment Agency 

data. 
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3.5.2 Spatial variation 

Generally all five sampled rivers were extremely similar in terms of their physico-

chemical parameters, with only conductivity and SPM differing significantly between 

systems (attributed to conditions in the River Frome). A key point to this general 

comparability was the similarity in the general downstream patterns observed in 

many of the parameters. For example, all five rivers displayed a strong increase in 

maximum temperatures with increasing distance fi-om source. The general increase 

recorded in temperature with distance from source is a general characteristic of 

flowing waters. For example, the water issuing fi-om groundwater springs enters the 

main channel at a relatively low temperature (Crisp et al. 1982). As the river flows 

downstream, the water body is exposed to solar heat to a far greater degree and the 

increasing volume of the river combines to increase water temperature (Walling and 

Webb 1992). Therefore, it is felt that the overall pattern of increasing temperatures 

is a strong characteristic of southern chalk rivers, displayed by all five sampled 

rivers, indicating this is a natural pattern rather than one induced by catchment 

activities (Berrie 1992). 

No detectable downstream patterns were observed in the conductivity 

measurements. Groundwater normally carries salts into the river water, thus 

increasing the conductivity of the river water (Otley 2000). It follows therefore that 

chalk rivers would generally have high conductivities that remain relatively stable 

longitudinally due to the relatively large amount of groundwater recharge they 

receive along their length (Berrie 1992). Therefore the lack of spatial variation is 

perhaps not surprising. Conductivity is affected primarily by catchment geology, but 

flow and anthropogenic discharges can also significantly alter natural conductivity 

levels (Otley 2000). The lack of spatial variation therefore also suggests that 

catchment activities have a relatively small influence on the conductivity of southern 

UK chalk streams. 

A stream system both naturally produces and consumes oxygen (e.g. photosynthesis, 

organism respiration, organic matter decomposition, and various chemical 

reactions). However, anthropogenic discharges can also influence dissolved oxygen. 
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e.g. wastewater from sewage treatment discharges often contains organic materials 

that are decomposed by microorganisms using oxygen in the process. All five rivers 

sampled had a high level of dissolved oxygen indicating that none of these systems 

suffer deoxygenation problems, an important aspect for ecosystem quality (Walling 

and Webb 1992). However, dissolved oxygen levels again displayed longitudinal 

variation with levels decreasing with increasing distance from source. This 

potentially suggests that local catchment activities in the lower regions of 

catchments were exerting an influence on dissolved oxygen. For example, on the 

River Test there was a substantial fish farm effluent discharging above site 5 

(Environment Agency 1998a). This discharge is believed to have a high biological 

oxygen demand that could result in the slightly depressed dissolved oxygen levels at 

this site. Therefore, local catchment impacts cannot be ruled out as an important 

factor in determining dissolved oxygen levels. 

Chalk rivers have historically been associated with low levels of suspended sediment 

and low bed loads. This has been attributed to the filtration that water undergoes 

with movement through the chalk aquifers. Coupled with this, chalk rivers 

characteristically have a relatively low hydraulic energy that minimises natural bank 

erosion and hence lowers suspended sediment loads (Mainstone 1999). Again, there 

was a longitudinal pattern within each river with an increase in SPM concentrations 

with distance from source. This result is not unexpected as the catchment area 

available to supply fine particulate matter increases with increasing distance 

downstream (Walling and Webb 1992). However, several catchment activities can 

also supply large quantities of SPM. For example, discharges from a water cress 

farms have been highlighted as a potential source of SPM. Casey and Smith (1994) 

carried out an investigation into the impacts of a watercress farm on the water 

chemistry of chalk rivers and observed that when watercress beds are cleaned out, 

suspended solids in streams below the farms can be as high as 17,192 mg f ' . 

Depending on the management practices of bed cleaning, high values of suspended 

matter can be found in the receiving stream over varying time periods (Casey and 

Smith 1994). A potential example of this is the extremely high value at site two on 

the River Itchen during Autumn 1999. Shifts in geology, and hence land uses, have 

also been associated with increased SPM concentrations (Farr and Clarke 1984, 
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Environment Agency 1998a), which may be an important factor in the five river 

catchments studied. 

Unlike lake systems, river water quality is not easily characterised by the 

concentrations of nutrients (Wong et al. 1979, Sas 1989). Hence evaluating the 

patterns observed in nutrient concentrations are often difficult. Nitrate 

concentrations showed no significant longitudinal variation. This lack of marked 

longitudinal variation indicated that there was relatively little input of point sources 

of this nutrient (Mainstone 1999). However, this finding does suggest that sites 

near the source of the rivers had relatively high nitrate concentrations. This is an 

indication that the groundwater feeding these chalk rivers is rich in nitrate, a pattern 

that has previously been reported for chalk rivers (Casey and Clarke 1979). These 

results therefore suggest that the relative influence of catchment activities, in terms 

of point sources, are smaU compared to the influence of diSlise land use sources and 

groundwater recharge along the length of the rivers (Edwards et al. 1985, Murdoch 

and Stoddard 1992, Black et al. 1993, Heathwaite and Johnes 1996, Pinoke et al. 

1996, Pinoke et al. 1999). 

In contrast to nitrate concentrations, both the nitrite and phosphate results presented 

for each of the five rivers show a slightly higher degree of longitudinal variation, 

however, there were no significant differences between sites. For example, there 

was a trend of low nitrite concentrations at sites in the lower reaches of the rivers. 

This pattern is perhaps not unexpected as previously highlighted these systems are 

extremely well oxygenated. The presence of consistently high dissolved oxygen 

could result in the nitrite component of the nitrogen budget of these rivers being 

extremely small (Casey and Clarke 1979, Walling and Webb 1992, Mainstone 1999). 

Elevated levels of these nutrients at certain sites (e.g. phosphate at sites one and two 

on the Rivers Itchen and Test and site two on the River Meon) could potentially be 

attributed to point source discharges of these nutrients. In contrast to nitrate, which 

is thought to enter river courses in a diffiise manner, phosphate and nitrite have been 

associated with local, point sources (Casey and Clarke 1986, Heathwaite 

91 



Chapter Three: Physico-chemical Composition 

and Johnes 1996). An example of this is at site two on the River Meon, This site 

was located downstream of a watercress farm and a set of fish farm discharges. 

Borehole water usually has sufficient nitrogen for watercress, but does not supply 

enough phosphorus or potassium for optimum growth. Traditionally phosphorus 

has been added to the beds in the form of basic slag, rock phosphate, phosphoric 

acid or as a mixed nutrient solution (Casey and Smith 1994). Traditional methods 

of cress bed fertilisation involve the monthly application of 125 kg of slag, a material 

containing approximately 6.5 % phosphorus, which is applied to the water surface 

and results in around 10 - 15 % uptake efficiency, the rest being lost downstream. 

The losses from 1 hectare of cress beds under this system are equivalent to nearly 

100 hectares under intensive arable production located on high-risk impermeable 

soils (Parr et al. 1998), much of which enters chalk headwaters during the growing 

season. More modem methods of fertilisation are now being used by the larger 

growers, resulting in lower loss rates. Even so, Casey and Smith (1994) recorded a 

trebling of mean soluble reactive phosphate concentrations in a chalk headwater due 

to a modem cress farm, from 25pg F' upstream to 72pg f ' below the farm. 

Therefore the additions of these compounds could potentially explain the elevated 

concentrations of phosphate recorded at this site below a watercress farm. 

3.5.3 Seasonal variation 

A clear annual cycle of solute behaviour has been observed in many UK rivers (Neal 

et al. 1990). Factors such as the autumnal flushing of soluble material accumulated 

over summer months and seasonal variations in the chemistry of incoming 

precipitation (Feller and Kimmins 1979, Williams et al. 1983) can affect solute 

concentrations. The annual cycle of biological activity may also strongly influence 

water chemistry through the impact of autumnal vegetation dieback and leaf fall 

(Slack and Feltz 1968), the seasonal uptake by plants and animals (Casey and Ladle 

1976, Casey et al. 1981) and the effects of microbial populations on the reactions 

that build up and decompose organic matter in catchment soils (Blackie and Newson 

1986, Stevens e? a/. 1989). 
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A high degree of seasonal variability was observed in my data set, with temperature, 

pH, conductivity, dissolved oxygen, SPM and nitrate all varying significantly 

between seasons. The most obvious seasonal variation observed in all five rivers 

sampled was the summer maximum and winter minimum temperatures. In southern 

England spring water fi-om chalk aquifers emerges at about 11 °C throughout the 

year (Crisp et al. 1982). This baseflow produces a marked elfect on the amplitude 

of the annual temperature regime in chalk streams (Smith 1981, Mackey and Berrie 

1991), giving rise to the term 'winter warm and summer cool' which is often 

associated with chalk rivers. Mackey and Berrie (1991) observed that stream 

temperatures are seldom less than 5°C or more than 17°C. All five of the rivers 

sampled exhibited stable and similar temperature patterns, all falling within the range 

of 8 to 15°C, which is even less than the range predicted by Berrie (1992) and 

further indicates the temporal stability of these systems. 

Another seasonal pattern was that of lowered dissolved oxygen levels in autumn 

compared to summer. Depressed dissolved oxygen concentrations during late 

autumn and early winter could be linked with the several factors: these months 

represent the peak time for decay of instream organic matter and a decline in 

photosynthesis fi-om lowered levels of macrophyte production (Mainstone 1999), 

and therefore this pattern is perhaps not unexpected. Seasonal variation in 

suspended particulate matter is another well-established pattern (Webb and Walling 

1992), often linked to the discharge regime of the rivers. Increases in discharge 

during the winter months are associated with increased runoff fi-om the surrounding 

catchment, which often brings elevated SPM to the river channel due to erosion. An 

inverse pattern is observed during summer months, where the lack of over land run-

off reduces the amount of SPM supplied to the river (Mainstone 1999), a seasonal 

pattern seen at sites on aU five rivers. 

A high degree of seasonality has been seen in nitrate concentrations (Casey and 

Clarke 1979). In chalk rivers, the general seasonal pattern is one of maximum 

concentrations during winter and a minimum in summer (Berrie 1992). In other 

river systems, similar patterns have been observed. For example, Owens et al. 

(1991) found nitrate concentrations and export in both baseflow and storm flow 
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from a hill-land watershed to be lowest in summer and highest in winter. Murdoch 

and Stoddard (1992) observed the highest nitrate concentrations to occur in late 

autumn/winter through to early spring and the lowest to occur in summer. Pionke et 

al. (1999) found that highest nitrate concentrations were associated with winter 

months, and the lowest in summer periods in a small hill-land watershed in the US 

over a twelve year period. 

Although it is difficult to pinpoint a distinct seasonal pattern in nitrate 

concentrations (Figure 3.8), statistically there was a significant pattern. Generally 

autumn was associated with high nitrate concentrations and winter with lower 

levels. This would appear to present a deviation from the pattern of winter maxima 

previously observed in chalk rivers (Casey 1977, Casey and Clarke 1979). The 

pattern could be intimately linked to their flow regimes, with increasing discharges 

in winter months resulting in a dilution of river water nitrate levels (Mullholland and 

Hill 1997). Casey (1977) found an inverse relationship with discharge, with heavy 

rainfall associated with reduced nitrate concentrations in some small chalk rivers. 

Biggs and Close (1989) also reported a similar pattern of nitrate concentrations and 

discharge. They observed a significant negative correlation between nitrate and 

flow, with the relatively high nitrate concentrations derived from groundwater 

diluted by increasing flows in winter, and concluded this to be a characteristic of 

groundwater dominated rivers. It is a well established that nitrate concentrations in 

the chalk rivers are predominately derived from groundwater sources (Casey and 

Clarke 1979), and this could be a major factor in determining the seasonal patterns 

observed in this study. 

Although it is accepted that phosphate concentrations measured during this research 

may be underestimated, the general seasonal patterns can be compared to those 

previously described in literature (Casey and Clarke 1986, Berrie 1992, Mainstone 

1999). Generally, phosphate showed increased levels during autumn, coupled with 

elevated summer levels (e.g. the River Test and Meon). In all of the rivers sampled, 

spring phosphate concentrations were extremely low. The typical seasonality in 

phosphorus concentrations of many chalk rivers show a peak through the autumnal 

growing season, in spite of this being the most intense period of biological uptake 
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(Mainstone et al. 1998). Casey and Clarke (1986) observed a substantial reduction 

in phosphate concentrations during the spring period, with a maximum recorded 

during summer/autumn (Berrie 1992). Pinoke et al. (1999) observed that summer 

and early autumn months were associated with phosphorus concentrations 

consistently in excess of other times of year. 

These seasonal patterns observed are considered to reflect a combination of the 

discharge regime of chalk rivers and the sources of phosphate to the rivers. For 

example, Cahill et al. (1974), Harms et al. (1978) and Casey and Farr (1982) all 

suggested that dissolved phosphate concentrations in streams generally decrease 

during high flow events (normally associated vdth winter months). Such decreases 

have been attributed to dilution by inputs of low nutrient content. Throughout the 

growing season in chalk rivers, bioavaMable phosphorus concentrations in the water 

generally appear to be driven by continuous point sources (for example sewage 

treatment works, fish and watercress farms) and the amount of dilution afforded by 

available river flow (Mainstone et al. 1996). Data presented by Mainstone (1999) 

from the chalk river Wylye illustrate the typical seasonality observed in phosphorus, 

peaking in summer/autumn at the time of minimum dilution despite being the time of 

highest biological uptake. This lower dilution effect is particularly noticeable in 

spring, the time of maximum Ranunculus growth. Hence it would appear that the 

current seasonal phosphate patterns are extremely similar to those previously 

reported in chalk river literature and might be being controlled/influenced by 

common factors (Casey and Clarke 1986). This could be due to the low dilution 

afforded to continuous point sources during low flow conditions in the growing 

season (summer and autumn) and the tendency for much of the difluse load to be 

carried out of the catchment under high winter flows (Mainstone 1999). 

3.5.4 Interannual variations in the trophic status of chalk rivers 

The aim of any water quality monitoring programme is to establish the long term 

trends exhibited by parameters, upon which management options can be based 

(Spink et al. 1998). However, the absence of historical data oAen renders this aim 

unachievable. Long term nutrient data were obtained from several sources at a 
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variety of temporal scales with the aim of establishing interannual variation in the 

nutrient levels in chalk rivers. Brown (1988) reviewed long term studies of nitrate 

concentrations in Norwegian rivers, showing a significant systematic increase over 

time. Hauhs (1989) observed increases in nitrate concentrations in streams between 

1977 and 1986 in the Hatrz Mountains in Germany. Hence, increases in nutrients in 

river waters are not a new phenomenon (Roberts and Marsh 1987), and given the 

important role these nutrients play in the potential eutrophication of freshwater 

systems the level of current interest is justified. 

The analysis of the trophic status of several southern chalk rivers over an eight year 

period reveals some interesting patterns. 1995 nitrate concentrations were 

significantly higher than 1998 and 2000 values. Although the potential of operator 

bias, through the use of differing methods, cannot be ruled out, this does suggest 

that nitrate concentrations were generally decreasing. However, the lack of 

consistently lower values in the latter years does suggest that this trend is still 

subject to between year fluctuations. In contrast, the lack of significant interannual 

variation in phosphate suggests there was no long term trends over the eight year 

period, with a high level of interannual fluctuation. 

However, the analysis of nitrate and phosphate concentrations from 1995 - 2000 

does reveal some important temporal variations. Nitrate concentrations in the river 

Frome increased from 2.05mg 1"' NO3-N in 1965 to 3.06 mg 1"' NO3-N in 1972. 

Most of this increase in nitrate was attributed to the increasing use of nitrogen 

fertilisers during this time (Casey and Clarke 1979). The amount of nitrogen 

fertilisers delivered to Dorset rose from 11022 tonnes in 1964 - 1965 to 32430 

tonnes in 1971 -1972 (Casey and Clarke 1979). The percentage of nitrate derived 

from sewage effluent appeared to be fairly constant around 7 % (Casey 1977, Casey 

and Clarke 1979), suggesting that the majority of nitrate contamination of the river 

Frome was derived from difiuse sources, in particular from agricultural lands. 

Nitrate concentrations have continued to increase, reaching a maximum during the 

late 1990s after which there has been a slight decline. This decrease could be a 

result of increased management and legislative regulations imposed upon the land 
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and fertiliser usage of chalk river catchments (Environment Agency 2000b). 

However, it should be noted at this point that borehole investigations have revealed 

that nitrate concentrations in groundwaters are relatively high in chalk catchments 

(Casey and Clarke 1979). Therefore any management and legislative induced 

decrease in surface nitrate contributions to river waters will be buffered against 

through the supply of nitrate rich groundwater to these systems. 

Research carried out on the river Frome on phosphate concentrations indicated that 

levels increased from 108 |ag f ' in 1965 to 134.7 pig 1"' in 1972 (Casey and Clarke 

1986). Over 70% of the phosphate concentrations in the river were calculated as 

coming from sewage effluent, with discharge increasing by 29% during this period. 

However, considerable variation in phosphate concentration was found within each 

sampled year, and no coherent trend was observed from 1973 to 1980. When the 

Environment Agency data were considered alongside these historical results, no 

major trends were observed. This observation is perhaps slightly unexpected as the 

majority of phosphate additions to the river Frome are from point sources (primarily 

sewage treatment works, fish and watercress farms). Given the increased level of 

sewage treatment it might have been expected that a general decrease in phosphate 

concentrations would be observed. However, this does not seem to be occurring, 

with interannual variation occurring to the same extent during the 1990s as was 

observed during 1965 - 1980. 

3.5.5 Comparison to unimpacted chalk rivers 

When the results of this chemical survey were compared against the indicative 

values of key water quality parameters in chalk rivers under near pristine conditions 

(derived from Mainstone 1999), some clear deviations were seen. For example, 

Mainstone (1999) generally considered that chalk rivers decrease in pH with 

increasing distance from source (Table 3.1). However, my results displayed the 

opposite trend, with increasing pH fiirther downstream. This finding can perhaps be 

attributed to the precise geology/land uses over which the river flows (Environment 

Agency 1998a). However, even the lowest pH values on the rivers were far in 

excess of the 7.4 suggested by Mainstone (1999), perhaps reflecting the 
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true chalk geology of the area. 

Research also indicates that in an unimpacted state, chalk streams can have a 

suspended solids concentration of between <2 mg 1"' (upper reaches) and 6 mg 1"' 

(lower reaches) (Casey and Nev^on 1972, Mainstone 1999). All five rivers sampled 

had suspended particulate concentrations in excess of 6 mg f ' indicating that there 

was a degree of catchment-wide enhancement of fine sediments. All the catchments 

chosen for study are predominantly rural (dominant land uses are pasture and arable 

farming) with no major effluent associated with high suspended particulate matter 

concentrations (Farr and Clarke 1984). This suggests that suspended sediment in 

chalk rivers is primarily derived fi-om diffuse sources, for example runoff fi-om 

agricultural land. 

However, the patterns in nutrient concentrations observed are perhaps the most 

obvious deviation fi-om Mainstone's (1999) 'pristine' guidelines. Elevated nitrate 

concentrations are common in rivers draining catchments with a high proportion of 

land designated as agricultural (Black et al. 1993). For example, Hill (1978) found 

a highly significant positive relationship between nitrate mobilisation and active 

agricultural land use in 21 watersheds in Southern Ontario. Edwards et al. (1990) 

demonstrated a direct link between river water nitrate concentration and upstream 

land use and fertiliser application for two major rivers in northeast Scotland. 

All five rivers sampled were extremely similar in terms of their nitrate 

concentrations, with values exceeding 4 mg 1"'. Values proposed for unimpacted 

chalk rivers by Mainstone (1999) range from 0.2 and 1.0 mg 1"' in upper and lower 

reaches respectively. Clearly current results are in excess of these values. The 

impacts of increased nitrate concentrations have wide ranging implications. 

Elevated nitrate levels are of some clinical concern because of 

methaemoglobinaemia and gastric and stomach cancers (Comly 1945, Robards et al. 

1994). Environmental effects are concentrated on the growth of macrophytes and 

microalgae. The increasing concentration of available phosphorus allows plants to 

assimilate more nitrogen before the phosphorus is depleted. Thus, if sufficient 

phosphorus is available, high concentrations of nitrates can lead to 
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increased production of epilithic algae and macrophytes (Bartenhagen et al. 2001). 

Thus the increased concentrations of nitrate in chalk rivers are of potential concern. 

However, there are few ecologically related guidelines for the upper amount of 

nitrate that should be found in flowing freshwater systems. Robards et al. (1994) 

state that heavily polluted rivers contain nitrate concentrations in excess of 10 mg 1% 

derived mainly from diffiise agricultural land. There are alternative nitrate guidelines 

of 10 mg r ' NO3-N for waters used for recreation and leisure activities, and less than 

or equal to 40 mg f ' NO3-N before impacts can be detected on freshwater aquatic 

life (Robards et al. 1994). Given the concentrations encountered throughout my 

research it can be concluded that although nitrate levels are in excess of unimpacted 

chalk rivers, concentrations are not reaching levels that can impact upon freshwater 

aquatic life. However, assuming that phosphorus concentrations are in excess of 

plant requirements, the levels of nitrate measured have the potential to contribute to 

increased macrophyte/algal production. 

Phosphorus is considered to be one of the key elements in the problem of nutrient 

enrichment of streams, primarily due to the fact that rivers are often said to be 

phosphorus limited (Newbold 1992, Robards et al. 1994). That is, if all 

phosphorous is used, plant growth will cease, no matter the amount of nitrogen 

available. Excessive loading of phosphorus in its various physico-chemical forms is 

known to be a causal factor in the eutrophication of both lotic and lentic waters 

(Robards et al. 1994). As awareness of water quaMty issues in river systems has 

increased, much attention has been focused on establishing a trophic classification 

system for rivers, based primarily on phosphorus concentrations (Environment 

Agency 2000b). 

Comparisons of recorded phosphorus concentrations in rivers have been used as a 

means of defining five trophic categories on the basis of macrophyte/total phosphate 

(TP) data and a literature review, suggesting boundaries at 20, 60, 100, 200, and 

1000 \x,g r ' PO4-P (Mainstone et al. 1993). Marsden et al. (1997) proposed a 

guideline limit of 30 pg l ' TP, and similar standards (30 - 40 p.g 1"') intended to 

prevent nuisance algal growth in rivers in Scotland were put forward by the Clyde 

99 



Chapter Three: Physico-chemical Composition 

River Purification Board (1989). Higher limits of 100 and 300 )j,g 1"̂  TP were 

proposed by the US EPA (1986), and for The Netherlands (Ministry of Transport 

and Public Works 1989) respectively. The discrepancies between these limits 

illustrate the diflBculties of applying the concept of EQS to nutrients that naturally 

vary spatially and temporally. In the European Union, two EC Directives have 

defined phosphorus limits (Freshwater Fisheries Directive 78/659/EEC sets the limit 

at 200 |ag r ' , and the Drinking Water Directive 75/440/EEC sets the guideline at 

400 p.g r*). In addition, the UK guidelines to the EC Urban Waste Water Treatment 

Directive define eutrophic rivers by reference to factors such as soluble reactive 

phosphate (SRP) concentrations (100 |a,g 1"'), abundance and diversity of 

algae/macrophytes/invertebrates and diurnal oxygen variation (Marsden et al. 1997). 

Therefore a degree of consensus is evident in the classification of the trophic status 

of rivers according to SRP/TP concentrations, and the widely accepted threshold of 

100 |ng can be used to define mesotrophic/eutrophic conditions. However, the 

definition of boundaries above 100 |a.g f ' is more arbitrary and little agreement is 

evident (Marsden et al. 1997). Assuming that the concentrations of phosphorus 

recorded during this work may be underestimated, due to concentrations being 

below the detection level of the analytical method, it was decided that interpretation 

of phosphorus levels should be based on Environment Agency data (Figure 3.22). 
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Figure 3.22. Environment Agency phosphate data for rivers Itchen, Test, hfleon, and 
Frome. 
Data presented are for equivalent sampling sites and times to those sampled during 
this research. 0.1 mg I ^ PO4-P equivalent to 100 ng r \ 

During these two years, phosphorus concentrations in the chalk rivers sampled 
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showed a degree of eutrophication, with concentrations in excess of the 100 p,g 1"' 

classification suggested by Marsden et al. (1997). Coupled with this, Mainstone 

(1999) suggested that phosphate levels in rivers nearing pristine conditions should 

range jfrom 10 |j,g 1"' in the upper reaches to 30 \xg 1"' in the lower reaches. 

Phosphate concentrations recorded by the Environment Agency throughout this 

research are well in excess of these concentrations, which again suggests that the 

chalk rivers are either naturally phosphate-rich (a characteristic classification of 

chalk rivers) or that a degree of anthropogenic contribution of phosphate is 

occurring within these systems. Either way, aU the chalk rivers studied are at the 

lower limit of the classification of eutrophication, suggesting that a classification 

such as boundary eutrophic should be applied. However, it is difficult to determine 

whether this status is due to natural processes or anthropogenically derived 

phosphate contributions. What is suggested is that any fiirther increases in 

phosphate concentrations could exceed the accumulation threshold of the rivers and 

result in a shift to truly eutrophic systems. 
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3.6 CONCLUSIONS 

The longitudinal results of stream water quality in the five chalk streams reveal some 

interesting patterns. One of the more obvious patterns is that exhibited by SPM 

concentrations increasing with distance from source. This pattern is generally 

attributed to the increasing catchment area available to supply SPM to the chalk 

rivers, suggesting that difiuse additions of sediment are potentially impacting upon 

chalk river water quality. However, in contrast, it is extremely difficult to attribute 

downstream patterns in pH and temperature to potential anthropogenic activities, 

suggesting that the natural properties of chalk catchments could be responsible for 

some of the patterns previously described. With regard to nutrients, it can be 

concluded that nitrate is generally elevated along the length of the rivers, again 

indicating a catchment wide, difiuse source of this nutrient or a consistent recharge 

from groundwater. In contrast, supplies of both phosphate and nitrite appear to be 

more locally driven. Therefore, although catchment activities have been potentially 

identified as impacting detrimentally upon water quality, natural variations in 

catchment properties must also be acknowledged in determining certain water 

quality parameters. 

Seasonality of nutrient concentrations in streamflow is subject to many controls. 

Climate establishes the seasonality of flow, which subsequently controls nutrient 

export. Nutrient availability and supply can affect the seasonality of nutrient 

concentration in this export, and the characteristic concentration difierence is very 

much tied to flow origin (Pionke et al. 1999). A degree of seasonality is also 

observed in other water quality parameters, for example temperature and SPM 

concentrations. Much attention has been given to the temporal stability in water 

chemistry offered by chalk rivers (Berrie 1992, Mainstone 1999). However, results 

from this investigation reveal that season often significantly influences the water 

quality patterns of the sampled rivers and must be considered when discussing the 

overall water quality of chalk river systems. 

Another conclusion that can be drawn from these results is that on a catchment scale 

all five rivers sampled are extremely similar in terms of their water quality and 
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composition. Very few water quality studies have been carried out on a catchment 

scale, let alone on replicate catchments over the same period. Given the difference 

in anthropogenic activities undertaken within the five catchments the overall 

similarity is remarkable. Also, the relatively high level of anthropogenic activity 

occurring within individual systems indicates that chalk rivers have a high capacity 

to buffer anthropogenically-induced changes in water quality. 

All five rivers currently experience elevated water quality parameters compared to 

the pristine values given by Mainstone (1999), for example, SPM, nitrate and 

phosphate concentrations. In terms of ecological implications, the elevated nitrate 

concentrations do not seem to be at a level at which ecological impacts may occur. 

This could be attributed to the naturally high levels of nitrate being supplied to these 

systems through groundwater discharges. However, in terms of phosphate 

concentrations there is more potential cause for concern. All the rivers sampled 

would appear to support phosphate concentrations of 100 pig 1% and can 

consequently be classified as boundary eutrophic. Currently, any consequences of 

elevated phosphate levels appear to be extremely localised if they do occur at all. 

However, if concentrations were to increase there may be severe implications for the 

ecology and water quality of chalk rivers on a much broader scale. 

Long term analysis has indicated that over 1993 - 2000 there has been little 

significant change in nitrate or phosphate concentrations, suggesting that chalk 

rivers are relatively stable in terms of their long term interannual trophic status. 

However, between year variation is often high. Both nitrate and phosphate showed 

increasing trends throughout the 1960s and 1970s. Previous research has suggested 

that these increases were due to increased usage of nitrate fertilisers and inputs of 

phosphate rich sewage. Nitrate concentrations were shown to level off during the 

1990s, suggesting that the usage of fertilisers has either decreased or at least been 

controlled through the designation of nitrate sensitive areas. Phosphate 

concentrations appeared to level off during the mid 1970s, however a high level of 

interannual variation was evident, making determination of the benefits of increased 

sewage treatment difficult to achieve. 
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CHAPTER FOUR: MACROINVERTEBRATE 

4.1 ]D>riTRi()i)iJ<:rrT[C)Pf 

4.1.1 Background 

Chalk river systems have been restructured by human activity for centuries for the 

purposes of agriculture and water power, and, until recent decades, this has largely 

served to add value to their ecological character (Mainstone 1999). However, 

activities in the past 100 years have proved detrimental to the physical form of 

lowland watercourses in general, caused largely by flood defence and land drainage 

operations, followed by agricultural and urban development (Boon 1992). In many 

instances, chalk rivers have fared better than other river types during this period 

due to the fact that the angling interests of riparian landowners have been respected. 

The trend towards enhanced drainage and agricultural improvement of riparian 

meadows has been less acute on prime angling reaches of chalk rivers (particularly 

the classic chalk stream), since the revenue generated from angling has reduced the 

need for high agricultural returns from riparian land (Mainstone 1999). 

The intrinsic nature of chalk rivers however makes their characteristic communities 

vulnerable to certain catchment impacts, especially alterations to channel 

conditions. Key human activities occurring in chalk river catchments have been 

listed in Table 2.1, along with their principal direct effects upon the riverine 

environment and associated floodplain areas. A principal area highlighted by 

literature covering chalk rivers is the vulnerability of the channel bed and banks to 

physical alteration by, for example, channel widening and sedimentation. 

Associated direct and indirect effects of channel widening and sedimentation are 

illustrated in Table 4.1. Although the majority of impacts upon channel quality are 

negative, elements of sedimentation can be beneficial to localised areas of chalk 

rivers. Increased banks of sediment in the main channel can increase the diversity 

of rarer riverine species. However, on the whole, channel widening and siltation of 

chalk river channels have been highlighted as two areas of ecosystem concern 

(Mainstone 1999, Environment Agency 2000a). 
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4.2 

j JM)TinEAfOR%TCHUfM;FK%UE(MF&LlCBKM&nn&RTEIHtATE 

COMMUNITIES 

4.2.1 Causes and consequences of catchment processes 

Catchment activities have altered numerous properties of many rivers. For 

example, reduced river flows, caused by over abstraction from surrounding 

aquifers, have resulted in reduced sediment transport capacity and channel scour 

(Boon 1992, Mantle and Mantle 1992, Armitage 1995). Land uses have shifted 

resulting in increased sediment mobilisation and delivery to streams. Increased 

livestock numbers and stocking densities, coupled with the tradition of using chalk 

rivers for livestock watering, have resulted in increased 'poaching' (trampling of 

banks), which have not only caused increased sediment yields but also increased 

channel widths (Walling and Amos 1995). Channelisation, land drainage and 

changes in agricultural cropping patterns have all resulted in channel modifications 

and increased the quantity of sediment transported by chalk rivers (Olssoon and 

Persson 1988, Gumell et al. 1992). These prolonged hydrological and 

morphological modifications have all altered the water and habitat quality of chalk 

river systems in southern England. 

As previously discussed (Chapter Two) channel modifications (widening and 

sedimentation) can impact upon chalk rivers in a variety of ways (Table 4.1). 

Table 4.1. Summary of direct and indirect effects caused by two catchment 

Channel modifications WQ Flow Subst q Chan Rip Floodpl 

a. Widening 

b. Sedimentation 

- — - -

± ± 

WQ All aspects of water column quality, including source waters and run off 
Flow Flow regime, including flow rate, current velocity and diversity of velocities 
Substr q Substrate quality, including levels of siltation, quality of pore waters and diversity of 

substrate types 
Chan Channel form, including cross-section, variation in cross section and water depth 
Rip Riparian areas 
Floodpi Floodplain habitats, including flood meadows, ditch systems and other habitats dependent 

upon water levels 
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Channel modification 

Dramatic resectioning has occurred on some chalk rivers involving straightening, 

deepening, widening and reprofiling (Environment Agency 1998a, 2000a). Post-

war engineering works are often likely to have been driven by the desire for land 

drainage, permitting intensive livestock grazing and arable crop production 

(Mainstone 1999). Where such works have occurred, the result has been 

considerable loss of habitat structure and diversity within the channel (e.g. loss of 

macrophyte beds), detrimental modifications to bank profile (e.g. loss of riparian 

vegetation), and the loss of hydro logical continuity between the river channel and 

its banks (Brookes 1994). Consequent impoverishment of channel and riparian 

communities follows. Channel deepening results in the loss of gravel substrates 

that are characteristic of chalk rivers (particularly the upper and middle reaches) 

and so vital to chalk river communities (Mainstone 1999). These substrates can 

take centuries to acquire and are effectively irreplaceable by natural processes, due 

to the lack of downstream delivery of coarse material and the lack of movement of 

modem chalk rivers across alluvial sediments (Berrie 1992). 

Modem channel widening in chalk rivers is more often a result of indirect 

processes rather than intentional engineering. The natural channel form of chalk 

rivers appears to be wider and shallower than other river types (average width to 

depth ratio of 33), possibly due to bank erosion through groundwater seepage from 

riparian areas (Keller et al. 1990). However, widespread bank erosion has been 

caused in recent decades by high densities of livestock with unrestricted access to 

the river, trampling and destabilising river banks (Quinn, Williamson, Smith and 

Vickers 1992). This process allows the river to further erode the exposed and 

unconsolidated soil with large volumes of suspended solids entering the system 

(Lewis 2000). Riparian vegetation can be severely damaged by overgrazing, 

causing an associated loss of bank stability (Guthery and Bingham 1996). This 

artificially induced widening is exacerbated by heavy weed cutting programmes 

that have denuded river banks of protective marginal vegetation and left them 

exposed to the full erosive force of the river (Madsen 1997). In addition to altering 

the physical dimensions of riverine habitats, channel widening has served to 

dissipate hydraulic energy and reduce the river's ability to maintain solids in 
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suspension, thereby contributing to siltation problems, whilst temperature 

fluctuations become more extreme (Mainstone 1999, Lewis 2000). A summary of 

the causes and consequences of channel modifications in chalk river systems are 

presented in Figure 4.1. 
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Figure 4.1. Causes and consequences of channel modifications in chalk river 
systems. (Modified from Mainstone 1999). 
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At a floodplain scale, the lowering and widening of the channel bed has reduced 

water table levels throughout the year and decreased the frequency of winter 

flooding, exacerbated by enhanced land drainage often made possible by channel 

resectioning. The result has been the large scale conversion of lightly grazed wet 

meadows to improved grassland and arable production, which can be more prone to 

sediment run olf via overland flow (Berrie 1992, Mainstone 1999, Environment 

Agency 2000a). 

As is evident from Figure 4.1 channel widening is only one of many modifications 

to be carried out in chalk rivers, with deepening, straightening and impoundment all 

important processes influencing chalk river profiles. Channel widening is, and has 

been for some time, intimately linked with the surrounding catchment land 

uses/practices (Brookes 1994). However, although relatively easy to predict, the 

impacts of channel widening have not been investigated in detail, especially the 

potential effects on instream macroinvertebrate communities (Brookes 1986). It is 

in response to the lack of scientific research on the biological impacts of channel 

widening that the current work has been initiated. 

Sediments 

The suspension and deposition of fine sediment (<2 mm) in lotic systems has 

received considerable attention in recent years (Carling and Reader 1982, Carling 

1984, Carling and McCahon 1987, Ryan 1991, ASCE Task Committee 1992, 

Schalchli 1995, Wood and Armitage 1997, Acomley and Sear 1999). It is widely 

recognised that anthropogenic activities such as agriculture (Lenat et al. 1981, 

Walling 1990, Richards et al. 1993), forestry (Scrivener and Brownlee 1989), 

groundwater abstraction (Bickerton et al. 1993, Castella et al. 1995) and periodic 

in-channel management activities (Brookes 1986, Heame and Armitage 1993) can 

result in significant changes to instream deposition, storage and erosion of fine 

sediments (Figure 4.2). In addition to these anthropogenic activities, natural events 

such as low flow periods can significantly reduce river energy, enhancing fine 

sediment deposition in areas of channel not usually subject to sedimentation (Wood 

efa/. 1999). 
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Figure 4.2. Causes and consequences of siltation in chalk river systems. (Modified 
from Mainstone 1999). 
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Clean gravel substrates are a key habitat requirement for a range of riverine species 

typical of chalk rivers, and their maintenance is therefore vital to the proper 

functioning of characteristic chalk river communities (Berrie 1992, Wright 1992). 

However, silt is also a crucial component of the habitat matrix of typical chalk 

rivers and it is important that a proper perspective is maintained when discussing 

the problems of siltation and in planning mitigation measures (Mainstone 1999). 

As previously mentioned, chalk river systems have a limited natural flushing 

capacity and are therefore highly susceptible to siltation of gravels. It has been 

estimated that natural freshets in chalk rivers only scour the top few centimetres of 

channel bed, and extensive silt deposits have been found in gravels down to a depth 

of at least 50 cm (Davey et al. 1987). Whilst increased particulate inputs to the 

system and low flows appear to be the main causes, siltation can be made worse by 

the reduction in river/floodplain interactions, the development of oversized 

channels (Wood and Armitage 1997), the presence of in-river structures (Mainstone 

1999), all of which reduce current velocities and therefore scouring forces. 

Importantly, whilst the deposition of fine silts results in deep infiltration of gravels, 

the deposition of coarser sands and fragments of tufa (a product of the precipitation 

of calcium out of solution) can result in the development of a consolidated layer 

just below the gravel surface that is resistant to scour during high flows. This 

makes the self-cleaning of silted gravels through natural processes very difficult. 

Given the natural lack of energetic flushing flows, chalk rivers must rely heavily on 

receiving low inputs of solids and the maintenance of these inputs in suspension 

over bare gravel. The physical filtration of the majority of stream flow through the 

chalk aquifer means that suspended solids levels are naturally low throughout the 

year, but SPM loads can be greatly enhanced by a range of human activities. Even 

under high flows, the deposition of suspended particulate matter (SPM) can be high 

in bare gravel, where water forces its way into the permeable gravel layer and 

leaves its silt load behind in the gravel interstices (Mainstone 1999). It is evident 

therefore that increasing levels of fine sediments in chalk rivers could potentially be 

extremely detrimental to the ecology of these systems (Hamilton 1961, Oschwald 

1972, Lenat et al. 1981, Wood et al. 1999). 

110 



Chapter Four; Biological Monitoring 

4.2.2 The role of invertebrates as biological indicators of substrate quality 

The nature of the streambed is a major influence on invertebrate communities 

(Armitage 1995, Bourassa and Morin 1995, Beisel et al. 1998). This has been 

recognised since the work of Behning (1924) on the Volga and subsequently by 

many workers round the world (e.g. Hynes 1970, Collier 1995, Rempel et al. 2000, 

Doisy and Rabeni 2001). Spatial and temporal changes in streambed habitats 

provide a shifting mosaic of abiotic and biotic conditions that play a major role in 

organising stream communities (Pringle et al. 1988, Resh et al. 1988, Townsend 

1989, Palmer and Poflf 1997, Townsend et al. 1997, Usseglio-Polatera et al. 2000). 

Hence, streambed communities are affected by numerous factors, related to both 

water quality and stream morphology (Hynes 1960, Macan 1974, Meyer et al. 

1988, Statzner et al. 1988, Metcalfe-Smith 1994). The identification of the 

predominant environmental factors that influence community composition thus 

involves measurement and analysis of numerous, often intercorrelated, factors 

(Hynes 1975, Richards and Host 1993). Macroinvertebrate communities play an 

important ftmctional role in stream ecosystems and are therefore effective as 

monitors of environmental conditions (Hynes 1970, Cairns et al. 1971, Rosenberg 

et al. 1986). Macroinvertebrate community composition has been shown to 

respond relatively predictably to physical and environmental variables within 

specified geographical areas (Furse et al. 1984, Wright et al. 1984). They can thus 

provide a means to identify important causal factors and to monitor the 

improvement or degradation of the stream environment over time on a specified 

spatial scale (Crisp and Gledhill 1970, Richards and Minshall 1992, Rosenberg and 

Resh 1993). 

The large volume of sediments present in chalk catchments is thought to reflect 

antecedent conditions (Wood and Armitage 1999). It has been suggested that a 

major contribution of fine sediment was developed during the severe drought of 

1988 to 1992 and during the subsequent period of groundwater recovery (Wood et 

al. 1999). The increased flows since 1995 have remobilised and redistributed some 

of these sediments within the systems. However, on a local scale, large volumes of 

sediment, especially at the margins (e.g. Great Bridge on the River Test), have 

111 



Chapter Four: Biological Monitoring 

remained in the river channels of chalk streams. Therefore, the spatial variability in 

the deposition and accumulation of fine sediments for individual river reaches 

reflects local redistribution patterns and site-specific characteristics (Wood et al. 

1999). 

The impacts of excess sediment of the fauna of streams are numerous. Sediment 

may impact stream communities through a variety of direct and indirect processes 

(Oschwald 1972). Reduced light penetration, smothering, habitat reduction and the 

introduction of absorbed pollutants (pesticides, metals, and nutrients) are all 

reported effects (Lenat et al. 1981). Hynes (1960) described the two principal ways 

in which the fauna of streams and rivers may be affected by inert solids: firstly, 

when the solids are suspended in the water, they may render all plant and algal 

growth impossible through reducing the penetration of light. There is then no food 

for herbivores and the detritus feeders have to rely on detritus of an allochthonous 

origin. Secondly, where inert solids settle out of the water, they not only smother 

algal growths and kill rooted plants and mosses but they also alter biotopes in other 

ways. For instance the interstices between stones may become clogged, 

obliterating the habitat of many animals (Chutter 1968, Ritchie 1972, Hansmann 

and Phinney 1973, Rosenberg and Snow 1975). 

However, other studies of the effects of sediment on macroinvertebrate 

communities have resulted in some apparently contradictory conclusions. Most 

studies have revealed that the density/abundance of benthic macro invertebrates is 

severely reduced by sediment addition (Tebo 1955, Gammon 1970, Reed 1977). 

This results in a shift in the composition of the benthic community (Rosenberg and 

Snow 1975, Dance 1978). However, other investigations have found community 

structure largely unchanged by sediment addition (Herbert et al. 1961, Pearson and 

Jones 1975). The results of my research should help to resolve these apparent 

conflicts and illustrate the variable effects of sediment addition. 

One objective of this research was to quantify variation in the composition and 

abundance of stream macroinvertebrate fauna within five catchments of varying 

size in response to various catchment processes. Analytical methods considered the 

effects on community structure (e.g. through diversity indices), indicator organisms 

12 



Chapter Four: Biological Monitoring 

(e.g. through biotic indices), and the taxonomic composition of communities (e.g. 

multivariate analysis) (Charvet et al. 2000). 

4.2.3 Study aims 

This study aims to determine the impact of catchment processes on the ecological 

quality of chalk rivers on a catchment level, by examining macroinvertebrate 

communities. Increasingly, water quality investigations are being made on a 

catchment level, however, replication at this level is often lacking. In order to 

address this, the current investigation has incorporated five chalk catchments aimed 

at establishing ecological trends on a replicated catchment level. 

Macroinvertebrate communities have been selected as biological indicators of the 

ecological health of these systems (Armitage et al. 1983, Mason 1996), and control 

sites win act as reference communities against which ecological impacts can be 

compared. 

It is generally considered that physical catchment processes impact upon the 

ecological quality of southern chalk rivers. My specific aims were to investigate: 

• the impact of channel widening and sedimentation upon the ecological 

quality of southern chalk rivers. Ecological quality was assessed using 

diversity and biotic measurements, along with the examination of 

community structures. 

• the impacts on a replicable catchment level using macroinvertebrate 

communities as a means of detecting the impacts of catchment processes 

A decrease in macroinvertebrate community diversity is predicted, with an 

associated shift in community structure towards communities dominated by species 

adapted to substrates containing a high level of fine sediment and lower velocities. 

It is also predicted that lower biotic scores, indicating degradation in ecological 

quality, will be encountered (Armitage et al. 1983). 
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4 3 

4.3.1 Field methodologies 

The following section provides details of the various methodologies undertaken to 

determine the ecological status of chalk rivers. These include considerations of site 

selection, the sampling protocols adopted, and the laboratory procedures carried 

out. 

Site selection 

Rivers typically show geomorphic, hydraulic and biological characteristics along 

the length of their course (Carman 1998). Such changes in character are a 

combination of both natural and anthropogenic influences. Chalk rivers provide 

excellent examples of the myriad of interacting habitats that are often found in lotic 

systems (Carman 1998). However, catchment processes over the past century have 

resulted in channel modifications potentially to the detriment of benthic 

macroinvertebrate communities (Ladle and Westlake 1995). 

After a preliminary examination of numerous chalk river systems throughout 

Hampshire and Dorset, five catchments were selected within which biological and 

chemical water quality investigations were carried out. As mentioned previously, 

the five systems selected were the Rivers Itchen, Test and Meon (Hampshire), 

Frome (Dorset) and Avon (Wiltshire). In order to assess the potential ecological 

implications of channel widening and sedimentation on a catchment level, several 

sites encompassing these processes were selected on each river providing a matrix 

of sites with which to work, locational details of which are presented in Table 4.2. 

Ideally, it would have been preferable to replicate site type within each river 

system. However, certain site types were not found in abundance and it was felt if 

site replicates were taken within individual rivers, pseudoreplication might become 

a major factor. It was therefore felt that the individual rivers could be used as the 

replicating factors rather than individual sites. 
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This subsequently raises the issue of site placement. Clearly sites should have been 

located in a random order in each river so as to minimize potential confounding 

upstream and downstream factors. This was followed as far as possible, with 

treatment stretches selected at random except where the paucity of treatment 

reaches along the river made this impossible. For subsequent analysis treatment 

sites were assumed to be randomaly located along the streams and no correction 

was made for upstream/downstream placement. 

Extensive examination of each river system in turn facilitated rigorous site 

selection, with each location meeting specific criteria outlined prior to going out in 

the field. For example, a control site was chosen for inclusion into the matrix to 

provide a baseline against which catchment influenced sites could be compared. 

Characteristics of a pristine chalk stream include diverse macrophyte beds and 

mineral substrates (Wood et al. 1999). After an extensive review of literature and 

research pertaining to chalk rivers (including work carried out by the author), five 

principal mesohabitats were identified as representing classic chalk river stretches: 

main channel gravel/cobbles, instream vegetation, for example Ranunculus beds, 

sand, silt, and riffle gravel. Each of these habitats had to be present during initial 

site selection otherwise fiirther locations were investigated regarding their 

suitability as unimpacted locations with classic chalk stream features. 

Table 4.2. Matrix of sites selected for the study of impacts of sediment deposition 
and channel widening on macroinvertebrate communities. 

RIVER SITE TYPE RIVER 

CONTROL OVERWIDENED SEDIMENTED 

ITCHEN Titchbourne 

(SU 5795 2975) 

Easton 

(SU 5110 3245) 

Itchen Stoke Main Channel 

(SU5575 3215) 

TEST Overton 

(SU 5170 5045) 

Chilbolton Carrier 

(SU 3860 4045) 

Great Bridge 

(SU 3545 2270) 

MEON Drayton 

(SU 6720 2265) 

Mislingford 

(SU5855 1410) 

Titchfield 

(SU 5410 0550) 

FROME Bradford Peverell 

(SY 6695 9245) 

Moreton 

(SY 8560 8945) 

Maiden Newton 

(SY 5985 9735) 

AVON Lower Woodford 

Carrier 

(SU 1255 3485) 

Lower Woodford Main 

Channel Downstream 

(SU 1240 3470) 

Lower Woodford Man 

Channel Upstream 

(SU 1275 3535) 
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Overwidened site selection was based upon width to depth ratios. Mainstone 

(1999) states that chalk rivers generally have relatively shallow cross sections, with 

average width to depth ratios of 33. In order for sites to fit into this classification, 

during initial site consideration, widths and depths for each site were recorded. If 

the ratio of width to depth exceeded 33, the sites were included in the matrix as 

overwidened. Table 4.3 outlines the width to depth ratios of selected sites. 

ble 4.3. Width:Depth ratios of overw dened sites selected for study. 
River Site Width.'Depth 
Itchen Itchen Stoke Main Channel 41 
Test Chilbolton Carrier 50 

Meon Mislingford 80 
Frome Moreton 114 
Avon Lower Woodford 69 

Average Width:Depth ratio 71 

As Table 4.3 indicates, all overwidened sites chosen for study were in excess of the 

width to depth ratio of 33 proposed by Mainstone (1999), especially Mislingford on 

the River Meon, Moreton on the River Frome and Lower Woodford on the River 

Avon. 

Although it is recognised that fine sediments are an integral component of chalk 

river habitats (Berrie 1992), increasing supplies of these materials to the channel 

have resulted in localised sedimentation of reaches. The importance of instream 

channel and habitat heterogeneity to the overall aquatic biodiversity of riverine 

systems has been widely recognised (Power 1992, Harper et al. 1997, Guegan et al. 

1998). However, the increased sediment availability and reduced flushing capacity 

of many chalk rivers may have resulted in long term changes in substratum 

characteristics (Wood et al. 1999). Visual examinations were carried out to 

determine the dominant substratum category, in accordance with Wood and 

Armitage (1999). A site was classified as sedimented if the majority of the reach 

(in excess of 60 %) experienced sediment deposition in areas of the channel not 

usually subject to sedimentation (for example in high flow areas such as the main 

channel). Details of the classification scheme used to identify sites are summarised 

in Table 4.4. 
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Table 4.4. Description of site classification scheme. 
CLASSIFICATION DESCRIPTION 

CONTROL Classic chalk stream reaches characterised by high habitat 
heterogeneity (Berrie 1992) 

SEDIMENTED Reach dominated by fine sediment beds in areas not usually 
subject to sediment deposition (Wood and Armitage 1999) 

OVERWIDENED WidthiDepth ratios in excess of 33 (Mainstone 1999) 

These site classifications were chosen as they represent the most common 

disturbances within chalk rivers on a catchment wide basis. It is recognised that 

this is not an exhaustive list and other disturbances are present within chalk rivers, 

for example, bank instability problems. However, after a review of the literature, it 

became apparent that sedimentation is perhaps the most pressing current problem 

facing chalk rivers (Wood et al. 1999). Apart from the physical constraint on the 

number of samples it is possible to process, which in itself wUl restrict the number 

of catchment activities that can be sampled, the aim of this work was to assess, on a 

catchment wide basis the issue of channel modification. For sufficient replication 

of catchments it was necessary to limit the number of activities investigated. 

Sample collection 

Environmental variables were recorded at sites on each visit, allowing any changes 

in the channel morphology or backside vegetation to be recorded over the two 

sampling years. An assumption was made that channel morphology would not 

change significantly during the period of study (two years), in accordance with 

Cannan (1998), as chalk streams are thought to be extremely stable systems (Berrie 

1992). 

On every sampling occasion, a survey of the 50 m river reach was undertaken to 

establish the position of sampling sites for macroinvertebrate collection, as 

suggested by Cannan (1998). It should be noted at this point that the majority of 

sample collection and processing techniques were carried out in accordance with 

Cannan (1998), as I had worked in close conjunction with Cannan (1998) 

previously. At each site, three replicate kick samples were taken using a standard 

Freshwater Biological Association pond net (dimensions: 0.9 mm diameter mesh, 

230 mm by 255 mm frame, 275 mm deep net and 1.5 m handle; Armitage and 
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Pardo 1995). Samples were taken from areas typical of the survey reach as a whole 

(Cannan 1998, Wright et al. 1984), sampling all available habitats in the sample 

area in proportion to their occurrence (Wright et al. 1984). This sampling time 

period was considered to provide an adequate sample of individuals in the time 

available whilst minimising the destruction of habitats (Wright et al. 1992). A 

variety of times have been used in the collection of invertebrate samples, ranging 

from 15 seconds to 3 minutes (Cannan 1998) and there is little consensus as to what 

time period should be used. For example, Morgan and Egglishaw (1965) 

demonstrated that the first two kicks of a sample collected the majority of taxa, and 

that it was rare that new animals occur towards the end of the sample. In theory 

shorter sampling times would allow greater numbers of samples to be taken. 

However, the overall aim of my investigation was to investigate the community 

composition of each site type a longer sampling time period was decided upon 

(Cannan 1998). In accordance with Cannan (1998), no precise definition of area to 

be sampled was made, and the length of the river covered in three minutes at each 

point depended on the habitat diversity, channel width and depth. Samples were 

collected starting downstream and moving upstream, so as to reduce the possibility 

contaminating samples with organisms from areas previously sampled. 

Whilst it is unlikely that the three replicate samples taken are sufficient to fulfil 

statistical requirement, as determined by sample size statistics, this number was a 

pragmatic compromise (Cannan 1998). The aim of this investigation was to cover 

a large spatial area and for this to be possible it was felt that smaller numbers of 

samples should be collected. Three to five repUcates are common in studies on 

macroinvertebrates in rivers, particularly in monitoring studies where budget 

considerations are important (Cannan 1998). Three replicates may provide a good 

compromise between ideal requirements and the practical limits of the project, and 

are sufficient to allow acceptable estimation of the presence and abundances of 

common taxa (Boulton and Lake 1992, Cannan 1998). For example, Barmuta 

(1989) found that three replicate samples retained 74% of taxa collected by nine 

replicates. Resh and McElravy (1993) also showed that increasing the number of 

replicates from two to three resulted a substantial increase in the ability to detect 

community changes, whilst between five and ten provided only a small increase 

(Cannan 1998). 
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Coupled with invertebrate samples, environmental variables were also recorded at 

each sampling reach, e.g. width, depth, substrate composition and plant cover 

(Table 4.5). 

Table 4.5. Environmental variables recorded for each macroinvertebrate survey 
reach. 

Variable Measurement 
Width 30 m tape measure 
Depth Metre rule 

Substrate Visual evaluation of % substrate 
Macrophyte Visual evaluation of instream macrophytes 

Each sample was taken from a different stretch of the survey reach to avoid the 

problems of pseudorepHcation, a phenomenon discussed in detail by Hurlbert 

(1984). Replication is an inherent requirement of any biological survey (Cannan 

1998). Replication allows the magnitude of any differences between habitats and 

sites to be compared against the magnitude of natural differences (Norris and 

Gorges 1993). In benthic macroinvertebrate sampling there is a very important 

distinction to be made between sampling unrelated patches for replicates, rather 

than merely sub-sampling the same patch, resulting in samples not wholly 

independent from one another (Cannan 1998). BuDcema and Vohell (1993) 

outlined the problems of pseudoreplication in the subsequent analysis of data. 

Sample storage 

Once collected the sample was washed, removing as much 6ne sediment as 

possible. Large stones, pieces of detritus and weed were removed from the net, if 

present, to reduce the volume of the sample, in accordance with the suggestions of 

Wright et al. (1984). Attached organisms on these substrates were removed prior 

to the removal of these objects and the sample was placed in a labelled plastic bag 

along with a small amount of river water and sealed (Cannan 1998). After each 

sample was collected, the pond-net was washed thoroughly to reduce the chance of 

contamination. In the laboratory, the samples were preserved by adding 40% 

formaldehyde. Where samples contained a high proportion of plant material, for 

example sites with a high proportion of in-stream vegetation mesohabitats, slightly 

more preservative was added (Cannan 1998). 
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Formaldehyde was chosen as the preservative in preference to alcohol due to its 

superior preserving qualities; alcohol leads to a loss of pigment and increased 

brittleness that may hamper the identification of specimens (Caiman 1998). 

Samples preserved in alcohol are also likely to decompose more rapidly. Due to 

the time taken to process the relatively large number of samples collected 

formaldehyde was thought to be the most appropriate preservative, in accordance 

with Carman (1998). 

4.3.2 Laboratory Techniques 

Macro in vertebrate sample processing 

The animals were picked from the samples for subsequent identification. Large 

numbers of organisms are also often found in macroinvertebrate samples collected. 

In many circumstances it is not practical to count and identify every individual 

(Carman 1998) and sub-sample has become common in order to reduce sample 

processing time (Hynes 1970). Two sub-sampling methods are commonly used: 

fixed fraction and fixed count. Fixed fi-action methods have been traditionally used 

for benthic studies (Cannan 1998). Numerous techniques have been developed and 

are reviewed by Hickley (1975), involving apparatus that randomly mixes and 

splits the invertebrates into a known fi-action of the total sample (Cannan 1998). 

There are many problems associated with sub-sampling apparatus, including high 

construction costs, complexity of construction and lack of reliability and 

restrictions on the types of samples with which it can be used (Wrona et al. 1982, 

Cannan 1998). Other methods have been developed, for example the use of 

divided trays (Furse et al. 1984, Cannan 1998). In fixed count methods a certain, 

predetermined number of organisms are randomaUy picked from the sample and 

then identified, e.g. 100 organisms are picked in the rapid biological assessment 

methods developed by the US Environmental Protection Agency (Cannan 1998). 

The debate over these different methods continues and to date there is no consensus 

as to which method is preferable (Cannan 1998). 

However, whatever method is use to pick samples, the process is relatively time 

consuming and it is this stage of data collection which limits the number of samples 
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that can be dealt with in a given time (Carman 1998). The sample processing 

methods used in this work was based on the methodology developed on the 

RIVPACS project (Purse et al. 1984, Cannan 1998), combining the removal of 

individuals and sub-sampling large samples simultaneously. This method can be 

used to obtain two types of data from the samples: semi-quantitative data (i.e. a list 

of families present in the sample with a relative abundance total) and qualitative 

species data (i.e. list of species present in sample) (Cannan 1998). 

Sample preparation 

Each sample was thoroughly washed through a 500 jam sieve to wash off excess 

formaldehyde and remove fine particles. Larger objects, e.g. pebbles and woody 

debris, were also removed if this could be achieved without the substantial loss of 

animals (Wright et al. 1984). FoUowong this, the sample was placed into a large 

container and covered with suflScient water to avoid dehydration (Cannan 1998). 

Sample sorting 

Aliquots were transferred to a white-bottomed tray and distributed evenly. A grid 

was drawn on the tray dividing it into 16 equal sections, facilitating the sub-

sampling of aliquots (Cannan 1998). Once the aliquot was evenly distributed over 

the tray the material was sorted by eye (with the aid of a magnifying glass) (Wright 

et al. 1984). If the sample was small, then all individuals were removed, however, 

most of the time samples proved too large for this method to be carried out 

and were therefore sub-sampled, according to Cannan (1998) methodologies. AH 

animals were removed from a fixed area of the tray, usually one quarter (i.e. 4 out 

of 16 squares) or one eighth (i.e. 2 squares out of 16). The remainder of the tray 

was checked for less common individuals that had not previously been found in the 

sub-sampled area (Cannan 1998). The individuals removed from the remainder of 

the tray were placed in a separate bottle. The individuals that had been picked from 

the fixed fraction of the tray were then multiplied by the appropriate factor (i.e. 4 or 

8) and the individuals removed from the remainder of the tray were not picked from 

a fixed fraction and so did not require a multiplication factor to work out their 

121 



Chapter Four: Biological Monitoring 

relative abundances (Carman 1998). Any individuals from a family found in the 

sub-sampled fraction but of a different size/appearance to those already collected 

were also picked out of the remainder of the tray. This was to maximise the species 

list (Cannan 1998). In accordance with the methodology used by Cannan (1998) 

any individuals which were very abundant in the sample, and that could be readily 

identified, were counted using a counter once approximately 30-50 individuals had 

already been picked out. Large numbers of individuals were required to be 

removed as Wright ef al. (1984) state that since many macroinvertebrates cannot be 

identified without a microscope, large numbers of specimens should be removed to 

ensure that most, if not all, of the species present in the sample were available for 

identification (Cannan 1998). 

Sample identification 

The individuals were stored in labelled sample bottles containing 70% alcohol 

(Cannan 1998). Using microscopes and standard identification keys, all the 

individuals were identified and counted. Relative abundances were calculated 

through applying the correct multiplication factor (Cannan 1998). Wherever 

possible taxa were identified to species level, but Oligochaeta and Chironomidae 

were left at a higher taxonomic level, and others such as Baetidae were only 

identified to genus level owing to the large number of early instars in this family 

(Wood and Armitage 1999, Wood et al. 1999). There is no consensus in the 

literature as to the level of identification required for benthic samples (Lenat et al. 

1980, Cannan 1998). The aim of this investigation was to examine subtle 

differences in the macroinvertebrate communities at different site classifications, 

and it was therefore felt that identification should to be to species level wherever 

possible (Cannan 1998). If identification had only been to family level it is 

possible that the more subtle differences in the invertebrate communities of the 

sampling sites would have been less likely to be detected (Plafkin et al. 1989, Resh 

and McElravy 1993, Cannan 1998). The individuals were kept for checking. 
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4.3.3 Characterising study sites 

Geomorphological and physico-chemical variables 

Variables relating to the channel morphology of the sampling sites were recorded at 

site visits and arrived at from maps (Table 4.6). Width and depth measurements 

were recorded using 30 m tape measures and a metre rule, in accordance with 

Carman (1998). The values were averaged to give a mean width and depth, 

enabling the width:depth ratio to be calculated (as previously described in § 4.3.1). 

Altitude, distance downstream and catchment area were calculated from 1:50,000 

Ordnance Survey Maps and Environment Agency literature (e.g. catchment 

management plans). Chemical variables were also measured after invertebrate 

samples had been collected. These measurements were taken in order to establish 

relationships with specific faunal occurrences (Cannan 1998). 

Table 4.6. Physical and chemical variables used to describe the character of study 
reaches. 

Variable Method 

Channel Width (m) Field measurement 

Channel Depth (cm) Field measurement 

Width:Depth ratio Field measurement 

% Gravel Visual examination 

% Fine sediment Visual examination 

% Macrophyte Visual examination 

Temperature (°C) Field measurement 

pH Field measurement 

Conductivity (nS/cm) Field measurement 

SPM(mg/l) Field and lab measurements 

Dissolved Oxygen (%) Field measurement 

Altitude (m) Map 

Distance downstream (km) Map 

Catchment area (km^) Map 

Geology EA literature 
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4.3.4 Data analysis: univariate methods 

The remainder of this section describes the methods used in the analysis of the data 

collected from this field study with the aim of providing a background to the 

univariate and multivariate techniques available for investigating community data. 

Numerous options are available for the analysis of biological macroinvertebrate 

data. Studies of spatial and temporal changes in benthic communities have 

required quantification of the state of the communities, often in the form of a single 

summary measure. This measure may be simply biomass, total abundance of 

benthic macroinvertebrates or species richness, or it may be an index of community 

structure combining elements of both abundance and species number (e.g. species 

diversity). The measure may also be based on data selected from one or more 

indicator species (e.g. a biotic index) (Norris and Georges 1993). 

Diversity indices 

Species diversity has been defined as a function of the number of species present 

(species richness or abundance) and the evenness with which the individuals are 

distributed among these species (species evenness or equability) (Margelef 1958, 

Norris and Georges 1993). Diversity indices are of particular use in aquatic 

ecosystems for the study of pollution or stress and its effects on the 

macroinvertebrate community (Washington 1984), due to the relative ease with 

which species abundance and evenness can be measured. Ecological stresses 

produce changes in the pattern of species distributions, for example inert silt can 

reduce species numbers and abundances (Godfrey 1978). Diversity indices attempt 

to combine the data on abundance of individual species within a community into a 

single number (Godfrey 1978, Washington 1984). From this value conclusions can 

then be drawn regarding the state of the community in terms of its diversity. 

One of the most commonly used diversity indices is the Shannon-Weiner ftinction 

(Godfrey 1978). This index (H') is based on the probability of predicting correctly 

the species of the next individual to be collected. The index combines both the 

number of species in a sample and the evenness of distribution of individuals 

amongst species, with H' reaching a maximum value when all species are 

124 



Chapter Four; Biological Monitoring 

distributed evenly. Biologically, this is assumed to be the most desirable situation 

(Norris and Georges 1993). The index is expressed as: 

H ' = - E (pi) ( lege Pi) 

H'=index of species diversify; pi= n/N; n;=number of individuals in the ith species; N=total number 

of individuals 

As the proportion of individuals per species increases and proportion of individuals 

per species becomes more constant (i.e. even) the diversity index will increase. 

The index remains stable in any species distribution but can be relatively 

insensitive to rare species. In general, the higher the index value, the greater the 

diversity of river invertebrate communities (Washington 1984). This index relies 

upon two fundamental assumptions: (1) that individuals are randomly sampled 

from an indefinitely large population, and (2) that all species are represented in the 

sample, both of which must be considered prior to calculation of the index 

(Houston 1994). 

Biotic indices 

Score systems using macroinvertebrates have been developed to allow the 

interpretation of large quantities of data resulting from the biological monitoring 

(Hynes 1970, Armitage et al. 1983). Ecosystem change in response to 

pollution/stress has led to the search for means of quantifying such changes 

(Washington 1984). Biotic indices have been developed empirically as a means for 

assessing pollution impact (Norris and Georges 1993). By definition, a biotic index 

is a score that takes into account the sensitivity or tolerance of individual species or 

groups to stresses (Mason 1996). Calculation of biotic indices requires a total 

count of individuals or total counts of taxa, counts of specific groups, detailed lists 

of the responses of different taxa to pollution, or division of invertebrates into 

groups with different feeding strategies. 

The most widely calculated biotic indices are the Biological Monitoring Working 

Party (BMWP) and Average Score Per Taxon (ASPT) (Mason 1996). The BMWP 

index is a score system used to assess the biological condition of river courses, 
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based on the varying degrees of tolerance exhibited by species and/or families to 

perturbations or stresses (Ward et al. 1995). More sensitive organisms are 

characterised by having a high score, with low scores being attributed to tolerant 

species. The sum of these scores of the individual families or species recorded at a 

site constitutes the total BMWP score (Armitage et al. 1983). The ASPT index of a 

sample can be calculated from the BMWP index by dividing the total score by the 

number of scoring taxa (Metcalfe 1989). This index is often calculated as (1) it 

limits all values to within a scale of 1 - 10 (Metcalfe 1989), and, (2) it is relatively 

independent of sample size, sampling technique and season (Armitage et al. 1983, 

Finder et al. 1987). Although the scores of the indices are specific to individual 

river systems, to place these indices into the wider context of river quality; Alvarez 

(1995) regarded a BMWP and ASPT score in excess of 100 and 4 respectively as 

indicating good water quality. 

Statistical analyses 

As previously outlined in § 3.3.3 Analysis of Variance techniques are extremely 

usefiil in determining the significance of variation within a data set, and have been 

used throughout the analysis of my results. Further detail for the specific ANOVA 

used will be given in the subsequent results sections. 

Univariate methods involve reducing the full taxon information for a sample into a 

single coefficient (Cannan 1998). Standard statistical methods can then be applied 

to these extractions from the matrix, and analysis is relatively straightforward. 

However there are a number of factors that make these analyses inapplicable to 

biological data. For example, the responses of indices to environmental conditions 

are relatively unknown (Clarke and Warwick 1994). Coupled with this, these 

methods are not based on species identity and in theory two samples with 

completely different set of species could bring the same result (Godfrey 1978, 

Cannan 1998). Moreover, as only the relative abundance of species is considered 

in the calculation of indices, a wealth of information available on the environmental 

adaptations and responses of aquatic macro invertebrate communities is ignored. 

Hence, multivariate techniques are widely used in the analysis of macro invertebrate 

community data (Gauch 1982). 
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4.3.5 Data analysis: multivariate techniques 

Community data are inherently multivariate (Digby and Kempton 1987). 

Multivariate analysis is the branch of statistics that deals with the examination of 

numerous variables simultaneously (Gauch 1982, Townsend et al. 1983). It serves 

two basic roles in community ecology: helping to discover structure in ecological 

data and providing a relatively objective summarisation of the data, which 

facilitates understanding and comprehension (Gauch 1982, Jongman et al. 1995, ter 

Braak and Smilauer 1998). The overall purpose of multivariate analysis is to treat 

data as a whole, summarise them and reveal structure and patterns (Gauch 1982). 

Sheldon and Haick (1981) summarised the role of multivariate analyses as 

descriptive and exploratory tools that summarise complex observations or generate 

hypotheses for rigorous testing. Multivariate techniques have been highlighted as 

useful tools for the stream ecologist who has to deal with many species interacting 

in environments that are truly multi-dimensional (Sheldon and Haick 1981). 

Ordination 

Three basic multivariate strategies exist: direct gradient analysis, ordination and 

classification (Gauch 1982). As ordination was chosen as the primaiy analytical 

technique throughout this study, the remainder of this section provides an outline of 

the underlying theories behind the methods used. Ordination primarily endeavours 

to represent sample and species relationships as faithfully as possible in a low-

dimensional space (Clymo 1980). The end result is a graph, usually two-

dimensional, in which entities are arranged in a continuous way, based on taxon 

composition, in such a way that samples/species with comparable compositions are 

arranged close to one another (Wiegleb 1981, Townsend et al. 1983, Verdonscholt 

and Higler 1989). 

Coupled with this, an environmental interpretation of the sample/species 

arrangement is often considered (Gauch 1982). This use of environmental 

variables can aid in the formulation of hypotheses as ideas can be based upon the 

relationships revealed between the species composition of the samples and the 

associated environmental variables (Jongman et al. 1995). The relative success of 
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this approach depends on the extent to which the arbitrary axes, derived 

mathematically, correspond to ecologically meaningful environmental gradients 

(Townsend et al. 1983). Numerous reviews of the different ordination techniques 

have been undertaken with the only conclusion arrived at is that there is not a 

definitive answer as to which one should be used. It would appear that in general, 

the test used depends on the nature of the data set that is to be analysed (Gauch 

1982, Jongman et al. 1995). 

Two different ordination techniques are generally used: indirect ordination and 

gradient analysis. Indirect ordination examines the variation of the sample 

independently of the environmental data. Patterns of species composition can 

therefore be examined on their own, and then subsequently be related to 

environmental conditions, leading to indirect environmental interpretation (ter 

Braak 1995). Examples of this approach include multidimensional scaling (MDS) 

(Clarke and Warwick 1994, Clarke 1999), component analysis, factor analysis and 

correspondence analysis (CA) (Gauch 1982). Direct gradient analyses include 

environmental variables directly into the analysis carried out (Kovach 1999). The 

gradients extracted in this case are constrained to represent the best distribution of 

the samples in the light of environmental variables. The results are then interpreted 

in comparison with indirect techniques to assess the influence of the environmental 

variables on the patterns in the data (Kent and Cocker 1992). 

There are numerous multivariate techniques available and choice is not intuitive. 

The main multivariate approaches that have been used in this thesis are Principal 

Components Analysis (PC A) and Redundancy Analysis (RDA). PC A is classified 

as an indirect gradient technique, and the related RDA as a direct gradient analysis 

technique. These techniques are readily accessible via the CANOCO package 

(version 4) (ter Braak and Prentice 1988), an important consideration when 

analysing large data sets with the frequency necessary in this project (Carman 

1998). 
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Principal Components Analysis (PCA) 

Indirect gradient analysis can be undertaken either with linear or unimodal methods 

(ter Braak and Smilauer 1998). One example of linear ordination is that of PCA. 

These techniques summarise gradients in the faunal data alone, and therefore 

require only a sample by taxa matrix as input (Cannan 1998) and can be considered 

to be an extension of fitting straight lines and planes by least squares regression. 

PCA is the ordination technique that constructs the theoretical variable (the first 

PCA Axis) that minimises the total residual sum of squares after fitting straight 

lines to the species data. If a single variable does not explain the species data 

sufficiently well, two variables will be used and for each species a least squares 

regression is carried out on the two explanatory variables, giving rise to two PCA 

axes. The first two axes of PCA are now the theoretical variables minimising the 

total residual sum of squares, and therefore explaining the majority of variance in 

species data (Gabriel 1971, ter Braak and Verdonchot 1995). Analogously, the first 

three PCA axes minimise the total residual sum of squares by fitting the data to 

hyperplanes, and so on. 

PCA is therefore a multi-species extension of multiple (least squares) regression. 

The difference is that in multiple regression the explanatory variables are supplied 

environmental variables whereas in PCA the explanatory variables are theoretical 

variables estimated fi"om species data alone. In summary therefore, the first PCA 

axis is the variable that explains the species data best, and second and later axes 

also explain the species data best but subject to the constraint of being uncorrelated 

with previous PCA axes. In practice, higher numbered PCA axes are ignored as 

they explain only a small proportion of variance in the species data (ter Braak 

1995). 

Redundancy Analysis (RDA) 

RDA is a linear example of direct gradient analysis, detecting the pattern of 

variation in the faunal data that can be best explained by the environmental 

variables (Cannan 1998). As with PCA, attempts are made to explain the data of 
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all species by fitting a separate straight line to the data of each species. As a 

measure of how badly a particular environmental variable explains the species data, 

the total residual sum of squares is considered, as in PC A. The best environmental 

variable is the one that gives the smallest total residual sum of squares. From this 

an ordination technique can be derived that selects a linear combination of 

environmental variables that gives the smallest total residual sum of squares, hence 

maximising the difference between species according to their environmental 

characteristics (ter Braak 1995). 

In other words RDA chooses the smallest total residual sum of squares for the 

environmental variables, giving the first RDA axis. The second and further RDA 

axes also select linear combinations of environmental variables that maximise the 

dispersion of the species scores, but subject to the constraint of being uncorrected 

with previous RDA axes. As many axes can be extracted as there are 

environmental variables. 

Environmental variables to be included in the ordination are selected by forward 

selection, which is an option in CANOCO (version 4) (ter Braak 1988). Ter Braak 

and Smilauer (1998) describe forward selection as being analogous to the selection 

process employed in stepwise multiple regression. The variables are selected for 

the RDA such that each will account for the greatest possible proportion of the 

remaining variation. Only variables that explain a significant (p<0.05) additional 

proportion of the total variance are included in the analysis, with significance 

assessed on the basis of the Monte Carlo Permutation test available in CANOCO 

(version 4) (Cannan 1998). 

Partial PCA and RDA 

Partial PCA and RDA techniques are an extension of the PCA and RDA 

procedures. These methods can be carried out when the effect of particular 

environmental variables needs to be singled out from the background variation 

imposed by other variables (ter Braak 1995, Cannan 1998). For example, in an 

environmental impact study, the effects of impact variables are to be separated 

fi-om those of other sources of variation, represented by co variables. One way to 
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achieve this is to eliminate or partial out the effects of the co variables and to relate 

the residual variation to the impact variables. The usual environmental variables 

are replaced by the residuals obtained by regressing each of the impact variables on 

the CO variables (ter Braak 1995). These techniques can be used to get a more 

complete picture of how different variables explain the faunal data (Carman 1998). 
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4.5 CATCHMENT PROCESSES RESULTS 

4.5.1 Impacts of channel widening and sedimentation: univariate results 

Table 4.7 provides catchment information for each of the sites investigated. 

Locations of the sampling sites are shown in Figures 2.2 to 2.6 (blue dots) in § 2.3. 

Table 4.7. Environmental context of the 15 study reaches 
Variables 

Distance Catchment Altitude Geology 

River Site classification Downstream 

(km) 

Area (km^) (m) 

Control 2 60 65 Chalk 

Itchen Overwidened 9 120 55 Chalk 

Sedimented 12 144 40 Chalk 

Control 1.9 82 95 Chalk 

Test Overwidened 20 380 30 Chalk 

Sedimented 4^2 986 10 Bagshot beds 

Control 2 12 105 Chalk 

Meon Overwidened 20 80 30 Bagshot beds 

Sedimented 30 128 5 Bagshot beds 

Control 2&5 186 60 Upper chalk 

Frome Overwidened 38 317 30 Bagshot beds 

Sedimented 11 90 90 Greendsand/Gault 

Control 50.3 347 65 Chalk 

Avon Overwidened 50.5 349 65 Chalk 

Sedimented 49 345 65 Chalk 

A total of 342 macro invertebrate samples (3 replicates per site type, 3 site types per 

river and 5 rivers) were collected in Summer 1998, Autumn 1998, Winter 1998, 

Spring 1999, Summer 1999, Autumn 1999, Winter 1999 and Spring 2000. The site 

samples were composite samples collected from all habitats in relation to their 

occurrence at that point of the river (Carman 1998). A summary of the raw data 

collected is shown in Appendix E. 

132 



Chapter Four: Biological Monitoring 

The potential impacts of channel modifications (through channel widening and 

sedimentation) were assessed by examining abundance data, taxon richness, 

BMWP and ASPT scores, and Shannon Diversity (H'). The significance of any 

differences highlighted was assessed statistically using a three way randomised 

block ANOVA (Zar 1996). The ANOVA tests were carried out on non-

transformed data unless stated. Prior to the ANOVA being carried out, data were 

tested for conformation to normality and equal variance. If these tests were failed, 

data were log transformed. Results have been presented for each site type on each 

river establishing the degree of influence that catchment processes have on 

individual chalk systems. Following these analyses, data have been investigated 

using multivariate methods. 

Principal Components Analysis (PCA) has been used to summarise the patterns in 

the overall composition of the samples. Redundancy Analysis (RDA) was then 

used to examine the structure in the faunal data and relate it to the environmental 

characteristics of the channel and catchment at that point (Cannan 1998). Table 4.6 

and 4.7 outline the environmental variables used in this analysis. Seasonal and 

inter-annual variation was also examined at the sample sites over the two year 

sampling period using similar analysis techniques. 
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A total of 101 macroinvertebrate taxa were recorded in the five rivers (Table 4.8). 

Table 4.8. Macroinvertebrate taxa recorded in the biological survey. Taxa were 
classed into the higher taxonomic headings of orders and sub-classes. 

Taxa Itchen Test Meon Frome Avon 
TRICLADIDA 
Polycelis tenuis X X X X X 
Dugesia polychroa X X 
Dugesia tigrina X X 
Dendrocoelum lacteum X X X X X 
Bdellocephala punctata X 
GASTROPODA 
Theodoxus fluviatUis X X 
Viviparus viviparus X 
Valvata cristata X X 
Valvata macrostoma X X X 
Valvata piscinalis X X X X 
Potamopyrgus jenkinsi X X X X 
Bithynia leachi X X X X 
Lymnaea trunctula X X 
Lymnaea glabra X 
Lymnaea peregra X X X X X 
Physa fontinalis X X X X X 
Planorbis albus X X 
Planorbis carinatus X X X X 
Planorbis contortus X X 
Planorbis planorbis X X 
Planorbis vortex X X X X X 
Ancylus flicviatilis X X X X X 
BIVALVIA 
Sphaeriidae X X X X X 
OLIGOCHAETA X X X X X 
HIRUDINEA 
Piscicola geometra X X X X 
Theromyzon tessulatum X 
Glossiphonia complanata X X X X X 
Helobdella stagnalis X X X X X 
Erpobdella octoculata X X X X X 
HYDRACARINA X X X X X 
ISOPODA 
Asellus aquaticus X X X X X 
AMPHIPODA 
Gammaridae X X X X X 
EPHEMEROPTERA 
Baetis sp. X X X X X 
Rithrogena semicolorata X X X 
Heptagenia sulphurea X X X X X 
Ecdyonurus torrentis X 
Ecdyonurus venosus X X X X X 
Leptophlebiidae X 
Ephemerella ignita X X X X X 
Ephemerella notata X 
Ephemera danica X X X X 
Caenis sp. X X X X X 
PLECOPTERA 
Nemoura sp. X 
Leuctra geniculata X X X X X 
Leuctra hippopus X X X X X 
Isoperla grammatica X X X X 
Chloroperla sp. X X 
ODONATA 
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Table 4.8 cont. 
Taxa Itchen Test Meon Frome Avon 
Calopteryx splendens X 
HEMIPTERA 
Mesovelia furcata X X X 
Gerris sp. X 
Aphelocheirus aestivalis X 
Cymatia bonsdorffii X 
Sigara sp. X X 
COLEOPTERA 
Haliplus sp. X X X X 
Hyphydrus ovatus X X 
Platambus sp. X X X X 
Colymbetes sp. X X X X 
Gyrinus natator X X X X 
Orectochilus villosus X 
Elmis aenea X X X X X 
Esolus parallelepipedus X X X X 
Limnius volckmari X X X X X 
Oulimnius sp. X 
Domcia sp. X X 
Curculionidae X 
NEUROPTERA 
Sialis lutaria X X X X X 
TRICHOPTERA 
Rhyacophila dorsalis X X X X X 
Agapetus fuscipes X X X X X 
Hydroptila sp. X X X 
Polycentropns flavomaculatus X X X X X 
Tinodes unicolor X X X X 
Psychomyia pusilla X 
Hydropsyche pellucidula X X X X X 
Hydropsyche siltalai X X X X X 
Drusus anmilatus X X 
Limnephilus lunatus X X X 
Limnephilus sp. X X X X X 
Anabolia nervosa X 
Potamophylax latipennis X X X X X 
Halesus radiatus X X X X X 
Melampophylax mucoreus X X 
Odontocerum albicorne X X X X X 
Athripsodes albifi-ons X X 
Athripsodes sp. X X X X X 
Mystacides azurea X X X 
Goera pilosa X X 
Silo pallipes X X X X X 
Crunoecia irrorata X X X X 
Lepidostoma hirtum X X X X X 
Brachycentrus subnubilis X X 
Philopotamidae X X 
Sericostoma personatum X X X X X 
DIPTERA 
Dicranota sp. X X X X X 
Tipula sp. X X X 
Culicoides sp. X X X X X 
Atherix sp. X 
Chironomidae X X X X X 
Dixa sp. X X 
Empididae X X X X 
Muscidae X X 
Simuliidae X X X X X 
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Table 4.9 presents a summary of the faunal characteristics of the three site types on 

each of the five rivers investigated, with respect to abundance, taxon richness, 

BMWP, ASPT and Shannon diversity (H'). Figures 4.3 to 4.7 display the 

differences in site type in terms of their summary macroinvertebrate community 

parameters for each of the five rivers sampled. 

Table 4.9. Summary of the Abundance, Taxon Richness, BMWP, ASPT, and H' for the 
site classifications on each river. 

River Site Faunal parameters 

classification 

Abundance Taxon BMWP ASPT H' 

richness 

Control 576 16 78 5.3 L58 

Itchen Overwidened 662 18 87 5.4 1.81 

Sedimented 165 8 31 4.0 IJ^ 

Control 715 15 71 5.3 1J8 

Test Overwidened 309 16 83 5.8 L71 

Sedimented 47 7 32 4.2 1.51 

Control 463 13 48 4.1 L63 

Meon Overwidened 725 16 82 5.8 1J9 

Sedimented 160 9 37 4.2 1.29 

Control 1012 21 110 5.7 L93 

Frome Overwidened 324 17 87 5.8 1.96 

Sedimented 245 11 51 4.9 139 

Control 905 19 92 5.2 L84 

Avon Overwidened 436 18 86 5.3 L80 

Sedimented 230 12 61 5.2 L60 
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Figure 4.3. Mean abundance for the eight sampling seasons at control, overwidened 
and sedimented sites on the Rivers itchen, Test, Meon, Frome and Avon. 
Vertical bars show ± 1 Standard Error. 
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Figure 4.4. IMean taxon richness for the eight sampling seasons at control, 
overwidened and sedimented sites on the Rivers Itchen, Test, Meon, Frome and 
Avon. 
Vertical bars show ± 1 Standard Error. 
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Figure 4.5. (Mean BMWP for the eight sampling seasons at control, overwidened and 
sedimented sites on the Rivers Itchen, Test, Meon, Frome and Avon. 
Vertical bars show ± 1 Standard Error. 
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Figure 4.6. Mean ASPT for the eight sampling seasons at control, overwidened and 
sedimented sites on the Rivers Itchen, Test, Meon, Frome and Avon. 
Vertical bars show ± 1 Standard Error, 
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Figure 4.7. Mean Shannon Diversity (H') for the eight sampling seasons at control, 
overwidened and sedimented sites on the Rivers Itchen, Test, Meon, Frome and 
Avon. 
Vertical bars show ± 1 Standard Error. 
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All five rivers showed lowered abundances at the sedimented sites compared to 

control and overwidened stretches (Figure 4.3 (c), (f), (i), (1) and (o)). With regard 

to abundances at control and overwidened sites, two basic patterns were seen. The 

pattern observed in the Rivers Test, Frome and Avon was that control sites (Figure 

4.3 (d), (i) and (m)) supported higher total abundances than overwidened sites 

(Figure 4.3 (e), (k) and (n)). A slightly different pattern was seen in the abundances 

at sites on the Rivers Itchen and Meon where overwidened sites (Figure 4.3 (b) and 

(h)) had slightly greater abundances than the control sites (Figure 4.3 (a) and (g)). 

Similar to the abundance results, depressed taxon richness was observed at 

sedimented sites on all five rivers (Figure 4.4 (c), (f), (i), (k) and (o)) compared to 

the control sites (Figure 4.4 (a), (d), (g), (j), and (m)). These figures also indicated 

that there was very little difference between the taxon richness of overwidened sites 

(Figure 4.4 (b), (e), (h), (k) and (n)) when compared to control sites on all of the 

rivers. Table 4.9 shows that mean taxon richness was slightly greater at the 

overwidened sites on the Rivers Itchen, Test and Meon compared to the control 

sites on these rivers. 

BMWP scores displayed a similar pattern to both abundance and taxon richness at 

the control, overwidened and sedimented sites. Sedimented sites again showed a 

consistently lower BMWP score (Figure 4.5 (c), (Q, (i), (1) and (o)) compared to 

both control (Figure 4.5 (a), (d), (g), (j) and (m)) and overwidened sites (Figure 4.5 

(b), (e), (h), (k) and (n)). Table 4.9 again indicated the similarity of BMWP scores 

at control and overwidened sites. Overwidened sites on the Rivers Itchen, Test and 

Meon had higher BMWP scores compared to the control sites. 

Although not quite as clear as the previous parameters, ASPT scores were again 

consistently lower at sedimented sites (Figure 4.6 (c), (f), (i), (1) and (o)) compared 

to the control (Figure 4.6 (a), (d), (g), (j) and (m)) and overwidened sites (Figure 

4.6 (b), (e), (h), (k), and (n)) on all five rivers. Table 4.9 also shows that mean 

ASPT values were lower at these sites. Generally, control and overwidened sites 

had extremely similar mean ASPT values, especially on the Rivers Itchen, Frome 

and Avon. 
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Similar to Figure 4.6 the pattern of lowered Shannon diversity was slightly less 

clear when compared to abundance and taxon richness. However, Table 4.9 

showed that mean Shannon diversity was lower at sedimented sites on the Rivers 

Itchen, Meon, Frome and Avon (Figure 4.7 (c), (i), (1) and (o)). Shannon diversity 

at control (Figure 4.7 (a), (d), (g), (j) and (m)) and overwidened sites (Figure 4.7 

(b), (e), (h), (k) and (n)) were again extremely similar to one another. 

4.5.2 Catchment level investigations 

Figures 4.3 to 4.7 indicate that there are certain trends in the ecological quality of 

the sites monitored on all five rivers. Generally, control and overwidened sites had 

greater abundances, taxon richness, BMWP, ASPT and diversity values compared 

to sedimented sites. One of the principal aims of this research was to investigate 

the influence of channel modifications at a catchment level and it was therefore 

decided to consider the individual rivers as replicates rather than investigate each 

system individually. Table 4.10 provides a summary of the ecological quality 

parameters calculated for the control, overwidened and sedimented sites. The 

values are means covering the seasonal sampling periods over the two sampling 

years. 

Table 4.10. Summary of the Abundance, Taxon Richness, BMWP, ASPT, H' for the 
site classifications (average of five rivers), ± 1 Standard Error. 

Site classification Faunal parameters Site classification 
Abundance Taxon 

richness 
BMWP ASPT H' 

Control 
Overwidened 
Sedimented 

722 ±81.9 
497 ±49.5 
166 ±30.2 

17 ±0.7 
17 ±0.5 
9 ±0.6 

78 ±4.1 
8 5 ± Z 9 
4 2 ± 3 j 

5.11 ±0.1 
5.61 ±0.1 
4.47 ±0.1 

1.66 ±0.1 
1.73 ±0.1 
1.38 ±0.1 

Three way unreplicated randomised block ANOVAs were performed on the means 

for each faunal parameter, with treatment (site type), season and year as main 

factors and river as a blocking factor. This allowed for comparison between site 

type, taking the variation encountered between rivers into account. Table 4.11 

provides a summary of the findings. 
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Table 4.11. Three way randomised block ANOVAs with treatment, season and year 
as main factors and river as blocl(. 

Measure Treatment effect Season Year River 
Log Abundance <0.001 0.004 0.402 0.028 
Taxon richness <0.001 0.003 0.249 <0.001 

BMWP <0.001 0.002 0J39 <0.001 
ASPT <0.001 <0.001 0.169 <0.001 

Shannon diversity (H') 0.001 0.642 &607 0.001 

It is evident that for each faunal parameter difference between treatment (site type) 

was extremely significant, supporting the observations of difference between the 

control and overwidened sites and the sedimented sites. A degree of seasonal 

difference is also evident for log abundance, taxon richness, BMWP and ASPT. 

Significant between rivers differences were also observed for each parameter. 

It is therefore evident that, on a catchment level, there is a significant difference in 

the ecological character/quality of control, overwidened and sedimented sites, even 

when variation between rivers is taken into account. The recognition of patterns in 

community composition is an important aspect of stream ecology (Townsend 1989) 

and an understanding of the natural and anthropogenic shifts in populations is 

essential for the interpretation of river ecology. Therefore the remainder of the 

results section deals with the analysis of the faunal composition of samples 

collected at the different site types, combining the data at a catchment level and 

considering the individual rivers as replicates. 

4.5.3 Faunal composition: Abundance of the 15 most common taxa 

The relative abundance of the 15 most common taxa fi-om control, overwidened 

and sedimented sites is shown in Figure 4.8. Control and overwidened sites had 

relatively similar abundances of many of the common taxa, for example Baetis sp., 

Caenis sp., L. volckmari, E. aenea, and Oligochaeta were all found in similar 

quantities. However, some subtle shifts in community composition were seen 

when overwidened sites were compared to control sites. Certain taxa showed 

reductions in their abundance, for example, SimuUidae, and less obviously, 

Gammaridae, P. jenkinsi, Agapetus sp., and E. danica. Sphaeriidae and H. siltalai 

were not among the 15 most common taxa at overwidened sites. 
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Figure 4.8. Mean abundance of the 15 most common taxa for control, overwidened 
and sedimented site types averaged across the five rivers. 
Size of circle represents the mean relative abundance of each taxon. 

However, two different taxa were found more commonly at these sites, namely E. 

octoculata, and Dicranota. In addition, A. aquaticus and Chironomidae both 

increased in abundance. However, when sedimented sites were considered, 

Chironomidae and Oligochaeta dominated the community, with Gammaridae and 

Baetis sp. much reduced in abundance. A number of taxa were not among the 15 

most common taxa at sedimented sites, including Simuliidae, P. jenkinsi, Agapetus 

sp., E. aenea and H. siltalai. Additional taxa found more commonly in sedimented 

sites included Glossiphonia complanata, Hydracarina, and A. albifrons. Therefore, 

distinct differences in the macroinvertebrate community were observed between 

control, overwidened and sedimented. Further community analyses have been 

carried out utilising multivariate techniques. 
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4.5.4 Community analysis 

Initial exploratory community analysis of species data was undertaken using 

Detrended Correspondence Analysis (DCA), an indirect unimodal ordination 

method. This option determines how strongly unimodal data are by looking at the 

lengths of the resulting ordination axes, which further determines which 

multivariate tests you use. In all cases the lengths of the ordination axes in DCA 

were less than 3.0 SD, which justified the use of linear ordination methods (PCA 

and RDA) (ter Braak and Prentice 1988). 

Principal Components Analysis results 

Summaries of the results of the PCA performed on log transformed abundance data 

for the three site classifications (control, overwidened and sedimented) are given in 

Table 4.12, and Figure 4.9. The eigenvalue of the first Axis was 0.255. In a PCA, 

where eigenvalues for individual axes all lie between 0 and 1, values of greater than 

0.5 are taken to indicate good separation of the taxa (ter Braak 1995, Caiman 1998). 

Table 4.12. Ordination diagnostics from a PCA of abundance data from the five 
rivers sampled. 

Axis 1 Axis 2 Axis 3 Axis 4 

Eigenvalues 0.255 0.113 0.079 0.072 

Cumulative % variance of data 25.5 36.8 44.8 52.0 

52.0 % of the variance found within the species data was explained by the four 

axes, with Axes 1 and 2 explaining the greatest amount of species variance 

(36.8%). The sample scores on Axis 1 and Axis 2 were plotted (Figure 4.9). 
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*ConW^I 
— O v e r w i d e n e d 

M Sedim ented 

PCAAxisl 

PCA Axis 2 

Figure 4.9. Plot of sample scores along the first two axes of a Principal Components 
Analysis. 
Samples are log transformed abundances for site classifications (control, 
overwidened and sedimented) for each of the five rivers. 

Figure 4.9 displays a clear separation of sedimented sites from the other two site 

types on each of the five rivers. Also evident from the figure is that control and 

overwidened sites were extremely similar to one another (as shown by the overlap). 

However, more variation was evident at control sites which was suppressed 

elsewhere. By applying ordination analysis many response variables have been 

reduced to a few ordination axes which aim to encompass as much of the variation 

as possible (Caiman 1998). These axes can be interpreted with environmental 

variables to establish which factors may be related to the distribution of species and 

samples in the data (Carman 1998). Correlation coeflScients can be used as 

adequate summaries of scatter plots of environmental variables against ordination 

axes (ter Braak 1995, Cannan 1998). In accordance wath methodologies outlined 

by Jongman et al. (1995) rank correlation coefficients between the ordination 

scores for Axes 1 to 4 and a selection of environmental variables were calculated 

(TaWe4J3^ 

Table 4.13 shows that Axis 1, which separates sedimented sites from control and 

overwidened reaches, showed the highest correlation with % fine sediment. % 

gravel, channel depth, width: depth ratio and % macrophyte were also significantly 

associated with Axis 1. Distance downstream, % fine sediment and temperature 

were all significantly associated with Axis 2. pH, catchment area, dissolved 

oxygen and % gravel were significantly related to Axis 3. However, no variables 

proved to be significantly associated with Axis 4 sample scores. 
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Table 4.13. Rank correlation coefficient between PCA sample scores for Axes 1 to 4 
and environmental variables. Values in bold are significant (p-value: <0.001). 

Variable Axis 1 Axis 2 Axis 3 Axis 4 

% Fine sediment -0.732 0.347 0.117 0.063 

% Gravel 0.648 -0.041 -0.312 -0.252 

Channel Depth (m) -0.591 0.225 0.179 0.125 

WidthrDepth 0.510 -0.111 -0.028 0.026 

% Macrophyte 0.336 -0.195 -0.109 0.259 

Dissolved Oxygen (%) 0.275 0.041 0.322 0.058 

SPM (mg/1) -0.251 -0.236 -0.113 0.053 

Altitude (m) 0.230 -0.134 -0.186 -0.113 

pH 0.170 -0.102 0.407 -0.158 

Temperature (°C) 0.159 0.332 0.298 -0.234 

Channel Width (cm) 0.091 0.111 -0.061 -0.053 

Catchment area (km^) -0.040 -0.154 0.371 0.244 

Conductivity (pS/cm) -0.015 -0.024 -0.115 -0.017 

Distance downstream (km) 0.005 -0.446 0.259 0.166 

Redundancy Analysis results 

In order to quantify the contribution of environmental variables to explaining the 

variation in the species composition, these can be incorporated directly into the 

ordination analysis using RDA techniques (Carman 1998). The environmental 

variables shown in Table 4.13 were included in the RDA that identified the 

variables significantly explaining the biological variation (ter Braak 1995, Cannan 

1998). It was decided at this point to partial out the influence of river, season and 

sampling year. This decision was made because the rivers were chosen as replicate 

sites as opposed to five individual studies. Year and season were also partialed out 

as fiiU temporal analysis will be carried out subsequently (§ 4.6). 

The RDA results are summarised in Table 4.14, which shows that six variables 

were significant, explaining 32 % of the faunal variation. 88.7 % of the total 

environment-species relation was explained by the first four axes. RDA restricts 

the axes to linear combinations of the environmental variables and when compared 

to the PCA, the RDA axes explain less variation, indicating that the environmental 

variables do not predict exactly the variation in the faunal composition extracted by 

the PCA (Cannan 1998). However, the high biological-environment correlations 
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mean that a large part of the remaining variation is predicted, and the Monte Carlo 

tests results suggest that this result is significant (Cannan 1998). Figure 4.10 

displays the partial RDA plot for sample scores for Axis 1 and 2. 

Table 4.14. Ordination diagnostics from a RDA of abundance data from the five 
*** f 

Axis 1 Axis 2 Axis 3 Axis 4 

Eigenvalues 0.190 0.042 0.027 0.025 

Species-environment correlations 0.920 0.875 0.769 0.793 

Cumulative percentage variance: 

of species data 26.6 32.5 36.2 39.7 

of species-environment relation 59.3 72.6 81.0 88.7 

Sum of canonical eigenvalues 0.715 

Sum of unconstrained eigenvalues 0.320 

Monte-Carlo significance test results: Variable 

Channel Depth*** 

Channel Width*** 

Width:Depth ratio 

% gravel *** 

% fines *** 

% macrophyte *** 

Temperature 

p H 

Conductivity 

SPM 

Dissolved oxygen ("/ 

Altitude 

Distance downstream 

Catchment area 

Orientation *** 
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Figure 4.10. Plot of sample scores along the first two axes of a Redundancy 
Analysis. 
Samples are log transformed abundances for site classifications (control, 
overwidened and sedimented) for each of the five rivers. 

Figure 4.10 (constrained ordination) is extremely similar to Figure 4.9 

(unconstrained ordination). Again the sites classified as sedimented were separated 

from control and overwidened sites. A difference between the two ordination plots 

was that sedimented sites exhibited a slightly more dispersed pattern and 

overwidened sites were slightly more closely clustered. A higher level of 

heterogeneity was again seen in the control site scores. However, the overall 

pattern in site classification was the same in the two ordination plots. This 

therefore indicates that the community composition of sedimented sites differs from 

control and overwidened site types. 

To investigate further this pattern a species biplot with the significant 

environmental variables is displayed in Figure 4.11. 
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Figure 4.11. Biplot of species scores and significant environmental variables along 
the first two axes of a Redundancy Analysis. 
Species are log transformed abundances for each of the site types sampled on the 
five rivers. River, season and year are partialed out. Significant environmental 
variables: CD = channel depth, % fines = proportion of fine sediment, % macro = 
proportion of macrophytes. Orient = geological orientation, % gravel = proportion of 
gravel, CW = channel width. 

The biplot of species and environmental scores displays, in linear methods, 

approximate values of correlations between species and environmental variables. 

In the species-environment biplot, arrows often represent environmental variables 

(Cannan 1998). The biplot scores of environmental variables give the co-ordinates 

of the head of the arrows (Figure 4.11). Environmental variables with long arrows 

are the most important in the analysis: the longer the arrow the larger the effect of 

the variable on the species (ter Braak 1995). Each arrow determines an axis in the 

diagram and the species points must be projected on to the axis in question (ter 

Braak 1995). Figure 4.11 shows the environmental variables in relation to the 

species scores, and according to the length of the arrows, % fines, % gravels and % 

macrophytes were the most important environmental variables in this analysis. 

If species are represented by arrows as well as the environmental variables, the 

cosine of the angle between the arrows of a species and an environmental variable 

is an approximation of the correlation coefficient between the species and the 

environmental variables (ter Braak 1995). A qualitative observation can be made 

from such correlations by noting that arrows pointing in the same direction indicate 

a high positive correlation, and that arrows pointing in opposite directions indicate 
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a high negative correlation. 

Given that we are primarily interested in the influence of catchment processes on 

the substrate quality of chalk rivers, Figure 4.11 was redrawn with instream 

environmental variables, including % gravels, % fines, % macro, channel width and 

channel depth (Figure 4.12). The physical nature of these environmental variables 

suggests that the invertebrate communities were influenced primarily by physical 

factors. Taxa near the intersection of the axes were found across a wide range of 

samples. Taxa located away fi-om the centre were associated with a narrower range 

of samples whose environmental characteristics can be related to the environmental 

variables plotted. Many of the species (those unlabeUed in Figure 4.12 and Figure 

4.13) that were found in this investigation showed no clear relationship with any 

environmental variable. For example, the cased caddis G. pilosa, L. lunatus and 

Hydroptila sp., the mayfly family Leptophlebiidae, and the stonefly L. geniculata 

showed no evident relationship with any of the environmental factors measured. 

The unusually stable physical conditions, excellent water quality and abundant food 

(algae and detritus) in chalk streams may enable taxa to live in a much broader 

range of habitats than in more disturbed or polluted systems (Harrison 2000). It is 

therefore often difficult to tie specific taxon distributions to any one particular 

environmental factor. 

The species correlated with % gravel represented a variety of taxonomic groups 

including the crustacean, Gammaridae, the cased and caseless caddisflies, P. 

latipennis and R. dorsalis, the Coleoptera, E. aenea, the gastropod, A. fluviatilis, the 

Plecoptera, I. grammatica, the Ephemeroptera, E. ignita and the Diptera, Dicranota 

sp.. All of these species are classic gravel organisms, requiring fast flows and 

coarse substrates for habitat and functional purposes (Fritter and Mannuel 1995). 
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The circle in Figure 4.12 has been expanded in Figure 4.13 to identify those species 

associated with fine sediments. 

EC 

RDA axis 1 

az V. VI 

,0c sp. 

sp, 
Ch C. bo • 

B. Je PI. sp. 
Sp 

Hasp. 

% fines 

Si la # 

Figure 4.13. Sub plot of Figure 4.12 displaying those species associated with the % 
fine environmental variable. 
Species associated with fine sediment include: Si sp.: Sialis lutaria.; Ha sp.: Haliplus 
sp.; P. fl: Polycentropus flavomaculatus; B. le: Bithynia leachi; PI. sp.: Platambus 
sp.; Sp: Sphaeriidae; V. ma: Valvata macrostoma; C. bo: Cymatia bonsdorffil; A. ae: 
Aphelocheirus aestivalis; V. pi: Valvata piscinalis; Do: Donacia sp.; M. fu: Mesovelia 
furcata; Ch: Chironomidae; Co sp.: Colymbetes sp.; V. vi: Viviparus viviparus; Ge 
sp.: Gems sp.; G. na: Gyn'nus natator, M. az: Mystacides azurea. 

The taxa highlighted above are aU characteristic of low energy systems, 

fimctionally relying on fine sediment, and can be divided into six taxonomic 

groups. Those species related to low energy systems included the gastropods B. 

leachi, V. macrostoma, V. piscinalis and V. viviparus, all typically found in still or 

slow flowing waters. The Coleoptera species Haliplus sp., Platambus sp., 

Colymbetes sp., G. natator and Doncia sp. occupy slow flowing, silty habitats often 

associated with emergent vegetation (Fritter and Manuel 1995). Another 

taxonomic group represented in this subsection are the Hemipteran species, for 

example C bonsdorffii, Gerris sp., and M. furcata all of which can be associated 

with the emergent vegetation linked with slow flowing, sedimented areas. Two 

caddis species were found to be associated with fine sediment, P. 
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flavomaculatus and M. azurea, both of which are found in still or slow flowing 

regions of rivers. For example, M azurea has been found amongst tree roots and 

other vegetation, and P. flavomaculatus prefers organic rich areas for feeding. The 

presence of Sphaeriidae, Chironomidae and S. lutaria largely reflects the burrowing 

habit of these organisms. 

There would also appear to be an association between species and the % 

macrophyte environmental variable. Species correlated with this % macrophyte 

included the filter feeder Simuliidae and cased caddis B. subnubilis, which attach 

themselves to the instream macrophyte, and the gastropod P. jenkinsi. Other 

species associated with macrophyte beds in chalk rivers included L. peregra, H. 

siltalai, T. fluviatilis and E. danica, which have all previously been associated wdth 

these habitats (Harrold 1964, Wright 1992). However, interestingly, other species, 

more generally associated with gravel habitats were correlated with macrophyte 

presence (Figure 4.12), for example, the caddisflies O. albicorne, H. pellucidula, S. 

personatum, the Ekninthidae beetle L. volckmari, and the mayfly H. sulphurea. 

The presence of these species may be explained by the fact that sites were sampled 

proportionally according to the presence/absence of mesohabitats. Therefore, 

accepting that instream macrophyte beds were not sampled individually and that 

macrophyte beds are often found in gravel areas with fast flows, it was not 

unexpected that gravel species were found associated with macrophyte species. 

4.5.5 Flow relationship 

Throughout descriptions of the species associated with certain instream habitats it 

is evident that species were not only associated with the physical substrate 

characteristics of chalk rivers, but are also intimately linked with the flow regime of 

the rivers (Extence et al. 1999). This link is not unexpected, as reduced/slow flows 

will promote increased deposition of sediments (Cordone and Kelly 1961, Everest 

1987, Wood et al. 1999), giving rise to higher fine sediment levels throughout 

certain river reaches. In order to investigate the relationship with flow, the species 

analysed in the RDA previously were assigned a flow category derived fi"om 

Extence et al. (1999). These classified species were subsequently plotted in Figure 

4.14. 
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A clear shift can be seen in the species-flow relationship in Figure 4.14. Species 

associated with rapid/moderate flows were located on the left-hand side of the 

figure and the species primarily associated with slow flowing/standing waters were 

displayed on the right-hand side. 

Taxa unclassified 

Flow 1: Rapid flows (>100cm/s) 

Flow2: Moderate/fast flows (20 lOOcm/S) 

+ Flow 3: Slow/sluggish flows (<20cm/6) 

• Flow4: Flo wing (usually slow) and standing waters 

o Flow 5: Standing waters 

RDA Axis 1 

RDA Axis 2 

Figure 4.14. RDA species plot with each species assigned a f low category. Flow 
data derived from Extence etal. (1999). 

The majority of species previously identified as being associated with fine sediment 

were classified as flow category 4 defined by Extence et al. (1999) as taxa 

primarily associated with flowing (usually slow) and standing waters. It therefore 

becomes evident that there is a clear link between the flow regime and physical 

substrate properties. There were a few exceptions to this general pattern, with two 

species associated with moderate/fast flows located on the right-hand side of Figure 

4.14. These species were P. flavomaculatus and A. aestivalis, both of which were 

assigned flow category 2. It can therefore be assumed that these species were 

located in this section of Figure 4.14 due to reasons other than the physical 

substrate and flow; for example, this finding may be a functional response due to 

the high levels of organic matter deposited in sedimented sites. 
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4.6 TEMPORAL ANALYSIS 

The temporal scale over which the current investigation was undertaken provides 

an excellent opportunity to examine both inter-and intra-annual stability of 

macroinvertebrate communities, as samples were collected at each of the 15 

sampling sites over eight seasons from summer 1998 to spring 2000. Temporal 

analyses were carried out on abundance data alone as it was felt that this parameter 

would detect any shifts in macroinvertebrate communities over time particularly 

well. Control, overwidened and sedimented sites were dealt with individually so to 

highlight any temporal trends, both intra- and inter-annual, at the three site types. 

4.6.1 Intra-annual stability 

Figure 4.3 displays the seasonal abundance of macroinvertebrates at the three site 

types for each of the five rivers. The three way randomised block ANOVA on log 

abundance showed that abundances displayed a significant seasonal difference, 

taking yearly variation into account (p-value 0.004, Table 4.11). A seasonal 

increase in macroinvertebrate abundance during summer months was detected at 

each of the site types, e.g. Figure 4.3 (b), (d), (j), (k), (m), (n) and (o). 

Seasonal patterns were also investigated using PCA ordination for each of the site 

types (Figure 4.15 (a) to (c)). The influence of river and year were partialed out 

during the analysis resulting in partial PCA plots reflecting the influence of season 

alone on the community structure of macroinvertebrate communities at the three 

site classifications. Figure 4.15 (a) displays the sample scores from control sites 

showing a high level of overlap between winter, autumn and spring sampling 

periods. Also evident was a degree of separation during the summer months. A 

similar pattern was exhibited at the overwidened sites (Figure 4.15 (b)), with 

summer months again differing from the remaining three seasons. However, there 

is a greater degree of variability in community composition at these sites 

throughout all four seasons. 
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Figure 4.15. Partial PCA plots of samples scores on abundance data from (a) 
control, (b) overwidened and (c) sedimented sites. 
PCA sample scores for axes 1 and 2 are plotted. 

158 



Chapter Four: Biological Monitoring 

A slightly different seasonal pattern was observed at the sedimented sites (Figure 

4.15 (c)). Overall, there was little separation of the community during the four 

seasons, with winter, autumn and spring months extremely similar to one another. 

This was also the case for the majority of summer sample scores with the exception 

of two outliers, which represented the communities at the sedimented sites on the 

Rivers Itchen and Avon. 

The abundance data for each site classification were converted to a 

presence/absence basis. Further analyses were carried out on the control and 

overwidened sites with the aim of establishing whether the separation of the 

summer communities in Figure 4.15 (a) and (b): 

(a) reflected an actual shift in the community composition, or, 

(b) was solely related to a change in the abundance of species consistently present. 

Analyses were not carried out on the sedimented sites as Figure 4.15 (c) displayed 

very little seasonal variation. 

Figure 4.16 (a) and (b) displays the partial PCA results on presence/absence data 

for control and overwidened sites. Figure 4.16 (a) and (b) shows that there was a 

greater degree of seasonal overlap in the communities at both control and 

overwidened sites compared to Figure 4.15 (a) and (b). This result suggests that the 

summer separation of invertebrate communities observed in Figure 4.15 (a) and (b) 

was primarily due to the abundances of individual taxa peaking during the summer 

months, rather than there being a community composition shift. 
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Figure 4.16. Partial PCA plots of sample scores on abundance data from (a) control 
and (b) overwidened sites. 
PCA sample scores for axes 1 and 2 are plotted. 

4.6.2 Inter-annual variation 

The normally predictable flow regime that characterises a chalk stream is important 

in promoting the growth of macrophytes and providing a relatively stable 

environment for the associated macroinvertebrate fauna (Wright 1992). However, 

there are few long term studies on river systems. Such studies have the value of 

providing knowledge of the temporal stability of macroinvertebrate communities 

(Armitage et al. 1995, Wright and Symes 1999). The current investigation has 

generated a two year database of macroinvertebrate abundances for each of the site 

classifications on each of the five river systems. Given the knowledge of relative 

stability of many physical, chemical and biological aspects of chalk river systems, 

very little inter-annual variation in macroinvertebrate communities might be 

expected. Again, analyses have focused on abundance data alone as it is felt that 
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these data provide the most insight into the temporal dynamics of 

macroinvertebrate communities. 

Figure 4.3 (a) to (o) shows the mean abundance data for the three site types on each 

river over the two years that sampling took place. It is clear from this figure that 

there was little between sampling year variation. The three way randomised block 

ANOVA supports this finding with a p-value of 0.402 (Table 4.11) indicating that 

there was no statistical difference between sampling years. 

Similar multivariate analyses to those undertaken during seasonal pattern 

examination were performed on abundance data for the different site types to 

examine the between year stability in macroinvertebrate communities. In this 

section the influence of river and season were partialed out allowing the fuU 

examination of community composition on an annual basis. Figure 4.17 (a), (b) 

and (c) displays the PC A sample scores for Axis 1 and 2. These plots indicate that 

there was very little inter-annual variation in the community composition of 

samples from control, overwidened and sedimented sites. Figure 4.17 (a) and (b) 

suggests that control and overwidened sites were extremely similar in terms of the 

community composition and abundance over the two sampling years. Samples 

collected during the second sampling year at overwidened sites (Figure 4.17 (b)) 

showed slightly more variation in terms of community composition, but generally 

there was ^ large amount of overlap in sample scores indicating that inter-annual 

variation was extremely low. Figure 4.17 (c) indicates that samples collected at 

sedimented sites showed slightly more variation in the first sampling year. 

However, the interannual variation in community composition was extremely low. 
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Figure 4.17. Inter-annual stability of the macroinvertebrate community composition 
over the two sampling years for (a) control, (b) overwidened and (c) sedimented 
sites. 
All figures are partial PCA, with river and season as covariables. Sample scores 
plotted. 
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4.7 DISCUSSION 

Overwidening has been recognised for some time as a consequence of channel 

modification (Mainstone 1999), but the relative impact this process has had on 

benthic macroinvertebrate communities has received little attention to date. 

Sedimentation of chalk rivers has also recently been identified as a major concern 

(Mainstone 1999, Wood et al. 1999, Environment Agency 2000a). Clean mid-

stream gravels are a key habitat requirement for a range of riverine species and are 

extremely characteristic of chalk stream systems. Hence, any process that 

compromises the quality of these habitats may alfect the overall functioning of 

chalk river systems. 

4.7.1 Confounding issues 

The overall aim of this study was to determine the relative significance of channel 

modification on the community structure of macroinvertebrates in chalk streams in 

southern England. The longitudinal changes in the physical conditions of rivers, 

which in turn lead to longitudinal patterns in biotic variables, have been 

highlighted. For example, general patterns include a decrease in the channel slope, 

an increase in discharge, and a change in the variability and nature of flow (GiUer 

and Malmqvist 1998). Downstream shifts in fauna have not often been examined 

in detail due to the intensive nature of the sample collection and processing 

techniques (Minshall 1988, Downes et al. 1993). However, of the work carried out 

in the UK, information indicates that increases in taxonomic richness may be 

expected with increasing distance fi-om source (Vannote et al. 1980, Wright et al. 

1984, Ivol et al. 1997, Carman 1998). These shifts have been associated with 

changes in the physical parameters of the rivers. For example, Statzner and Higler 

(1986) suggested that high taxon richness occurred at points of transitions in 

hydraulic stress, where a relatively large number of animals live near the limits of 

their tolerance. 

There was no consistent order of sampling sites within rivers as they were 

effectively randomaly selected. Therefore if longitudinal factors were playing a 

significant role in determining faunal communities, we may expect a downstream 
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increase in taxon richness and hence associated faunal parameters (e.g. community 

diversity (H')). However none of the downstream sites were the most taxon rich 

(Figure 4.4 (c), (d), (f), (k) and (n)) indicating that downstream effects were not that 

important in this research. Also, although distance downstream did correlate 

significantly with Axis 2 scores from the PCA (correlation coefficient -0.446), this 

correlation was not as strong as that exhibited by treatment effect (% sediment and 

% gravel, -0.732 and -0.648 respectively) on Axis 1 (which explained the greatest 

amount of variation in the PCA). This indicates that site treatment was far more 

influential than distance downstream in determining the faunal characteristics of the 

invertebrate communities. 

4.7.2 Impacts of sedimentation 

The increasing input of sediment to river systems has been recognised since the 

early 1920s (Wu 1931, Ellis 1936). The direct and indirect impacts of fine 

sediment on the fauna of streams are numerous. Effects include reduced light 

penetration, smothering, habitat reduction and the introduction of adsorbed 

pollutants (pesticides, metals, nutrients) (Ellis 1936, Lenat et al. 1981). Most of the 

literature concerned with the effects of sand and silt on the aquatic fauna has dealt 

with cases in which there has been complete or partial smothering of biotopes 

(Chutter 1968). Cordone and Kelly (1961), in a review of the literature on the 

effects of silt and sand, dealt entirely with cases in which stony bottom biotopes 

were altered by the deposition of fine material. In many instances the abundance of 

fauna of the stream bed was considerably reduced where there was sedimentation 

(e.g. Herbert et al. 1961). 

Previous research has also suggested that in addition to lower abundance of benthic 

macroinvertebrates, taxonomic richness can be severely reduced by sediment 

addition (Tebo 1955, Gammon 1970, Hynes 1960, 1970, Reed 1977). Results from 

previous research indicate that there is a marked association between certain taxa 

within different substrates (Wood and Armitage 1999). For example. Wood and 

Armitage (1999) and Wood et al. (1999) found a lower taxonomic richness 

associated with sedimented stretches. Coupled with this, studies that have 

examined macroinvertebrates at sites naturally composed of fine sediments (Soluk 
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1985, Strommer and Soluk 1989) or subject to severe sedimentation owing to 

human activity such as mining (Nuttall and Bielby 1973, Quinn et al. 1992) 

reported low species diversity. This suggests that rivers subject to increased 

sedimentation may be characterised by a low abundance, taxon richness and 

diversity of macroinvertebrates (Wood and Armitage 1997). 

Overall, the majority of the results from this study agree with the detrimental 

influence of fine sediment on macroinvertebrate communities previously observed, 

with lower abundances, taxon richness, BMWP and ASPT scores associated with 

sedimented sites (Figures 4.3 to 4.6 (a) - (o). Table 4.9). For example, in the 

current study, the number of taxa recorded at sedimented sites ranged from 7 to 12 

(Table 4.9). Wood and Armitage (1999) observed that 21 taxa were associated 

with a sedimented reach and concluded that this figure was well below that 

recorded in other English lowland streams. Coupled with this, the reduction in 

BMWP and ASPT scores at sedimented sites indicates that the process of sediment 

addition to chalk rivers is having a detrimental ecological impact. 

The findings of this research generally agree with the assumption that sediment 

addition reduces the diversity of macroinvertebrate communities. There was one 

exception to this pattern, the River Test, where the sedimented site had a higher 

mean diversity value than the control site samples (Figure 4.7 (f)). Silt is 

recognised as a crucial component of the habitat matrix so typical of chalk river 

systems. Many chalk river species are dependent upon silt for aU or part of their 

life cycle (Mainstone 1999). Therefore, certain species may in fact exhibit a 

preference for the conditions associated with increased levels of sedimentation. For 

example, many studies have found the lotic invertebrate community in marginal 

areas has a higher diversity compared to mineral habitats (Scheffer et al. 1984, 

Painter 1999, Harrison 2000). Marginal vegetation was noted intruding into the 

main channel at the River Test sedimented site and therefore it was impossible to 

avoid sampling these areas. 

Marginal areas are structurally complex, and, importantly, possess physical 

attributes common to other mid-channel habitats. For example, where the part of 

the marginal vegetation is entrained by high flows, the habitat will resemble that of 
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the trailing stems and leaves of mid-channel Ranunculus. Margins therefore 

contain not only specialist marginal taxa but also many taxa more common to other 

habitats. Gravel and Ranunculus possess fewer attributes of other habitats, 

containing fewer taxa that normally live elsewhere and are more dominated by a 

few characteristic taxa as a result (Harrison 2000). This is certainly the case with 

these results, with gravel samples dominated by Gammaridae, Baetis sp. and the 

Elminthidae beetles. As the site on the Test was the only sedimented site with 

extensive marginal areas it is perhaps unsurprising that an increased diversity was 

recorded. Coupled with this. Shannon diversity not only takes into account the 

number of species recorded but also the proportion of individuals within that 

species. Therefore, perhaps the higher diversity in the River Test is a reflection of 

a more equally distributed community compared to those associated with control 

and overwidened sites, which tend to be dominated by several taxa. 

However, much debate exists over the influence of sediment on invertebrate 

community structure (Chutter 1968, Rosenberg and Resh 1996, Wood and 

Armitage 1997). Most studies indicate that sediment addition may cause a change 

in the composition of the benthic community, usually involving a shift towards 

certain chironomid species (Rosenberg and Snow 1975, Dance 1978). In contrast 

other investigations have found community structure largely unchanged by 

sediment addition (Herbert e/ al. 1961, Pearson and Jones 1975). However, 

community analyses carried out on the current data show that there were markedly 

different communities associated with sedimented site types compared to control 

and overwidened (Figure 4.8, 4.9 and 4.10). For example, several taxa were highly 

correlated with the % of fine sediment (Figure 4.13). The correlation of S. lutaria 

and Sphaeriidae are largely thought to reflect the burrowing nature of these 

organisms (Ellis 1978, Elliott 1996). The poaching action of cattle at the water's 

edge along grazed reaches has been noted to create shallow, silty, low gradient 

margins with small pools of standing water (e.g. conditions noted at the sedimented 

sites on the River Frome, Itchen and Avon). These conditions have been shown to 

favour gastropod and hemipteran taxa possibly through increased abundance of fine 

particulate organic matter and periphyton (Harrison 2001). Painter (1999) also 

observed a community shift towards MoUusca and Coleoptera in fenland drainage 

ditches due to the low gradient and high accumulation of organic detritus. A 
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similar shift in community structure can be seen in the present data with the 

community associated with fine sediment dominated by the mollusc family 

Valvatidae and the beetles Haliplus sp., Platambus sp., and Colymbetes sp. 

Therefore, the generally depressed ecological character of sedimented sites is 

perhaps not unexpected. However, the fact that this result can be detected on a 

catchment scale is extremely interesting, suggesting that chalk stream communities 

respond in a relatively predictable way to this form of ecological stress. 

4.7.3 Impacts of channel widening 

Since overwidening involves manipulation of one or more of the dependent 

hydraulic variables of slope, depth, width and roughness, feedback effects may be 

expected on the resident biological communities (Brookes 1994). The effects of 

channel modification on aquatic habitat and associated organisms may be both 

direct and indirect (Petts 1987, Brookes 1988). Overwidening of channels may 

dramatically change the channel morphology to the detriment of the biology of 

watercourses (Fruget 1992). For example, alteration of the width and depth of 

variables in a channel may create shallow and unnatural hydraulic conditions that 

create an unsuitable habitat for fish (Brookes 1994). 

When overwidened sites were considered their results proved to be most 

interesting. Generally very little difference was highlighted between overwidened 

and control sites on any of the five rivers (Figure 4.3 to 4.7 (a) to (n). Figure 4.9, 

4.10), especially for taxon richness, BMWP, ASPT and Shannon diversity (Table 

4.9). The only differences were in terms of abundance, where overwidened sites on 

the Rivers Test, Frome and Avon (Figure 4.3 (e), (k) and (n)) had lower 

abundances compared to control sites. However, although experiencing reduced 

abundances, the overall community quality was not changing when compared to 

control values (e.g. ASPT and H' Table 4.9). 

The general similarity between control and overwidened sites therefore suggests 

that the process of overwidening has been less severe than predicted. In fact, the 

increased mean abundances, taxon richness, BMWP, ASPT and H' values at 
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several overwidened sites may also indicate that the physical conditions brought 

about as a result of overwidening actually prove favourable to certain benthic 

macro invertebrates. For example. Figure 4.8, which displays the mean abundances 

of the 15 most common taxa at the three site types, shows that two species {E. 

octoculata and Dicranota sp.) were found in greater abundances at overwidened 

sites compared to control reaches. In addition, A. aquaticus and Baetis sp. were 

found in higher numbers at these sites than at control reaches. The associated 

reduction in Simuliidae is perhaps not unexpected as there was often a lack of 

instream vegetation associated with the overwidened sites, which is the primary 

habitat for this taxon. However, the overall similarity suggests that overwidened 

sites were extremely similar to control sites in terms of their community 

composition, (as indicated by the lack of separation in Figure 4.9 and 4.10). 

Therefore it can be concluded that although there is a slight shift in community 

composition at overwidened sites in terms of abundance (Figure 4.8), it was not 

sufficient to separate these sites 6om control reaches using PCA. 

The general similarity between overwidened and control sites may not be as 

surprising as one might first think. The natural channel form of chalk rivers 

appears to be wider and shallower than other river types (Mainstone 1999, Sear et 

al. 1999). Therefore the actual physical widening of chalk rivers may not impact 

upon benthic communities to such a degree as might be expected in other deeper, 

non-chalk lowland rivers. Indirect effects of channel widening could also account 

for the increased diversity and taxon richness and general biotic quality of some 

overwidened sites compared to control reaches. For example, shading by bankside 

vegetation has often been found to limit primary and secondary production in 

streams (Hawkins et al. 1982, Dudgeon and Chan 1992, Reed et al. 1994, Friberg 

et al. 1997). During this study overwidened sites were generally associated with 

little marginal tree growth and hence subject to less shading than control sites (e.g. 

the River Test control site experienced almost entire canopy closure). A slight 

increase in Baetis sp. at the overwidened sites could be attributed to less shading as 

these highly mobile invertebrates have been found to track even small, local 

variations in algal abundance (Kohler 1984). Another factor could be that 

overwidened sites were generally shallower with less marginal areas than control 

reaches making them less favourable to predatory fish (Harrison 2000), therefore 
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potentially reducing the influence of this limiting factor for invertebrates. 

The associated impacts of channel widening outlined in Figure 4.1 (reduced current 

velocities, reduction in substrate, flow and depth diversity and reduced water 

levels) are obviously having minimal impact on benthic macroinvertebrate 

communities in these rivers. However, the issue of reduced water levels may not 

have been addressed directly in this study and hence not reflected in the results as 

all samples were collected from the benthic substrate and not from marginal areas. 

Reduced water levels may well impact upon marginal areas, which traditionally 

support increased macroinvertebrate diversity and taxon richness (Harrison 2000). 

These areas were not sampled during this study, as the focus was placed on 

examining the benthic substrate response of invertebrates, which may contribute to 

the relative similarity between control and overwidened sites. 

4.7.4 Temporal patterns 

The imderstanding of the natural temporal changes in populations is essential for 

the interpretation of river ecology and particularly for any programme of 

management and conservation (Underwood 1994). The two year sampling period 

over which this investigation was carried out provides an ideal opportunity to 

assess the relative contribution of temporal variation within the data set, on both a 

seasonal and inter-annual basis. 

Seasonal and between year differences in the environmental regimes of the rivers 

are normal, and the macroinvertebrate assemblages observed within any given 

system must be adapted to withstand the variability they encounter (Wright and 

Symes 1999). For example, Brewin et al. (2000) observed strong seasonality in the 

invertebrate communities of monsoon disturbed streams in Nepal, with a 20 % 

reduction in taxon richness observed between winter and pre-Monsoon periods. 

However, chalk streams represent the stable end of a continuum from stable to 

flashy discharge regimes. They have an annual discharge, temperature and 

chemical regime that favours the growth of macrophytes and offers a relatively 

stable range of habitats and food resources for the macroinvertebrate community 

throughout the year (Wright 1992, Wright and Symes 1999). Therefore it might be 

169 



Chapter Four: Biological Monitoring 

expected that these riverine systems exhibit relatively little temporal variation in 

terms of their community structure compared to other river systems. 

Seasonal patterns 

Despite the general stability of chalk river systems, a degree of seasonality in 

invertebrate communities has previously been identified. Wright and Symes 

(1999) showed that numerous taxa displayed seasonal changes in their abundance 

and biomass between summer and winter months, and Wright (1992) observed 

significant seasonal differences in the biomass data of macroinvertebrates 

associated with five bio topes. Cannan (1998) also showed a degree of seasonality 

in the invertebrate data analysed whilst investigating the significance of habitat in 

structuring macro invertebrate communities. More specifically, Wright et al. (1983) 

(River Lamboum, Berkshire), Armitage et al. (1995) (the Mill stream, Dorset) and 

Cannan (1998) (the River Frome, Dorset) all noted that faunal assemblages 

appeared to be most abundant in the summer months. 

Analysis of the present data revealed that seasonal change was apparent in the data 

set despite the relative temporal stability of chalk streams in terms of flow and 

water chemistry (Casey and Newton 1973, Berne 1992). Generally peak 

abundances of invertebrates were observed during summer months (Figure 4.3), 

with the PCA also revealing a degree of summer separation in the invertebrate 

community composition at control and overwidened sites (Figure 4.15). It 

therefore becomes evident that seasonal differences in the community composition 

detected during this research show similar patterns to previous work on chalk 

rivers. 

The PCA carried out on presence/absence (rather than abundances) showed a 

reduced summer separation, suggesting that the seasonal separation of summer 

communities was a result of changes in abundances rather than actual shifts in the 

taxon composition of the communities. This indicates that species turnover in 

chalk streams is extremely constant despite the potential impact of catchment 

processes. This finding is again in agreement with previous research carried out on 

chalk rivers (Wright et al. 1983, Armitage et al. 1995). 
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However, it is often difficult to link the community composition solely to seasonal 

influences. Cannan (1998) found that patterns within the seasonal mesohabitat data 

were complex due to the interaction of habitat, site and seasonal factors, all of 

which contributed significantly to the variation in the faunal assemblages. This 

finding is common in studies where numerous factors are considered. For example, 

Boulton and Lake (1992) had to restrict temporal analysis to individual habitats in 

order for patterns to emerge. Although the multivariate assessment of catchment 

processes on invertebrate communities were temporally restricted (with season and 

year partialed out), initial examinations of temporally unrestricted data exhibited 

similar patterns of catchment process impact. This therefore suggests that the 

patterns of catchment processes observed generally dominated the seasonal 

variation, and that the seasonal variation in communities in chalk rivers is small 

compared to other systems, which is in agreement with previous studies by 

Armitage et al. (1995), Humphries et al. (1996) and Cannan (1998). 

Inter-annual patterns 

The importance of temporal macroinvertebrate data has been known for some time 

(Lancaster et al. 1996). However, to date there have been few long term studies on 

the ecological quality of river systems (McElravy et al. 1989, Giller et al. 1991). 

Long term ecological studies are potentially valuable as they can provide 

information on both community stability and the response of invertebrates to stress 

(HUdrew and Giller 1994). Extremely low levels of inter-annual variation were 

exhibited in the abundance and community structure of invertebrate communities 

associated with the different site types (Table 4.11, Figure 4.17), which fiirther 

suggests that the community structure of macroinvertebrate communities exhibits 

strong temporal stability. 

The normally predictable flow regime that characterises a chalk stream is important 

in promoting growth of macrophytes and providing a relatively stable environment 

for the macroinvertebrate fauna (Wright 1992). The most notable long term 

variation in macroinvertebrate communities has been linked to changes in the 

discharge regime (Wright 1992). Catastrophic events such as major spates, which 

can lead to habitat disturbance (McElravy et al. 1989), are not generally 
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encountered in chalk streams. Therefore it is at the other end of the spectrum that 

changes in discharge may impact upon chalk rivers. 

During the early 1990s there were several low flow years and subsequently much 

work was carried out on the potential ecological impacts of these changes in 

discharge regime (Mainstone 1999, Wood et al. 1999). General effects on the biota 

were associated with reduced current velocities, the loss of water depth and the 

drying out of marginal and riffle areas, reduced dilution of effluents, increased 

water residence time in the river, and reduced reoxygenation from turbulent flows 

(Mainstone 1999). Wright (1992) also concluded that the between year differences 

in the invertebrate communities on the River Lamboum, Berkshire, were related to 

conditions of low discharge. 

However, few low flow conditions were experienced in the period of this 

investigation. For example, there was no significant difference in the discharge at 

equivalent sampling sites on the River Frome and Avon throughout the two years 

of sampling (p-value 0.919 and 0.927 for the Frome and Avon respectively). This 

therefore suggests that the primary source of inter-annual variation (change in 

discharge regime) on invertebrate communities was minimal throughout this study. 

It can therefore be concluded that during periods of normal or non-low flow, and 

despite the influence of catchment processes, macroinvertebrate communities 

exhibit little between year variation in their abundance and community structure at 

a catchment scale. 

4.7.5 Influence of instream factors 

Microhabitat diversity 

A clear finding shown by the multivariate analyses was that although control sites 

were extremely similar to overwidened reaches in terms of community 

composition, control sample scores tended to show more heterogeneity which was 

suppressed elsewhere (Figure 4.9 and 4.10). One potential explanation for this is 

that habitat variability at control sites was greater than that experienced at 

overwidened and sedimented sites. This is perhaps not unexpected as the definition 
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of control sites required the presence five principle mesohabitats: main channel 

gravel/cobbles, instream vegetation, sand, silt and riffle gravel, the extent of which 

will vary naturally, a classic feature of chalk rivers (Armitage 1997). In contrast, 

overwidened sites were dominated almost entirely by gravel beds, with no or little 

instream vegetation. It follows therefore that the macroinvertebrate communities 

associated with control sites would show greater levels of variation. Previous 

studies focusing on the macroinvertebrates associated with individual mesohabitats 

have shown these habitats to exhibit temporal and spatial variation, the amount of 

heterogeneity specific to the environment (Armitage et al. 1995, Cannan 1998). 

For example, although it was not an objective of this research to investigate the 

specific importance of instream macrophyte beds, it is recognised that these 

habitats support specific communities (Wright et al. 1983, Minshall 1984, Rutt et 

al. 1989, Palmer a/. 1991, Harper e/a/. 1992, Wright 1992, Cogerino et al. 

1995). It is also recognised that these habitats vary seasonally (Armitage et al. 

1994) therefore potentially introducing an element of habitat variability not 

experienced at the impacted sites. Macrophyte presence was often limited at these 

sites due to the shallow flows and increased levels of fiine sediment (Armitage et al. 

1994). However, given that the influence of season was partialed out in the 

multivariate analyses it is proposed that the greater control heterogeneity can be 

attributed to the higher number of habitats available for macroinvertebrate 

community occupation, each experiencing their own limiting factors. 

Flow relationship 

Relating species traits to habitat characteristics can provide important insights to 

the structure and functioning of stream communities (Usseglio-Polatera et al. 

2000). Variations in instream hydraulic and substratum characteristics have been 

shown to have a strong influence on the faunal composition (Sheldon and Haick 

1981, Meffe and Minkly 1987, Oilier et al. 1991, Wood et al. 1999). Rempel et al. 

(2000) established that the distribution of invertebrates was correlated significantly 

with hydraulic variables and suggested that hydraulic conditions represent a major 

physical gradient along which the benthic community is organised. However, they 

noted that substratum texture and size was also an important factor in determining 
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community structure. Therefore, separating the effect of substrate and stream 

hydraulics is often difficult since flow is a primary determinant of substrate 

composition (Clausen and Biggs 1997, Townsend et al. 1997). The analysis of the 

species scores related to flow ratings (Figure 4.14) suggests that the differentiation 

between mesohabitat biodiversity is at least in part related to flow variability. 

For example, the majority of the species associated with high % fine sediment also 

show a relationship with slow and slack flows. 

However, this was not the case for aU the taxa, e.g. P. flavomaculatus. On closer 

examination it was discovered that the micro-distribution of polycentropodid larvae 

is primarily related to functional aspects rather than water velocity. Edington 

(1965, 1968) found that P. flavomaculatus was most common in stream pools with 

low velocities as it is tolerant of decreased oxygen concentrations (Philipson 1954, 

Edington and Hildrew 1981, Fjellheim 1996). P. flavomaculatus often aggregate in 

parts of the stream bed where benthic prey density is highest (Hildrew and 

Townsend 1976), and in these favourable areas larvae may fight over net spinning 

sites. Polycentropodidae are exclusively predatory and the exact composition of 

the diet is variable fi-om place to place according to the prey available (Edington 

and Hildrew 1981), with Chironomidae and Oligochaeta favourite prey items in the 

slow flowing areas (Higler 1978). Therefore the presence of this species in slow 

flowing, sedimented areas could be a ftmctional response rather than an association 

with flow conditions. 

4.7.6 Management implications and future work 

Assessing and managing catchment disturbances, as well as understanding natural 

processes, is often difiScult (Wood et al. 1999). This is due to many factors, 

especially the absence of baseline data on channel morphology. Spatial and 

temporal variability in the fauna within stream on both the meso- and macro-scale 

also make assessment difficult (Wright et al. 1983, Wright 1992). 

As previously highlighted many factors have significantly altered the channel 

morphology of many lowland streams (Walling 1990, Mantle and Mantle 1992, 
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Casey and Smith 1994). Given that the impacts of overwidening have been shown 

to be minimal the remainder of this section deals with the management implications 

regarding fine sediment. The most desirable way to mitigate the effects of this 

catchment disturbance would be to prevent sediment influx into the watercourse 

(Wood et al. 1999). This would require addressing the causal factors of the 

problems within the catchment rather than the impact within the stream (Wood and 

Armitage 1997, Mainstone 1999). However, this is often difficult. For example, in 

the case of watercress production large volumes of compost are added to the 

growing beds and these sediments may subsequently be released into the stream as 

a result of erosion or cleaning operations between crops (Casey and Smith 1994). 

Several instream measures can be used to mitigate against sedimentation. An 

example of which is gravel cleaning (both mechanical disturbance and washing 

techniques have been undertaken; Scott and Beaumont 1994, Mundie and Crabtree 

1997). The selective management of instream vegetation could be used to maintain 

water level and habitat diversity (Wood et al. 1999). Macrophyte growth helps 

maintain areas of fast flow velocities and gravel habitats between individual 

clumps, as well as slow flow velocity and fine sediment mesohabitats in backwater 

areas, providing refugia for many riverine taxa (Armitage et al. 1994). The 

development of clearly defined best management practices and the use of buffer 

strips (Wood et al. 1999) or the removal of arable productions from sites adjacent 

to water courses (which in turn reduce potential overwidening) may all be desirable 

(Mainstone 1999), although economically unfeasible (Rabeni and Smale 1995). 

Future work should aim to address the fate of sediments within stream systems as a 

whole (Wood et al. 1999). Local gravel cleaning operations tend to shift the 

problem downstream whilst causing major disturbance to resident 

macroinvertebrate communities. It is particularly important that long-term studies 

follow changes in siltation from drought to 'normal' years, both as a result of 

instream hydraulics and fluctuations in sediment supply from catchment, and river 

management activities (Mainstone 1999). The long-term response of instream 

biota to these changes in the physical environment will identify the most sensitive 
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biotic components and provide data on the ecological sustainability of water 

resources under stress (Wood et al. 1999). 
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4.8 CONCLUSIONS 

Patterns of distribution and abundance of invertebrates in streams are a result of the 

function of the specific requirements of different taxa and the particular 

environmental complex that exists at any section of stream (Hawkins et al. 1982). 

Substrate and food are two of the most important aspects of the environment and 

have accordingly received a great deal of study (Hynes 1970). In this study I have 

attempted to discover if the impacts of overwidening and sedimentation on the 

ecological quality of benthic invertebrate communities are detectable at a 

catchment wide scale. 

The influence of channel modification, in terms of overwidening, was found to be 

minimal. In fact, some overwidened sites actually supported increased abundances 

and other associated faunal parameters. On a catchment level, univariate and 

multivariate analyses revealed little difference in the community structure between 

control and overwidened sites. All of these findings support the observation that 

overwidening is having minimal detrimental impact on the ecological quality of 

chalk streams, and in fact at times was proving beneficial to certain taxa. 

In contrast, sedimentation was generally associated with decreased abundance, 

taxon richness, BMW?, ASPT and diversity. On a catchment level, a clear 

difference was seen in the community structure of sedimented sites when compared 

to control and overwidened reaches. When analysed it was found that this 

community shift was detected at a species level, attributed to a variety of factors 

including substrate characteristics, hydrological influences and functional responses 

of individual taxa. No chemical factor was found to be significantly associated 

with explaining the variation in the community data set. 

An element of seasonality was detected in the data set, with summer communities 

separate from the other seasons. This finding was in agreement with previous 

studies carried out on chalk river invertebrate communities. When fiirther 

analysed, the separation of summer communities was attributed to increased 

abundances of many taxa during these months as opposed to actual shifts in the 

community structure. 
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Little between year variation was detected in the catchment data set suggesting the 

macroinvertebrate communities were extremely temporally stable, and that the 

primary source of between year variation in environmental conditions, e.g. changes 

in discharge regimes, was not impacting upon invertebrate communities despite the 

influence of catchment processes. 

In conclusion, the ecological quality of benthic invertebrate communities was 

found to be significantly influenced by the catchment process of sedimentation 

rather than overwidening. However, the specific response of the invertebrate 

communities depended upon the relative scale of the disturbance. 
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Chapter Five: Recolonisation Dynamics 

( ^ c y p w o v i i J i s i n n o E g s i o N 

CHALK STREAM 

5.1 INTTWlDl%Zn(X\ 

5.1.1 Background 

Chalk streams are characterised by gravel streambeds (Mainstone 1999), which are 

known to provide the basic habitat for many macroinvertebrate communities 

(Mackay 1992). However, quantifying the abundance of macroinvertebrates within 

these habitats is difficult due to their patchy distribution. Many factors influence 

the distribution of macroinvertebrate communities in streambeds. In particular, 

disturbance has been recognised as a major structuring force in many natural 

communities (Matthaei et al. 1997); natural and anthropogenic disturbances of 

streambeds are common. Natural variations in flow have been observed as primary 

factors determining community structure (Lake 2000, Doisy and Rabeni 2001). For 

example, droughts can markedly reduce flow volumes resulting, in extreme cases, 

in complete exposure of streambeds, impacting upon the benthic macroinvertebrate 

communities (Rincon and Cressa 2000). On the other hand, spates and floods can 

remove macroinvertebrate individuals from the streambed, resulting in decreases in 

the abundance and taxon richness of communities (Angradi 1997, Lytle 2000). 

However, as discussed in § 4.6, chalk streams are rarely exposed to such dramatic 

temporal hydrological change, and therefore streambed disturbance is often more 

associated with anthropogenic catchment activities. Examples of catchment 

activities identified as disturbing chalk rivers are poaching and trampling of banks 

and beds by cattle using the rivers as watering holes, and the process of gravel 

washing. To date, little research has been carried out to establish the instream 

disturbance impacts of these activities, and hence very little is known of the 

responses of macroinvertebrate communities in chalk streams to anthropogenic 

disturbance. 
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&2 

5.2.1 Recolonisation and disturbance theory 

The need to find ways of predicting responses to disturbance is particularly urgent 

in the case of streams and rivers, primarily because benthic habitats are often 

disrupted indirectly by practices and pollutants in surrounding catchments (Mackay 

1992). A disturbance, either real or simulated, has enabled stream ecologists to 

explore theories on island biography and the relative importance of stochastic and 

deterministic processes in shaping community structure (MacArthur and Wilson 

1967). Consequently, there is a large body of literature focusing on the rates at 

which bare patches of stream substrate, both large and small, are colonised by 

invertebrates. The ways in which animals colonise new habitats (or recolonise 

disturbed ones) have been studied for some time (e.g. Shelford 1913). Studies 

specific of this process in treshwaters have progressed fi-om the purely qualitative 

(e.g. Grensted 1939) to the quantitative (e.g. Williams and Hynes 1973, Wallace et 

al. 1986, Malmqvist and Otto 1987, Boothroyd and Dickie 1989, O'Connor 1991). 

Studies of community-recovery Allowing disturbance have indicated the 

colonisation mechanisms responsible for restoring a community to its 

predisturbance state. For example. Gore and Milner (1990) and Wallace (1990) 

reviewed many of these mechanisms, and Shaw and MinshaU (1980) and Sheldon 

(1984) discussed some numerical responses of colonising aquatic insects. 

Spatial and temporal scales of colonisation range from biogeographic to extremely 

local and immediate phenomena. The scale of most experimental work in streams 

has been small (<lm^ of streambed) and has described the establishment of 

macroinvertebrate assemblages following a variety of treatments that ensured an 

initial absence, or lowered density, of organisms. A recurring theme in such studies 

has been the Mac Arthur-Wilson model of island colonisation, the islands being the 

bare stones or patches of introduced substrates (Gore and Milner 1990). Debate 

exists as to whether such an approach is a proper use of the model given that: 

(1) the original theory was developed for species breeding on islands whereas 

residency in stream patches is transitory, 

(2) stream islands are not surrounded by a foreign and inhospitable sea, and 
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(3) the species pool equivalent to the model's mainland, which is the source of 

colonisers, is usually the immediately adjacent streambed (Mackay 1992). 

In spite of the imperfections of streambeds in terms of the Mac Arthur-Wilson 

model, small scale studies of colonisation have provided valuable information on 

the dynamics of macroinvertebrate communities and their particular responses to 

bare patches of substrate. 

Disturbance concepts have received more attention with regard to terrestrial (e.g. 

Connell 1978, White 1979) and marine (e.g. Drayton 1971, Paine and Levin 1981) 

ecosystems than to freshwater systems (e.g. Fisher et al. 1982, Ward and Stanford 

1983). A natural disturbance common to all streams and rivers is flooding, which 

influences the ecosystem through a downstream displacement of biomass as weU as 

through changes in channel morphometry. As with natural disturbances in 

terrestrial systems, the frequency, predictability, and magnitude of such events vary 

among aquatic systems and are important in the evolution of adaptive strategies of 

the biota. All disturbances in a watershed also affect the streams, since a stream is 

intimately dependent on its catchment (Hynes 1975). However, in spite of 

disturbances to their environment, benthic invertebrates are often diverse and 

abundant. Given this, we must consider how macroinvertebrates respond to 

disturbances to their environments, and identify those factors affecting subsequent 

colonisation of disturbed habitats. 

5.2.2 Factors affecting colonisation 

Recolonisation mode 

Examinations of recolonisation have often been based on lotic benthic 

macroinvertebrate communities because of their micro-scale, their relative ease of 

manipulation, and their wide distribution throughout riverine systems. Bare 

substrates placed in a stream have been shown to house invertebrates within 24 

hours, even when the substrates had been thoroughly dry or acid-scoured (and were 

without eplithic growths), rather than merely brushed free of fauna (e.g. Wise and 

Molles 1979, Beckett and Miller 1982, Lake and Doeg 1985, Boulton et al. 1988, 
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Doeg et al. 1989, Quiim et al. 1998). This rapid colonisation indicates that some 

macroinvertebrates are extremely mobile. Some of the early colonisers may merely 

inspect the substrate during the course of their normal widespread foraging, and 

then depart just as rapidly (Giller and Cambell 1989). In contrast, organisms more 

sedentary in nature may be regarded as true colonisers in that they remain in the 

habitat until some other factor removes them or stimulates their departure some 

time later (Mackay 1992). 

Therefore it is evident that the colonisation mode of invertebrate taxa is an 

extremely important aspect when considering recolonisation dynamics. When 

substrates have been introduced and positioned to allow access from only certain 

sources (drift, adjacent natural substrates, air), drift seems to be one of the 

commonest movement techniques (Townsend and HUdrew 1976, Williams and 

Hynes 1976, Bird and Hynes 1981, Benson and Pearson 1987). Examples of the 

taxa most often listed among the earliest arrivals on bare substrates include 

Baetidae, Gammaridae, Simuliidae, and Chironomidae, all of which are known to 

be prominent drifters (e.g. Waters 1964, Ulfstrand et al. 1974, Hynes J.D. 1975, 

Gray and Fisher 1981, Lake and Doeg 1985, Malmqvist and Otto 1987, Dudley 

1988). Minshall and Peterson (1985) observed that drift was the primary means of 

redistribution of benthic organisms in streams and that it is a particularly important 

relocating mechanism for invertebrates that do not move far under their own power 

such as the relatively sedentary filter-feeding caddisflies, black flies, and 

chironomids. 

However, recent research indicates that many extremely mobile invertebrates swim 

and crawl in all directions as well as drifting (Hart and Resh 1980, Wiley and 

Kohler 1981, Kohler 1984, Richards and Minshall 1988, Kohler and McPeek 

1989). Doeg et al. (1989) established that drift contributed to less than 50% of 

colonisers after 10 days, and noted that the design of some substrate-holding trays 

hindered accessibility by crawling invertebrates in the surrounding streambed, 

resulting in overestimates of drift in these cases. 

The vigorous swimming of some mayfly nymphs is well known, for example 

Baetidae. Gammarus are also strong swimmers (Hynes 1970). Swimming down to 
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the substrate allows some drifters to leave the water column deliberately, as seen in 

Baetis and Gammarus species. (Ciborowski and Corkum 1980). For example, 

mayfly larvae can use dorsoventral undulations to swim downwards reaching the 

streambed far sooner than stonefly and caddisfly larvae (Otto and Sjostrom 1985). 

Therefore the rapidity with which many mayflies and other lotic invertebrates reach 

local bare substrates may be due partly to drift and partly to their swimming, either 

from place to place on the substrate or when leaving the drift (Mackay 1992). 

Nearly all benthic macroinvertebrates can crawl, and some do so rapidly (Mackay 

1992). GUler and Cambell (1989) concluded that crawling contributed as many 

mayflies to their colonisation trays as drift did. The crawling mobility of grazers 

has attracted particular interest. Kohler (1984) showed that the direction and extent 

of movement by Baetis were related to periphyton levels. When the quantity of 

algal food was low, Baetis larvae moved more quickly and turned over more often 

as they searched for a food rich patch. Highly mobile grazers are able to cope with 

patchy distribution of periphyton (Hart and Resh 1980). Richards and Minshall 

(1988) estimated that 40 - 50% of Baetis arriving on a single rock reached it by 

crawling. After studying sources of colonisation in a Sri Lankan river, Benzie 

(1984) concluded that all colonisation resulted from random foraging activities over 

short distances. Therefore on a small scale, crawlers could colonise bare patches as 

effectively as drifters and swimmers (Mackay 1992). 

Influence of substrate on colonisation 

When small patches of substrate are physically disturbed (naturally, or when 

substrates are treated to mimic the disturbance effects) many factors have been 

recognised as having an influence on subsequent colonisers. Examples include 

changes in substrate size and in the food resources associated either with the 

substrate themselves or with their arrangement on the streambed (Mackay 1992). 

Although stones in experimental substrate trays do not necessarily offer the same 

range in stone size as natural substrate patches, they do mimic physically disturbed 

patches in that they are loose, with interstitial spaces which are initially free of silt 

and detritus (Mackay 1992). The size of substrate particles, and hence the size of 

interstitial spaces, can affect colonisation. Percival and Whitehead (1929), de 
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March (1976) and Minshall and MinshaU (1977) all found characteristic animal 

associations in different substratum types. For example, large pebbles and cobbles 

(>40 mm in diameter) tend to be more stable and, once the surface is suitably 

conditioned, are more likely than iiner substrates to attract clinging sedentary 

organisms (Khalaf and Tachet 1980, Malmqvist and Otto 1987). The interstitial 

spaces between such larger substrate particles, however, do not provide as much 

shelter for small invertebrates as those in gravel, which, if silt free, attract greater 

densities of organisms than the surrounding substrates (Minshall and Minshall 

1977, Williams and Mundie 1978, Shaw and Minshall 1980). Finer experimental 

substrates tend to collect a different fauna, including more burrowers such as 

Oligochaeta, bivalves and chironomidae (Williams and Hynes 1976, Doeg et al. 

1989). 

Another effect of substrate size is on the accumulation of detritus particles. Gravel 

and small pebbles tend to collect more fine particulate organic matter (FPOM, <1 

mm) than do coarser substrates, and are colonised by the greatest number of 

macroinvertebrates (Rabeni and Minshall 1977, Wise and Mo lies 1979, Parker 

1989). This characteristic could be associated with a functional preference by 

certain taxa resulting in small substrates potentially characterised by greater 

abundances of shredders/detritivores. Gatherers also take advantage of the FPOM 

that rapidly accumulates within smaller substrates and are reported to be early (but 

not always the earliest) colonisers in experiments (Fisher and Gray 1983, Boulton 

efa/. 1988, Parker 1989). 

A general conclusion from the literature is that substrate particle size has numerous 

effects on the abundance and taxonomic composition of the colonising fauna due to 

both physical and functional responses of the invertebrates (Mackay 1992). 

Therefore substrate type is an extremely important aspect of recolonisation 

experiments. Several generalisations have arisen with regard to substrate type and 

the associated macroinvertebrate communities. These include certain benthic 

species being restricted to particular types of substrate, different types of substrates 

supporting different assemblages of invertebrates, and that larger substrate particles 

support greater numbers of stream invertebrates, both in terms of abundance and 

number of taxa. Given the current atmosphere of river restoration, and especially 
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the reconstruction of riffle sequences through the addition of new substrate, the 

choice of substrate for such initiatives could therefore be extremely important. 

5.2.3 Disturbances to chalk streambeds 

Within chalk river catchments there are numerous activities which can cause 

disturbance to benthic macroinvertebrates. The main disturbances include: cattle 

poaching of river banks and streambeds; the practice of gravel cleaning; and the 

placement of artificial substrates to create riffle sequences aiming to restore the 

instream ecological diversity of chalk rivers. In the past ecolegists have come to 

realise that disturbance may play an influential role in community dynamics (Sousa 

1984, Strong et al. 1984). Although it is unlikely that such catchment disturbances 

will result in a complete removal of invertebrates, the biological consequences of 

these disturbances are unknown and could potentially play an extremely important 

role in determining the stability of macroinvertebrate communities in chalk rivers. 

Bank poaching by cattle 

Over the past centuries there have been significant changes in the land use practices 

of chalk river catchments. An example of this is the increase in number of cattle 

grazing the fields that are adjacent to the rivers (Plate 5.1). 

Plate 5.1 Cattle grazing. 

Where these cattle have unlimited access to the river for drinking (Plate 5.2), severe 

damage can be done to both the bank and the bed of the stream (Plate 5.3). The 

result is a potential local disturbance to benthic macroinvertebrate communities. 
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Plate 5.2 Inst ream disturbance. 

Plate 5.3 Bank and bed damage. 

Gravel cleaning 

For centuries, gravel cleaning has been practised to improve chalk streams for 

salmonid spawning. The sUtation of spawning gravels in upland rivers appears to 

be an increasing hindrance to salmonids' spawning success (Shackle et al. 1999). 

Salmonid fish have specific requirements for spawning, primarily clean gravel beds 

with low fine sediment content. However, in many British rivers, especially chalk 

rivers, the poor spawning success of brown trout, Salmo trutta L., has been partly 

attributed to increases in the fine sediment content of gravel streambeds (Edwards 

et al. 1972). When present in sufficient quantity, silt can reduce gravel porosity 

and permeability (Carling and Glaister 1987) and so also reduce intragravel water 

velocity, oxygen supply to fish eggs and metabolic waste removal; the net result is 

reduced egg survival to hatching (Iwamoto et al. 1978). 

Since the second world war, chalk rivers have received higher fitne sediment loads. 

Numerous factors have been identified as contributing to this problem. Carling 
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(1984) suggested that deforestation and deep ploughing for drainage increases 

sediment release to rivers. Other suggestions as to why chalk rivers have received 

increased sediment loads include: the decline in use of water meadows which trap 

silt; channel widening, which reduces water velocity, so increasing deposition; 

cattle trampling unfenced banks; changing agricultural practices where rapid 

drainage carries away topsoil and an increase in the area of land ploughed; fish 

farms, which discharge water containing faecal matter and unused fish foods. 

The process of gravel cleaning removes fine sediment that has accumulated in the 

gravel matrix, making the streambed unfavourable to salmonid fish. Traditional 

chalk stream management involved regular gravel cleaning, e.g. by harrowing 

(Plate 5.4) and the decline of this labour intensive process may have exacerbated 

siltation problems (Shackle et al. 1999). Similarly, regulated rivers may not 

receive the flushing flows that would remove fines and maintain stream quality 

(Gilvear 1987). 

' f t t i ' 

Plate 5.4 Traditional chalk stream gravel cleaning. 

A significant reduction in silt has been shown to occur after intensive gravel 

cleaning (Scott and Beaumont 1993). In the past, low technology practices were 

used, however more recent gravel cleaning treatments include tractor rotavating, 

high-pressure jet washing, and pump washing. Although viewed as a necessary 

procedure in most chalk rivers, primarily aimed at increasing production at one 

trophic level, namely saknonids, it can cause extreme local disturbance to other 

communities, e.g. macroinvertebrates, which are recognised as an important trophic 

level within chalk rivers (Mundie and Crabtree 1997). 
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Another form of potential disturbance to stream communities in chalk rivers is the 

introduction of artificial riffle sequences. This practice generally involves the 

placement of several tonnes of artificial substrate directly into the stream channel. 

The principle behind this restoration technique is that the riffle sequences will 

increase the instream habitat and flow heterogeneity, which will be reflected in an 

increase in biological diversity of both macroinvertebrates and fish populations. 

An example of such a scheme on a chalk river was carried out by the Environment 

Agency which involved the placement of over 2,000 tonnes of gravel into the river 

Allen (Dorset) to create a series of fast running riffle areas, slower glides and pools. 

This programme was carried out to benefit the various life stages of salmon and 

trout as well as endangered creatures such as the native white-clawed crayfish and 

the water vole (Environment Agency 2000c). However, relatively little work has 

been carried out on the ecological effects of the introduction of artificial substrate 

into chalk rivers, especially on the macroinvertebrate communities. 

Therefore, disturbance in streams is a common phenomenon and can lead to 

variable effects on community structure within areas upon subsequent 

recolonisation of disturbed habitat (Johnson and Vaughn 1995). Communities are 

potentially maintained in a non-equilibrium state and prevented from achieving 

ecological saturation and tight species packing, which theoretically should 

characterise a stable, resource limited and niche-controlled structure (Resh e/ al. 

1988, Townsend 1989). Some studies have shown rapid community recovery 

following disturbance (Townsend et al. 1987, Boulton et al. 1991), whereas others 

have foimd the resulting community to be different from the original (Fisher et al. 

1982, Townsend 1989, Hildrew and Giller 1994). Studies of ecosystem disturbance 

and subsequent recovery provide an insight to the mechanisms underpinning 

community structure (Hurlbert 1975, Gray 1981, Wallace et al. 1989). Therefore 

disturbance studies have become an important component of stream ecosystem 

research (Resh et al. 1988) and it has been concluded that the patterns of recovery 

(e.g. recolonisation of macroinvertebrate communities) in lotic systems are 

dependent upon the disturbance (Whiles and Wallace 1992). 
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5.2.4 Study aims 

This study aimed to quantify the temporal responses of macroinvertebrate 

communities to a worst case scenario disturbance, i.e. the complete removal of 

macroinvertebrate communities through gravel cleaning or the placement of new, 

artificial substrate into the river system, a well used practice to increase instream 

habitat diversity (Environment Agency 2000c). Most studies of invertebrate 

colonisation in running waters have been conducted on a small scale or have been 

restricted to specific taxa (Maknqvist et al. 1991). Also, little work has been 

carried out on establishing the recolonisation dynamics of macroinvertebrate 

communities in chalk rivers. It is in response to this lack of general knowledge of 

chalk stream colonisation that the current manipulation experiment was initiated. 

It is generally considered that there will be a clear long term temporal 

recolonisation response of macroinvertebrate communities. Coupled with this, the 

influence of substrate size will also greatly influence the recolonisation dynamics 

of invertebrate taxa. More specifically, I hypothesise that: 

« a specific temporal recolonisation pattern will be detected in the invertebrate 

community, with early populations significantly different to end communities in 

terms of abundance, taxon richness and diversity 

• temporally, the abundance, number of taxa and community structure will 

progress towards an equilibrium, following the MacArthur-Wilson island 

biogeographic model (Mackay 1992) 

® substrate size will be a significant factor determining the specific temporal 

dynamics of recolonisation 

® individual taxa will display significant associations with the different substrate 

sizes resulting in the two different substrate types being associated with 

different invertebrate communities 

« successional changes in the macroinvertebrate community will be associated 

with feeding groups 
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5 3 METHODS 

It is therefore evident that for a meaningful representation of the recolonisation 

dynamics of invertebrates, much consideration must be given to specifics of the 

experimental design and the colonisation modes described above. The length of the 

experiment may well dictate the results obtained, for example, if the experiment 

covers a few days the dominant colonising invertebrates will be drifters. Therefore, 

it has been suggested that the longer the colonisation experiment is undertaken, the 

more representative the result will be, indicating true colonisation by individuals 

not solely related to drift movement (Peckarsky 1980). Therefore, in order to 

assess the long term dynamics of macroinvertebrate colonisation in chalk rivers, a 

relatively long exposure length was decided upon. Coupled with this, the actual 

design of recolonisation trays is an extremely important aspect, for example, trays 

with raised edges and those which are not flush with the streambed may well hinder 

the colonisation of crawling taxa. Therefore, if a representative result of these 

invertebrates is to be acquired a suitable substrate holder was of primary 

consideration in the experimental design stage. 

5.3.1 Field methods 

Experiments were carried out on a reach of the river Meon, a chalk stream in east 

Hampshire (Figure 2.4, Plate 5.5). A description of the river Meon and the 

catchment through which it flows is given in Chapter Two (§ 2.3.1). The 

experimental reach was classified as a classic chalk stream stretch, being dominated 

almost entirely by gravel beds. The study reach experienced a variety of flow 

conditions, but was dominated by an extensive riffle with fast flows. The study 

was conducted in this riffle area in order to reduce the influence of flow conditions. 

The riffle area on which the experiment was carried out was approximately 15 m 

wide, 20 m long and 0.1 m deep. 
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Riffle 
area 

L"" 

Plate 5.5 Experimental reach, River Meon, Hampshire, UK. 

Experiments were designed to quantify the effects of substrate size on 

recolonisation by invertebrates. 15 replicates were filled with clean small substrate 

and 15 with clean large substrate (plates 5.6 (a) and (b)) and then implanted into the 

streambed. These recolonisation 'implants' consisted of plastic baskets 33 x 24 x 

14 cm high, with 1 cm^ holes to allow the passage of water through the substrate. 

A mesh was attached inside each basket, which allowed the Iree passage of water, 

and enabled easy removal of the substrate and retention of material accumulated. 

Plate 5.6 shows examples of the recolonisation baskets used throughout the 

experiment and Table 5.1 summarises the physical characteristics of the substrate in 

these baskets. 

(a) (b) 

Plate 5.6 Examples of the recolonisation baskets used In the experiment, (a) small 
substrate, (b) large substrate. 
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Table 5.1. Physical characteristics of the substrate in the two treatment baskets 
Property Small substrate Large substrate 

Range of diameters of substrate particles (mm) 1 2 - 2 6 40-75 

Average number of substrate particles per basket 2646 60 

Average surface area of substrate particles (cm^) 53040 12353 

Average interstitial volume (%) 44 54 

In the Autumn 1999 recolonisation baskets were prepared and implanted within the 

experimental reach after removal of gravel (Plate 5.7). 

Plate 5.7. Placement of recolonisation baskets. 

The baskets were embedded so that the top of the implant was level with the 

surface of the surrounding bed. The natural substratum consisted primarily of 

cobbles and gravels, with slight sand (Plate 5.8). 

Plate 5.8. Recolonisation basket in place, flush with the stream bed. 
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Each basket was positioned so that one implant did not impinge upon any other 

(Plate 5.9). They were positioned throughout the midsections of the reach, starting 

upstream and working downstream. 

Direction of flow 

I 

Plate 5.9. Positioning of recolonisation baskets. 

Three replicates for each substrate size were left in the streambed for 16, 33, 55, 69 

and 85 days. At these intervals three replicates were removed from the streambed 

and, treating each basket individually, the contents emptied immediately into a 

bucket. Each emptied basket was washed on site to ensure the complete removal of 

animals. The mesh was also placed in the bucket and returned to the laboratory 

where it was washed free of organisms. 

5.3.2 Laboratory procedures 

Once the baskets were returned to the laboratory the contents were preserved by 

adding formaldehyde, and the samples processed. The contents of each basket 

were washed through a 500 p.m sieve that retained the substrate. Insects were 

washed free from the substrate prior to it being discarded. The macroinvertebrate 

organisms were picked from the resultant material, identified to species level 

wherever possible and their abundances counted. The same methods were applied 

to the processing of these samples as were used in Chapter Four, (§ 4.3.2). 

At the initial starting point of the experiment and at the same time as the baskets 

were removed from the river, benthic background samples were taken, enabling a 

comparison with background macroinvertebrate communities to be undertaken. 
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These samples were returned to the laboratory, preserved, sorted and identified to 

species level using the same methodologies outlined above. 

5.3.3 Data analysis 

The data were analysed using several techniques, including both univariate and 

multivariate techniques. The experiment covered a period of 85 days, with the 

artificial substrates resident in the streambed for a variety of exposure times. 

Replicates for the two substrate treatments were exposed for 16, 33, 51, 69, and 85 

days. The experimental design was a 2 X 5 factorial with three replicates per class. 

Treatments were substrate (small and large) and exposure time (5 periods). Results 

of the experiment have been analysed by two way ANOVAs. Data were 

transformed if they did not pass the normality and equal variance tests undertaken 

prior to the ANOVA. Univariate analyses have been based on abundance, taxon 

richness and Shannon diversity (H'). Multivariate analyses were also carried out 

on the data, a full description of which is given in Chapter Four, § 4.4.2. 
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5.4 RESULTS: ABUNDANCE, TAXON RICHNESS, DIVERSfTY 

A total of 49 macroinvertebrate taxa were recorded in the samples processed (Table 

5.2). A summary of the raw data collected is shown in Appendix F. 

Table 5.2. Macroinvertebrate taxa recorded in the small, large and background 
samples throughout the experiment. 

Taxa Small substrate Large substrate Background 
TRICLADIDA 
Dugesia polychroa X X X 
Dendrocoelum lacteum X X X 
GASTROPODA 
Potamopyrgus jenkimi X X X 
BUhynia leachi X 
Lymnaea peregra X 
Lymnaea stagnaUs X X 
Physa fonttnalis X X X 
Planorbis planorbis X 
Planorbis -vortex X X X 
BIVALVIA 
Sphaeriidae X X X 
OLIGOCHAETA X X X 
fflRUDINEA 
Glossiphonia complanata X X X 
Erpobdella octoculata X X X 
HYDRACARINA X 
ISOPODA 
Asellus aquaticus X X 
AMPHIPODA 
Gammaridae X X X 
EPHEMEROPTERA 
Baetis sp. X X X 
Rithrogena semicolorata X 
Heptagenia sulphurea X X X 
Ephemerella ignita X X 
Ephemera danica X X X 
Paraleptophebia wernei X X 
Caenis sp. X X X 
PLECOPTERA 
Leuctra hippopus X X 
ODONATA 
Calopteryx splendens X 
COLEOPTERA 
Platambus sp. X X 
Gyrinus natator X X X 
Elmis aenea X X X 
Limnius volckmari X X X 
TRICHOPTERA 
Rhyacophila dorsalis X X X 
Agapetus fuscipes X X 
Polycentropus flavomaculatus X X 
Tinodes unicolor X X 
Hydropsyche pellucidula X X X 
Hydropsyche siltalai X X X 
Potamophylax latipennis X X 
Odontocerum albicorne X X X 
Athripsodes albifrons X 
Goera pilosa X X X 
Sericostoma personatum X X X 
DIPTERA 
Dicranota sp. X X X 
Tipula sp. X 
CuHcoides sp. X X 
Chironomidae X X X 
Muscidae X 
Simuliidae X X X 
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5.4.1 Abundance 

Figure 5.1 shows that initially, small substrate treatments supported greater 

abundances than the large substrates for equivalent exposure time, a pattern that 

was maintained for the remainder of the experiment. 

2000 

1000 

Sma 

Exposure Time (days) 

Figure 5.1. Mean total abundance of macroinvertebrates on small and large 
substrate treatments for each exposure time. 
Vertical bars show 1 Standard Error. 

Abundances on small substrate treatments remained relatively constant after 16 

days, apart from a slight drop from 2893 to 1997 between 69 and 85 days. The 

larger substrates supported lower abundances throughout the length of the 

experiment, reaching comparable levels after an exposure of 85 days. After initial 

increases, abundances remained relatively constant throughout the experiment after 

33 days. A two-way ANOVA revealed that both stone size (p-value <0.001) and 

exposure time (p-value <0.001) were significant, as was the interaction between 

substrate size and time (p-value 0.034) (Table 5.3). A post hoc Tukey test showed 

that time zero abundances significantly differed to the five exposure times, after 

which there were no significant differences. The significant interaction shows that 

the effect of time on colonising abundances was not the same on the large and 

small substrates. As Figure 5.1 shows, abundances increased in large substrates 
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more slowly than in small substrates, reaching an equilibrium after 33 days 

compared to 16 days on the small substrates. 

Table 5.3. Summary of two way ANOVAs with substrate, size and time as main 

Measure Substrate size Exposure time Substrate*Time 

Log Abundance <0.001 <0.001 0.034 

Taxon Richness <0.001 0.251 0.010 

Shannon diversity (H') <0.001 0.05 0.062 

5.4.2 Taxon Richness 

The taxon richness of both substrate treatments over the 85 exposure days showed a 

pattern similar to that of abundances, with an initial increase between 0 and 16 

exposure days, after which there was a leveling off of taxon richness (Figure 5.2). 

After a 16 day exposure large substrates supported higher taxon richness than small 

substrates (20 compared to 13 taxa). This difference was maintained at the 33 day 

exposure length (24 compared to 19 taxa), after which both substrate treatments 

supported similar a taxon richness (Figure 5.2). 

o: 

Small 

33 51 

Exposure Time (days) 

Figure 5.2. IVIean taxon richness on small and large substrate treatments for each 
exposure length. 
Vertical bars show 1 Standard Error. 

197 



Chapter Five; Recolonisation Dynamics 

A two way ANOVA established that there was no significant difference between 

the taxon richness of small and large substrates (p-value 0.251) (Table 5.2). 

However, both time (p-value <0.001) and the interaction between substrate size and 

time (p-value 0.010) were significant (Table 5.2). A Tukey post hoc test again 

revealed that taxon richness at time zero was significantly different to the other five 

exposure times. Coupled with this the taxon richness at 16 days was significantly 

different to that at 69 and 85 days, and the 51 day taxon richness was significantly 

different to 69 and 85 days. The significant interaction (p-value 0.010) shows that 

the effect of time on taxon richness was not consistent for small and large 

substrates. This was primarily thought to be due to the early time periods where 

large substrates had a greater taxon richness compared to small substrates. 

5.4.3 Shannon diversity 

Mean Shannon diversity (H') initially increased between 0 and the 33 days in both 

the large and small substrate treatments (Figure 5.3). After this point, there was a 

degree of levelling off of diversity in the large substrates, however, in the small 

substrates diversity continued to increase up until an exposure of 85 days. 

16 33 51 69 85 

Exposure Time (days) 

Figure 5.3. Mean Shannon diversity (H ) on small and large substrate treatments for 
each exposure length. 
Vertical bars show 1 Standard Error. 
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The two way ANOVA showed that both exposure time (p-value <0.001) and 

substrate size (p-value 0.05) were significant (Table 5.2). However, the interaction 

between time and size was not significant (p-value 0.062). The post hoc Tukey test 

revealed that Shannon diversity at time zero was significantly different to the other 

five times. Coupled with this, the diversity at 16 days was significantly difierent to 

69 and 85 days, showing that diversity was still increasing towards the end of the 

experiment. 

5.4.4 Temporal colonising responses and substrate selectivity of individual 

taxa 

The analyses carried out indicated that there were distinct duration and substrate 

related patterns in the data, both in the raw variables (abundance and taxon 

richness) and derived (diversity) parameters. It was therefore decided that further 

analysis would be carried out to determine the temporal patterns and substrate 

selectivity of individual colonising taxa. Both the temporal and substrate response 

of the 15 most common taxa are shown in Figure 5.4. 

Temporal responses 

Three main temporal patterns were observed when individual taxa were examined. 

Firstly, some taxa showed high colonisation numbers after short exposure times 

that were maintained throughout the experiment (e.g. the mayfly Baetis spp., the 

crustacean Gammaridae, the true fly Chironomidae, the flatworms D. lacteum and 

D. polychroa, and the beetle L. volckmari; Figure 5.4 (a), (b), (c), (d), (g)). All of 

these taxa showed significant temporal patterns (Table 5.4) and Tukey tests 

revealed that their abundances at early exposure times (time zero and 16 days) were 

significantly different to the later exposure times (e.g. 33, 51, 69, and 85 days). 

After this there were no significant differences over the exposure times. This 

indicates that once initially colonised numbers of these taxa remained relatively 

constant over the experiment, suggesting they can be classed as 'quick' colonisers. 

The second temporal pattern observed was that of taxa increasing in abundance 

over the entire experiment (e.g. the true fly Dicranota sp., Oligochaeta, and the 
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cased caddisflies G. pilosa, O. albicorne and S. personatum-. Figure 5.4 (d), (e), (f), 

(g), (h), (i), (j) and (1)). Again these taxa showed significant temporal patterns 

(Table 5.4), although slightly different to those previously described. For example, 

Tukey tests for these taxa revealed that their abundances at early and mid exposure 

times (e.g. time zero, 16, 33 and 51 days) were significantly different to later stages 

(e.g. 69 and 85 days). This indicates that abundances were still increasing towards 

to end of the experiment, suggesting that these taxa can be classed as 'slow' 

colonisers. A third, less frequent pattern, that was also observed was an initial 

increase in abundance followed by a subsequent decrease in numbers over time 

(e.g. the true fly Simuliidae, the stonefly L. hippopus, and the beetle larvae G. 

natator. Figure 5.4 (m), (n) and (o)). Again, these taxa showed significant 

temporal patterns (Table 5.4). Post hoc Tukey tests for these taxa revealed that 

their abundances were significantly different between time zero and 33 days 

(relating to the initial colonisation) followed by a significant decrease at 69 and 85 

days. This pattern has previously been associated with 'resource' colonisers that 

adapt to changing conditions. 

Table 5.4. Summary of two way ANOVAs for the 15 most common taxa with 
substrate size and time as main factors. Significant results (p-value <0.05) are in 
bold. 

Taxa Exposure time 

p-value 

Substrate size 

p-value 

Interaction 

p-value 

Baetis spp. <0.001 0J56 0476 

Gammaridae <0.001 0.001 0.033 

Chironomidae <0.001 o j m 0.908 

Dendrocoelum lacteum <0.001 <0.001 0.029 

Dicranota sp. 0.019 0.808 &898 

Dugesia polychroa <0.001 <0.001 0.006 

Limnius volckmari <0.001 0XW8 0.622 

Oligochaeta <0.001 0.011 0.020 

Goera pilosa 0.021 0.085 0.925 

Odontocerum albicorne <0.001 0.004 0467 

Agapetus fuscipes &581 0.459 0.966 

Sericostoma personatum <0.001 <0.001 0.012 

Simuliidae 0.005 &559 0.793 

Leuctra hippopus <0.001 0.050 0.007 

Gyrinus natator 0.004 0.112 0.240 
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Figure 5.4. Mean abundances of the 15 most abundant taxa over the 85 days. 
* indicate taxa significantly different between small and large substrates. 
Black bars represent mean abundances of taxa in small substrate. 
White bare represent mean abundances of taxa in large substrate 
Vertical bare show 1 Standard Error. 
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Substrate selectivity 

Coupled with these general temporal patterns, a degree of substrate selectivity was 

shown by individual taxa in Figure 5.4. For example, D. lacteum and D. polychroa, 

Gammaridae, L. hippopus and Oligochaeta were all found in significantly higher 

numbers in the small substrates (Figure 5.4 d), (f) and (h) and Table 5.4). In 

contrast, the cased caddisflies G. pilosa, A. fuscipes, O. albicorne and S. 

personatum were found in higher numbers in the large substrates (Figure 5.4 (i), (j), 

(k), (1)), significantly so for O. albicorne and S. personatum (Table 5.4). 

Table 5.4 also shows that for certain taxa the interaction between exposure time and 

substrate size was also significant (e.g. Gammaridae, D. lacteum, D. polychroa, 

Oligochaeta, S. personatum and L hippopus). This shows that the effect of time on 

the abundances of these taxa was not consistent on the two substrate sizes, 

suggesting that individual taxa exhibited different colonisation patterns over time 

on the small and large substrates. An example clearly shown by the flatworms D. 

lacteum and D. polychroa, which increased steadily throughout the experiment in 

small substrates, but remained relatively constant in the large substrates. 
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5.4.5 Community development 

Principle Components Analysis results 

Initial exploratory community analysis of species data was undertaken using 

Detrended Correspondence Analysis (DCA), an indirect unimodal ordination 

method. This option is used to establish how strongly unimodal data are by looking 

at the lengths of the resulting ordination axes, which further determines which 

multivariate tests are appropriate. In all cases, the lengths of the ordination axes in 

DCA were less than 3.0 SD, which justified the use of linear ordination methods 

(Principle Components Analysis and Redundancy Analysis) (ter Braak and Prentice 

1988). 

A summary of the results of the PCA performed on log transformed abundance data 

on the two substrate treatments over the five exposure times is given in Table 5.5, 

and Figure 5.5. The eigenvalue of the first Axis was 0.244. In a PCA, where 

eigenvalues for individual axes all lie between 0 and 1, values of greater than 0.5 

are taken to indicate good separation of the taxa (ter Braak 1995, Cannan 1998). 

Table 5.5. Ordination diagnostics from a PCA of abundance data from the two 

Axis 1 Axis 2 Axis 3 Axis 4 

Eigenvalues 0.244 0J^3 0 . 0 ^ 

Cumulative % variance of data 24.4 40J 50.3 57.5 

The first four PCA axes explained 57.5 % of the variance found within the species 

data. Axes one and two explained the greatest amount of variance within the data 

and a plot was carried out on the sample scores on Axis 1 and Axis 2 (Figure 5.5). 

In Figure 5.5 the symbols of each sample indicate the duration that the replicates 

were left in the streambed. 
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Figure 5.5. Sample scores along the first two axes of a Principal Components 
Analysis. 
Samples are log transformed abundances for the two substrate treatments over the 
five exposure times. Grey line connects the centroids for each exposure time 
period. 

Figure 5.5 displays a clear separation of the communities associated with the two 

different substrate types, with the small sample scores lying above Axisl and the 

large sample scores located below Axis 1. However, within both of the substrates a 

clear temporal pattern can be seen with communities exposed for short time periods 

located on the right hand side of Axis 2 and the communities exposed for longer 

found on the left hand side of Axis 2, therefore indicating that length of exposure to 

recolonisation was extremely important in determining the structure of colonising 

communities. It is also evident that there was a greater spread, or temporal 

variability, in the structure of communities on small substrates compared to the 

large substrate community development, with sample scores extending along the 

entire length of Axis 1 (Figure 5.5). 

By applying ordination analysis many response variables have been reduced to a 

few ordination axes which aim to encompass as much of the variation as possible 

(Carman 1998). These axes can be interpreted with environmental variables to 

establish which factors may be related to the distribution of species and samples in 

the data (Cannan 1998). Correlation coeflBcients can be used as adequate 
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summaries of scatter plots of environmental variables against ordination axes (ter 

Braak 1995, Cannan 1998). Rank correlation coefficients between the ordination 

scores for Axes 1 to 4 and the exposure time and substrate diameter are given in 

Table 5.6. 

Table 5.6. Rank correlation coefficients between PCA sample scores for Axes 1 to 4 
and environmental variables. Significance of coefficients is indicated: ***=P<0.001. 

Variable Axis I Axis 2 Axis 3 Axis 4 

Exposure length (days) 

Substrate diameter (cm^) 

-0.842*** 

-0.094 

-0.141 

0.879*** 

-0.002 

-0J83 

0.088 

0447 

Table 5.6 details that on Axis 1, which represents a temporal factor in Figure 5.5, 

the highest correlation was with exposure length (days), reinforcing the temporal 

aspect of Axis 1. Substrate diameter is significantly associated with Axis 2, which 

indicates that the separation between small and large communities in Figure 5.5 is 

related to the physical properties (i.e. substrate size) of the recolonisation baskets. 

Exposure time and substrate diameter show no significant correlation with Axes 3 

and 4. 

Redundancy Analysis results 

In order to quantify the contribution that environmental variables have in 

explaining the variation in the species composition, these can be incorporated 

directly into the ordination analysis using RDA techniques, (Cannan 1998). Three 

possible explanatory variables were included in the analysis, the summary of the 

RDA outcome is given in Table 5.7. Exposure time and substrate diameter were 

significant and were therefore included in the fiiU analysis. The two significant 

variables explained 35 % of the faunal variation, with Axis 1 and 2 explaining 100 

% of the total environment-species relation. 

RDA restricts the axes to linear combinations of the environmental variables and 

when compared to the PCA, the RDA axes explain less variation, indicating that 

the environmental variables do not predict exactly the variation in the faunal 

composition extracted by the PCA (ter Braak 1995, Cannan 1998). However, the 

high biological-environment correlations mean that a large part of the remaining 
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variation is predicted, and the Monte Carlo tests results suggest that this result is 

significant (Carman 1998). Figure 5.6 displays the partial RDA plot for sample 

scores. 

Table 5.7. Ordination diagnostics from a RDA of abundance data from the two 
substrate treatments over the five exposure lengths rivers sampled. 

p=0.005). 
Axis 1 Axis 2 Axis 3 Axis 4 

Eigenvalues 0.184 0.138 0.102 0.093 

Species-environment correlations 0.883 0.936 

Cumulative percentage variance: 

of species data 18.4 32.1 42.3 51.6 

of species-environment relation 57.1 100 

Sum of canonical eigenvalues 0.321 

Sum of unconstrained eigenvalues 1.000 

Monte-Carlo significance test results: Variable 

Exposure length (days)*** 

Substrate diameter*** 

Figure 5.6 (constrained ordination) is extremely similar to Figure 5.5 

(unconstrained ordination). Again the two substrate treatments separate out, and 

the temporal pattern is exactly the same which is why each point has not been 

designated an exposure length. 

Exposure length 

> Small 

• Large 

Substrate diameter 

RDA Axis 1 

-3 

- 2 

RDA Axis 2 

Figure 5.6. Sample scores along the first two axes of a Redundancy Analysis. 
Samples are log transformed abundances for the two substrate treatments over the 
five experimental time periods. 
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Coupled with the sample scores, the scores for the significant environmental 

variables are also plotted in Figure 5.6 (represented by the arrows). The plot 

confirms that Axis 1 represents a temporal separation of community development, 

and Axis 2 represents the influence of physical difference in the recolonisation 

baskets. 

To investigate further this pattern, a species biplot with the significant 

environmental variables was constructed (Figure 5.7). The full arrows represent 

the significant environmental variables of substrate diameter and exposure period. 

The majority of taxa in Figure 5.7 were located on the left hand side of the diagram. 

Examples included the caseless caddisfiies H. siltalai and H. pellucidula, the 

mayflies H. sulphurea and Caenis sp., the beetle L volckmari, the leech G. 

complanata and the snail P. vortex. All of these taxa were located close to the 

arrow of exposure time indicating that they increased in abundances as the length 

of the experiment increased. It follows therefore that taxa close to the mirror image 

of the exposure arrow represent individuals that were present initially in high 

numbers before suffering reduced abundances. Examples included the fly larvae 

Simuliidae, the beetle G. natator, the stonefly L. hippopus and the mayfly E. ignita. 

Several taxa were also associated with the second significant environmental factor, 

substrate diameter. Examples included the flatworm D. lacteum, the crustacean 

Gammaridae, and the snail L. peregra, all of which were strongly associated with 

substrates of small diameters. In contrast, the cased caddisfiies P. latipennis and A. 

fuscipes and the snails B. leachi and P. planorbis were all correlated with substrates 

with large diameter. 
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5.4.6 Trophic patterns 

The colonisation patterns of many invertebrate taxa have been linked with the 

trophic grouping that the individuals belong to and the food availability within 

colonisation areas (Mackay 1992). It has been hypothesised that initial colonisers 

are often grazers, which are present in high numbers after relatively short periods of 

time due to their mobility and the periphyton availability. Later colonisers are 

often detritivores and omnivores, which exploit the accumulation of detritus in the 

substrate, and predators, which are attracted to the relatively high abundance of 

prey. Functional analyses were undertaken on the invertebrate taxa colonising the 

two substrate treatments, with individuals assigned the trophic classifications of 

grazer, grazer/detritivores, predator, filterer, or omnivore. These classifications 

were felt to encompass the main trophic pathways utilised by chalk river 

invertebrates (Mihuc 1997). The abundances of taxa classified to the trophic 

groupings were calculated and plotted for small (Figure 5.8) and large (Figure 5.9) 

substrates, and a ftiUy factorial three way ANOVA was carried out with time, 

substrate and trophic group as main factors (Table 5.8). 
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Figure 5.8. Shift in trophic groups colonising small substrate treatments. 
Grazers, grazer/detritivore, predator and filterer abundance are on the left x axis and 
omnivore abundance is on the right x axis. 
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Figure 5.9. Shift in trophic groupings colonising large substrate treatments. 
Grazers, grazer/detritivore, predator and filterer abundance are on the left x axis and 
omnivore abundance is on the right x axis. 

Table 5.8. Summary of three way ANOVAs with time, substrate and trophic group as 
main factors. 

Measure p-value 
Time 0.007 

Substrate <0.001 
Trophic Group <0.001 

Size*Time 0.092 
Size*Trophic Group 0.050 
Time*Trophic Group <0.001 

Size*Time*Trophic Group 0.331 

Some clear temporal trophic patterns can be seen in the small substrates (Figure 

5.8). For example, there was a slight decrease in the abundance of filterers. In 

contrast, the numbers of predators and grazer/detritivores increased as exposure 

time lengthened. There was little overall trophic pattern for grazers and omnivores. 

Trophic succession was also seen in the large substrate treatments (Figure 5.9), 

with the majority of trophic groups increasing over time. There was a significant 

difference between size, time and trophic grouping (Table 5.8). There were 

significant interactions between time and trophic group (indicating that the trophic 

groups showed different colonisation patterns) and size and trophic (suggesting that 

the trophic groups colonised differently on large and small substrates, a pattern 

seen in Figures 5.8 and 5.9). 
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However, a point that should be addressed at this point was the observation of the 

Bullhead {Cottus Gobio) solely present within the large substrate treatments over 

the entire experimental exposure length. The predatory nature of this fish species 

and the influence it may be exerting upon the community/trophic composition of 

the macroinvertebrates colonising the large substrate treatments will be dealt with 

within the discussion section of this chapter. 

5.4.7 Community development in comparison to background communities 

Multivariate analyses were carried out on the taxa colonising the small and large 

substrate treatments and also on benthic samples taken from the streambed at the 

time of basket placement and every removal phase. It was decided that multivariate 

analyses would be carried out on presence/absence data for the taxa present rather 

than abundances; this removed any bias in terms of extremely common taxa (e.g. 

Gammaridae). Initial exploratory multivariate analyses (DCA) indicated that linear 

analytical methods were most applicable to the data set. Thus a PCA was carried 

out and a summary of the results of the PCA performed is given in Figure 5.10 and 

Table 5.8. 
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Figure 5.10. PCA plot of sample scores for small, large substrates and benthic 
background samples over the experimental time period. 
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Table 5.8. Ordination diagnostics from a PCA of presence absence data from the two 
substrate treatments and background samples over the exposure length of the 

periment. 
Axis 1 Axis 2 Axis 3 Axis 4 

Eigenvalues 0^62 OXWl 0.075 

Cumulative % variance of data 1&2 25J 33.4 4&9 

The eigenvalue of the first Axis was 0.162. The PCA explained a total of 40.9 % of 

the total variance found within the species data, with axes 1 and 2 explaining the 

majority of variance within the data. A plot was carried out on the sample scores of 

Axis 1 and Axis 2 (Figure 5.10). 

The dashed line in Figure 5.10 encompasses the spread of background samples 

taken over the duration of the experiment. The temporal development of 

communities previously highlighted (Figure 5.5) is still evident in this figure, with 

early communities of small substrate treatments located on the right hand side of 

Figure 5.10, and the samples exposed for greatest lengths located close to the 

background samples. Also evident from Figure 5.10 is the similarity of 

communities associated with large substrates with background communities over 

the entire experimental time period. Although a temporal development was still 

evident in the communities on large stones, initial colonising communities were 

extremely similar to background communities. This therefore suggests that there 

was much less temporal development/variation in terms of community structure in 

the large substrate treatments compared to the small substrate treatments. 

212 



Chapter Five: Recolonisation Dynamics 

5^ DISCUSSDON 

Disturbance events in aquatic environments vary among systems but are important 

factors in the evolution strategies of the resident biota (Gurtz and Wallace 1984). 

Mayr (1964) defined colonisation as the 'invasion of species into disturbed and 

newly created habitats'. Recolonisation studies on running water benthos have 

shown that animals may quickly re-appear in disturbed areas (MuUer 1954, Waters 

1964). However, former diversity and background abundances may not be re-

established for some time (Cairns et al. 1971). The processes of recolonisation and 

subsequent changes in dominance of taxa (succession) are common in streams 

subject to natural and anthropogenic disturbances (Sousa 1984, Peckarsky 1986, 

Brooks and Boulton 1991, Malmqvist et al. 1991, Whiles and Wallace 1992, 

Tikkanen et al. 1994). However, it has been recognised that stream ecologists 

know little about the process of site specific temporal succession by macrobenthos 

(Fisher 1983, Peckarsky 1986). 

5.5.1 Succession 

Population changes 

Analyses carried out on the colonising patterns on small and large substrates over 

time indicated that there were distinct temporal patterns at a taxon level. The 

classic MacArthur-Wilson method of examining temporal colonisation events 

focuses on the examination of temporal change at a community level. An 

alternative is to follow changes in numbers of individual taxa (Reice 1980, Gurtz 

and Wallace 1984, Peckarsky 1986, Mackay 1992). However, this method shares a 

problem with the 'classical' approach in that it is difficult to differentiate between 

colonists truly exploiting the resources of the patch and individuals that are merely 

exploring the potentials and moving on. For example, it has been suggested that 

the often recorded early rise in numbers of Baetis spp. probably includes much 

coming and going while larvae test periphyton resources before eventually staying 

longer to feed (Ulfstrand et al. 1974, Allan 1975, Shaw and Minshall 1980, Fisher 

et al. 1982, McAuliffe 1983, Minshall, Andrews and Manuel-Faler 1983, 

Ciborowski and Clifford 1984, Lake and Doeg 1985, Dudley 1988). Other early 

213 



Chapter Five; Recolonisation Dynamics 

colonisers are thought to include Simuliidae larvae (Ulfstrand et al. 1974, Lake and 

Doeg 1985). However, these taxa are often thought to reflect true colonisation of 

bare sites for filter feeding. A later decline in Simuliidae numbers has been 

explained as part of the colonisation sequence as the larvae move to avoid the 

increasing densities of algae and other filter feeders (Lake and Doeg 1985, 

Hemphill 1988, Downes and Lake 1991). Therefore, the replacement of pioneer 

species by superior competitors that are slower colonisers has been widely reported 

(Hemphill and Cooper 1983, Malmqvist et al. 1991). 

Three general colonisation patterns were highlighted within the current study (e.g. 

Figure 5.4). Some taxa showed high colonisation numbers after a relatively short 

temporal period, e.g. Baetis spp., Gammaridae, D. lacteum, D. polychroa and L. 

volckmari, suggesting that these taxa were quick colonisers. In contrast, certain 

taxa were classified as slower colonisers, e.g. Dicranota sp., Oligochaeta, O. 

albicorne, S. personatum and G. pilosa, whose numbers were still increasing after 

approximately 85 days. A third colonisation pattern observed was that certain taxa 

which were found in higher numbers after relatively short exposure times decreased 

significantly as time progressed (e.g. Simuliidae, L. hippopus and G. natator). This 

therefore indicates that, although these results do not ftilly resolve the uncertainties 

associated with defining true colonists versus exploration, several temporal 

recolonisation patterns can be expected to occur within locally disturbed chalk 

streams. 

Community assemblage 

The sequence of events during colonisation of bare stream patches has been 

described in several ways. Classical approaches follow the MacArthur-Wilson 

island biogeographic model in which community structure progresses towards an 

equilibrium (MacArthur and Wilson 1967). It has been argued that stream 

communities are unlikely to exist in equilibrium (Lake and Barmuta 1986), 

although Minshall and Petersen (1985) suggested that equUibrial conditions could 

occur under stable flow regimes. Equilibrium is reached when the total number of 

species (or taxa due to the limitations of identification) becomes more or less 

constant (Mackay 1992). Alternative end points in this scheme are the stabilisation 
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of either total abundances or species diversity per patch. 

When equilibrium is equated with a plateau in the number of taxa, the 

recolonisation period has been as short as 4 to 6 days in some experiments 

(Townsend and Hildrew 1976, Lake and Doeg 1985), but more usually is in the 

range of 10 to 25 days (Wise and MoUes 1979, Lake and Doeg 1985, Minshall and 

Petersen 1985, Peckarsky 1986). When invertebrate abundances are considered in 

these experiments equilibrium has been reached after 10 to 30 (Mackay 1992). 

However, much longer time periods have also been associated with recolonisation 

of invertebrates. For example, Williams and Hynes (1977) followed the 

establishment of the benthic macroinvertebrate community after a disturbance 

event and concluded that the abundances of recolonising taxa reached an 

equilibrium after approximately 100 days. 

Analyses showed a clear temporal community development within the substrate 

treatments (Figures 5.1 and 5.2). Both abundances and taxon richness levelled off 

after 16 to 33 days. Therefore, when compared to previous studies, taxon richness 

appears to take slightly longer to reach equilibrium than the 10 to 25 days 

suggested by Lake and Doeg (1985) and Minshall and Petersen (1985). In contrast, 

the time taken for abundances to reach equilibrium are more closely comparable to 

the end point of the 10 to 30 days suggested by Mackay (1992). The relatively 

longer time period required for the taxon richness to reach equilibrium is perhaps 

not unexpected. The previous chapter highlighted the extremely diverse nature of 

undisturbed chalk stream macroinvertebrate communities (Berrie 1992, Wright 

1992, Harrison 2000). It may therefore be expected that these systems take a 

relatively long time to reach stability in terms of the number of taxa colonising. 

A slightly different temporal pattern was seen when the diversity of the 

recolonisation baskets were examined, with an equilibrium diflBcult to identify 

(Figure 5.3). It could be argued that the diversity of small substrates was beginning 

to level off towards the end of the experimental time period. However, the 

diversity within large substrates was still increasing in the baskets exposed for 85 

days. This could again be attributed to the extremely diverse nature of the 

macroinvertebrate communities found within chalk streams (Mainstone 1999). 
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Many factors can determine the diversity of colonising invertebrates over time 

(McCabe and Gotelli 2000). Biotic interactions such as predator/prey interaction 

(Peckarsky 1985) and competition for available resources, e.g. space and food (Hart 

1986, Hemphill 1988, Matczak and Mackay 1990) combine to determine the 

specific community composition over time. Hence, the extremely dynamic nature 

of aquatic systems, especially chalk rivers (Berrie 1992), could be impacting upon 

diversity values (Malmqvist et al. 1991). For example, the accumulation of detritus 

over time will present an additional food source for certain invertebrate taxa, 

potentially attracting additional organisms (Gurtz and Wallace 1984) and increases 

in trapped fine sediment can offer new habitats for certain taxa (Peckarsky 1986). 

Therefore the ongoing interaction of abiotic and biotic factors could potentially be 

playing an important role in temporal community diversity patterns (Malmqvist et 

aA 1991). 

Therefore, generally the temporal community colonisation patterns of abundances 

and taxon richness reached equilibrium, a similar pattern observed by previous 

researchers (Allan 1975, Wise and Mo lies 1979, Shaw and Minshall 1980, Fisher et 

al. 1982, Minshall, Andrews and Manuel-Faler 1983, Ciborowski and Clifford 

1984, Peckarsky 1986, Mackay 1992), although the exact pattern differed between 

the substrate treatments. In contrast, no clear equilibrium was identified in the 

diversity of the small and, particularly, large substrate treatments. Therefore, it can 

be concluded that substrate size significantly influences temporal succession at both 

a population and community level. 

5.5.2 Substrate preferences 

Historically, substratum has been considered to be one of the most important 

factors influencing the distribution of in-stream macroinvertebrates (Bell 1969, 

Wise and Molles 1979). This view has developed fi-om early observations that 

certain benthic species are restricted to particular types of substrate and that 

different types of substrate support assemblages of invertebrates that differ in 

regard to total numbers and/or numbers of taxa (Hynes 1970). Substrate selection 

by stream invertebrates has been identified as an important mechanism determining 

invertebrate abundances, species composition, and species richness (Egglishaw 
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1969, Hart 1978, Reice 1980, Minshall 1984, Magoulick 1998). Stones in 

experimental substrate trays do not offer the same range in stone size as natural 

substrate patches, but do mimic physically disturbed patches in that they are loose, 

with interstitial spaces at Erst free of silt and detritus. It is generally accepted that 

lotic organisms display substratum preferences in the laboratory (Scott 1958, 

Cummins and Lauflf 1969, Higler 1975, Walton 1978) and in the field (Percival and 

Whitehead 1929, Linduska 1942, Ulfstrand 1968, Reice 1974, de March 1976, 

Reice 1977). 

In an experimental manner similar to the pioneering substratum manipulation 

carried out by Wene and Wicklilf (1940) patches of two substratum sizes were 

established during this investigation. These patches were set up in a single riffle to 

minimise the current velocity diGerences among patches, allovsdng any differences 

in population distributions and community structure to be ascribed to substratum 

differences alone, the null hypothesis being that the distribution of colonists among 

the two substrates would be the same. Alternatively a hypothesis was also 

formulated that organisms would select substrata on the basis of their 

characteristics and produce distribution patterns accordingly. This research clearly 

showed that small and large substrate treatments supported different communities, 

which were temporally colonised in different manners (Figure 5.4). Therefore 

these results suggest that substrate size is an extremely important factor in 

determining the temporal colonising dynamics of invertebrates. 

Previous recolonisation patterns have suggested that greater numbers of individuals 

colonise larger substrates (Tarzwell 1936, Moon 1939, Pennak and Van Gerpen 

1947, Ward 1975 and Wise and Molles 1979). These results clearly show that this 

was not the case, and only after 85 exposure days did the substrate treatments have 

similar abundances (Figure 5.1). However, the current results are consistent with 

those of Minshall and Minshall (1977), Williams and Mundie (1978) and Shaw and 

Minshall (1980). Minshall and Minshall (1977) attributed the higher numbers on 

smaller substrates to the greater surface area available within these treatments. 

Small substrate treatments had a surface area 4.3 times greater than that associated 

with the large substrate treatments (53, 040 cm^ compared to 12, 353 cm^ 

respectively. Table 5.1). This difference in surface area could be a potential factor 
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in explaining the apparent discrepancy with earlier research. 

When individual taxa were assessed the results clearly demonstrate that certain taxa 

exhibited substrate preference. For example, the flatworms D. lacteum and D. 

polychroa were found in significantly higher numbers on the small substrate 

treatments and the cased caddisflies S. personatum and O. albicorne had 

significantly higher numbers in the large substrates (Figures 5.4). This finding is 

inconsistent with Sheldon (1977) who compared numbers of stream insects 

colonising trays of large and small stones and found no significant effect of 

substrate size for any individual taxon. Minshall and Minshall (1977) also failed to 

show significant differences between substrate sizes when taxa were analysed 

individually. However, the failure to demonstrate significant effects probably 

resulted fi-om the higher variance in numbers for individual taxa than for numbers 

of stream insects (Hellawell 1977). In contrast, both Gurtz and Wallace (1984) and 

Malmqvist et a/. (1991) clearly demonstrated the importance of substrate size in the 

colonisation preference of individual taxa and attributed this finding to the physical 

characteristics of the substrate available to colonisation. 

Minshall (1984) listed several substrate parameters that appeared to be important in 

determining substrate preference in taxa. These included type of substrate, particle 

size, heterogeneity, texture, pore space, and silt/detritus accumulation. Cummins 

and Laufii" (1969), Reice (1980) and Erman and Erman (1984) studied a selection of 

these factors and found them to influence taxon colonisation. A number of these 

factors could be playing an important role in the results presented. For example, 

the greater surface area of the smaller substrate treatments could be an important 

aspect for flatworm species that exhibit an extremely close relationship with the 

surface of the substrate they colonise (Fritter and Mannuel 1995). Another 

example of the substrate properties that could be exerting an influence on 

colonisation of individual taxa includes interstitial pore size. The interstitial 

volume within large substrate treatments was 10 % greater than that in the small 

substrate treatments. When the individual taxa were examined, the taxa with 

significantly higher numbers in large substrates were cased caddisflies. Large 

substrates tend to be more stable than smaller substrates (Taylor and Littler 1982, 

Zaret 1982, Gurtz and Wallace 1984), and, once the surface is suitably conditioned. 
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are more likely attract clinging, more sedentary organisms, such as cased 

caddisflies (Khalaf and Tachet 1980, Malmqvist and Otto 1987). The greater 

interstitial space available could also be beneficial in terms of case development for 

these species (Mackay 1992). 

The presence of Cottus gobio, the Bullhead, was observed solely within the large 

substrate treatments. Although not explicitly studied, the presence of this fish 

species could potentially be attributed to the usability of the interstitial spaces 

available within the large substrate treatments. Kohler and McPeek (1989) 

investigated the prey preference of Cottus sp., using the mayfly Baetis sp. and 

caddisfiy Agapetus sp. Results indicated that Cottus sp. favoured mobile prey 

rather than more sessile organisms as they rely on visual detection of prey when 

feeding. Cased caddisjQies were found to be less \ailnerable to predation than 

Baetis sp. and Gammaridae as the stone case deterred predation and the movement 

of the cased caddis was less (Kohler and McPeek 1989). Therefore, a combination 

of physical and biological characteristics of the substrate treatments could 

potentially explain the significantly higher numbers of certain taxa associated with 

the small/large substrate treatments. In fact, it is a suggestion of this research that 

the predatory presence of C. gobio could be a factor in the overall lower 

abundances of taxa within the large substrate treatments (Figure 5.1). Therefore the 

results of this study lend support to the theory that specific physical characteristics 

and related biological aspects of the substrate can significantly influence the 

colonisation patterns of macroinvertebrate communities within a chalk river. 

5.5.3 Trophic succession 

An additional method utilised in the analysis of recolonisation data is the 

classification of individual taxa to trophic feeding groups. As previously identified 

Baetidae (mostly Baetis spp.) are abundant and early colonisers in most parts of the 

world (Ulfstrand et al. 1974, Hynes J.D. 1975, Gore 1979, Gray and Fisher 1981, 

Benke and Jacobi 1986, Parker 1989, Lamberti et al. 1991). Baetis spp. are often 

classified as grazers, removing thin organic films which develop quickly on the 

bare substrate. The early arrival of these taxa is consistent with their ability to 

exploit the earliest food materials on and among bare substrates. Fisher et al. 
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(1982) found that grazers composed 87 % of numbers in the invertebrate 

community of a desert stream disturbed by flash floods. This initial increase in 

grazers, especially mayfly genera, is a nearly universal response in streams 

following disturbances (Hawkins et al. 1982). These generalist feeders typically 

have short generation times and high fecundity (r-strategists) and hence, can 

rapidly increase in numbers following environmental changes that favour their food 

resources, temperature requirements, etc. Elminthidae and Chironomidae are also 

consistently recorded among the first colonisers (Gurtz and Wallace 1984, 

McElravy gf a/. 1989). 

If colonists cannot graze, an alternative early feeding strategy is filtering, making 

use of suspended fine detritus (Mackay 1992). Simuliidae and Hydropsychidae 

larvae are also often reported as early colonists. However, because the 

Hydropsychids can only establish on rough surfaced rocks they may not be the 

earliest filterers. Nevertheless, they have some of the characteristics of 

opportunists in that the larvae in this family tend to have unspecialised nets and a 

broad diet (Fuller and Mackay 1980), and they can feed on drifting animals as well 

as detritus (Lamberti and Moore 1984, Diamond 1986). 

Later in the recovery of streams, herbivorous taxa contribute more to colonisation. 

For example, detritivore dominated communities have been reported as being rather 

slow to recover after disturbance (Gray and Fisher 1981, Wallace 1990). The 

relatively few numbers of detritivores among the early colonisers of introduced 

substrates has been attributed to the slow rate of coarse particulate organic matter 

accumulation (Peckarsky 1980). Ulfstrand et al. (1974) reported that when coarse 

particulate organic matter did collect on the substrate trays in a suitable stream, 

many shredders were among the colonisers. 

This general pattern of trophic succession has been previously reported within 

recolonisation experiments, for example, Malmqvist et a/. (1991) correlated the 

gradual colonisation by grazers, e.g. Baetis spp., with the gradual establishment of 

benthic algae, while predators, e.g. O. albicorne and R. dorsalis and 

CO Hectors/gathers, e.g. Chironomidae, arrived later with the accumulation of prey 

organisms and fine organic material respectively. The relative proportion of 
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trophic groups shifted over time within both of the substrate treatments. For 

example, the mean abundance of both predators and grazer/detritivores increased 

with time in the small substrate treatments. In contrast the abundance of filterers 

and grazers showed little temporal pattern (Figure 5.8). A similar pattern was 

observed within the large substrates (Figure 5.9), with grazers and filterers showing 

little temporal pattern. One potential explanation for the relative stability in grazer 

numbers in the large substrates, in contrast to the general dechne previously 

reported in literature, was the predatory presence of C. gobio which have been 

established to select mobile prey such as grazers and could therefore be regulating 

the numbers of these taxa. However, this does not explain the little temporal 

succession of grazers in small substrates, which suggests that their functional 

resources did not become limiting during the experiment. 

As the numbers of grazers/detritivores, filterers and grazers grow, invertebrates 

begin to interact with each other. For example, intra- and interspecific competition 

for space has been shown to determine the relative abundances of colonising 

filterers (Hart 1986, Hemphill 1988, Matczak and Mackay 1990) and grazers 

(McAuliffe 1984, Hart 1985). Besides causing emigration from the patch under 

consideration, competition may be occurring upstream, resulting in drift, and hence 

affecting the rate at which the patch receives immigrants (Mackay 1992). It has also 

been suggested that early colonisers may enjoy an initial period of enemy-fi-ee 

space because dominant predators tend to be later immigrants (e.g. Pianka 1970, 

Ulfstrand et al. 1974, Allan 1975, Meier et al. 1979, Shaw and Minshall 1980, 

Peckarsky 1986, Boothroyd and Dickie 1989). Therefore, there are many internal 

biotic factors that could be contributing to the trophic colonisation pattern 

observed. Also, recolonisation by invertebrate taxa would appear to be a 

combination of both mobility of individual taxa and the trophic pathways they 

exploit. 

5.5.4 Management implications 

Much debate exists over the similarity of recolonisation community composition 

compared to background/control communities. In theory, given adequate time, the 

composition of recolonisation communities should approach that of the 
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background, given that the undisturbed streambed provides the recolonising pool of 

invertebrates (WiUiams and Hynes 1976, Malmqvist et al. 1991, Mackay 1992, 

Tikkanen et al. 1994). This aspect of invertebrate recolonisation has potential 

management implications for chalk rivers that experience a variety of instream 

disturbances. Therefore an extremely important aspect to this experiment was to 

establish how long it takes for recolonisation and existing communities to show 

similar compositions, abundances and diversities. 

The multivariate analysis provided an interesting insight to similarities between 

colonising and existing communities. For example, it is evident that communities 

associated with large substrates were extremely similar to background communities 

in terms of composition over the entire exposure period (Figure 5.10). 

Communities of the small substrates did reach similar composition levels to 

background samples, but only after a longer period. These findings have potential 

links with disturbance due to the introduction of artificial substrates into chalk 

rivers in order to restore instream habitat and hydraulic heterogeneity (§ 5.2.3). 

Currently little regard is given to the choice of substrate used in restoration 

schemes, however the results presented within this chapter suggest that the choice 

of substrate can be pivotal in determining the equilibrium macro invertebrate 

communities observed. For example, in terms of similarity to background 

communities large substrates would appear to be preferable, with a comparable 

community composition observed after relatively short exposure times compared to 

small substrates. However, if consideration is given to the relative abundances that 

substrates supported (an important ecological aspect, especially for fish 

populations), then small substrata would be preferred to larger ones. Therefore the 

specific physical and biological characteristics associated with substrates of 

different sizes need to be considered prior to their introduction to riverine systems. 
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5.6 CONCLUSIONS 

A clear temporal pattern was seen in the abundance and taxon richness of 

recolonising macroinvertebrate communities on both small and large substrate 

treatments. Both the abundances and taxon richness reached an asymptote after 

approximately 16 to 33 days, a temporal equilibrium that compares favourably with 

many previous studies. In contrast however, the diversity of colonising 

communities on both substrate treatments appeared to take longer than the 

experiment time period to reach equilibrium. This is perhaps not unexpected due to 

the extremely diverse nature of chalk stream macroinvertebrate communities and 

the ongoing shift of internal conditions within the recolonisation baskets. 

It also highlights the potentially weak ability of chalk stream invertebrates to 

respond rapidly to physical disturbance, a reflection of the physically stable nature 

of chalk streams. 

With regard to individual taxa, three general colonisation patterns were observed. 

The first pattern, common to the majority of taxa, was one of increasing 

abundances over exposure time ('slow' colonisers). The second colonisation 

pattern was that of initially high numbers that were maintained over the whole 

experiment ('quick' colonisers). The third colonisation pattern was that of initially 

high numbers followed by a dropping off of abundances, potentially due to a shift 

in resources available for specific taxa ('resource' colonisers). 

The influence of substrate size was also identified as a highly important factor in 

determining colonising communities. Throughout the experiment, large substrate 

treatments supported lower numbers compared to small substrates. This has 

potentially been Mnked with the predatory presence of C. gobio suppressing 

colonising numbers. When individual taxa were investigated, the influence of 

substrate size was again important, with certain properties such as surface area and 

interstitial pore size highlighted as potentially explaining the association of certain 

taxa. However, the significant interaction exhibited between exposure time and 

substrate size means that neither of these factors can be considered in isolation 

when examining the recolonisation dynamics of chalk stream invertebrates. 
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Trophic succession of communities again compared closely to previous 

recolonisation studies, with patterns attributed to a combination of the mobility of 

individual taxa and exploitation of resources available (Grimm and Fisher 1989, 

Boulton et al. 1992). The biological interaction of competition and predation 

within invertebrate and higher trophic groups was also highlighted. 

Substrate size was observed to influence the temporal colonisation towards 

similarity with background communities in terms of composition and abundance in 

the small substrates. Large substrate communities were extremely similar to 

background samples over the entire experimental period, however, smaller 

substrates consistently supported greater numbers. This finding has potential 

implications for the substrate used in river restoration techniques, where substrates 

are added to recreate habitat and flow heterogeneity (Environment Agency 2000c). 

Recolonisation studies to date have established recurring ecological patterns 

(Mackay 1992). The current results presented within this chapter agree with many 

previous colonisation studies, especially the trophic succession of communities and 

the physical influence of substrate characteristics in determining community 

composition. Depending on hydrologic regime and season, predictions can be made 

as to the likely responses of macroinvertebrate communities to disturbance, 

according to their ecological traits and dynamics. This relative predictability of 

invertebrate recolonisation has not been previously considered in chalk rivers and 

therefore provides an ideal opportunity to assess the ability of a stream to cope with 

disturbance. This information could be invaluable to managers debating the 

necessity of protecting/restoring a stream. For although our ecological knowledge 

at the species level is still incomplete, some recognition of typical faunal patterns 

can provide the constructive advice needed in environmental decision-making 

(Mackay 1992). 
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Chapter Six: General Discussion 

6.1 iprrFwoiMUcriCMV 

6.1.1 Chalk rivers revisited 

Great Britain has many geological formations, and a range of temperate climates 

and approaches to land management. These geographical differences give rise to a 

wide variety of rivers and streams (Lewin 1981), ranging from the fast, rocky, clean 

and oligotrophic salmon rivers of the north and west, to the slow, muddy, eutrophic 

and often polluted coarse fish rivers in the south and east (Ladle and Westlake 

1995). Chalk rivers are generally classified as lowland rivers. However, lowland 

rivers are often highly stressed systems due to changes in land cover and use; this 

results in increased flashiness and a largely unrepresentative river channel structure 

(Harper and Everard 1998). Therefore, it is evident that the physical and biological 

characteristics of chalk rivers set them apart from the more recognisable 'lowland' 

systems. 

Chalk rivers are found only where chalk outcrops on the surface of the earth (Berrie 

1992), hence they are a special type of calcareous stream with quite distinctive 

features. Many of their characteristics can be attributed to the physical and 

chemical properties of the land over which they flow and from which their waters 

emerge. For example, the hydrological regime of a chalk river is a direct result of 

the groundwater nature of these systems. Passage of water through the aquifers is 

relatively slow and hence smooths out irregularities in rainfall. Consequently, 

chalk rivers tend to have a regular annual flow with a relatively small difference 

between winter and summer, and no spate conditions. The temperature range in 

chalk rivers is relatively small compared to other lowland rivers which receive 

greater quantities of surface runoff. The water is calcareous, with naturally high 

quantities of inorganic nutrients present. The undisturbed bed of chalk streams is a 

pavement of gravel cemented by calcium carbonate with overlying silt and detritus 

at the edges and under weed beds. In contrast, more typical UK lowland rivers 

flow over clay, cobbles, or an anaerobic organic ooze (Ladle and Westlake 1995). 
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British chalk streams and lowland rivers flow through agricultural catchments and 

urban areas that have been intensively used by man since at least Roman times 

(Ladle and Westlake 1995). The relative stability of conditions within chalk 

streams has been widely noted (Giles et al. 1991, Berrie 1992, Mainstone 1999). 

However, it has also been recorded widely that the previous 200 years has seen 

much change throughout chalk river catchments, primarily driven by anthropogenic 

development and exploitation of the ecosystems. For example, early use of the 

rivers for water power and navigation has been widely reported (Environment 

Agency 2000a). More recent catchment activities influencing chalk rivers include 

the abstraction of potable water and the discharge of various wastes (Mainstone 

1999). This exploitation raises the issue of the degree to which current catchment 

processes influence the ecological quality of chalk river ecosystems, the main 

theme of this thesis. 

EKZIOSYSTTMWBICMmnnERSrry 

It is evident that rivers cannot be separated in theory or practice from the lands they 

drain (Hynes 1975). Hence, the catchment basin defines the spatial dimensions of 

river ecosystems (Stanford et al. 1996). The catchment landscape is composed of 

interactive, biophysical resources (e.g. water, minerals, nutrients, habitats, food 

webs) that are used by the assemblage of animals and plants (biodiversity) that live 

within the ecosystem (Stanford e/a/. 1996). Biodiversity encompasses such 

phenomena as genetic, morphological, and life history variation within species and 

the richness, distributions, biomass and productivity of populations, species, guilds 

and other taxonomic and trophic categories across the landscape. It also takes in 

the myriad of biophysical processes (functional attributes) that control these 

phenomena (Hall et al. 1992, Doppelt et al. 1993, Noss and Cooperrider 1994, 

Stanford et al. 1996). However, the biodiversity of a system is determined by the 

availability of the resources that are needed by animals and plants in order to 

reproduce successfully (Andrewartha and Birch 1954) and thereby sustain 

ecosystem integrity (Frissell and Bayles 1996). Therefore it follows that a shift in 

the resources available (e.g. an increase in nutrients and fine sediment) could carry 

potential implications for the biodiversity of chalk ecosystems. 
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It is recognised that river ecosystems have a certain natural capacity to maintain 

their ecological status despite natural and anthropogenic disturbances occurring 

within their catchments (Warren et al. 1979, FrisseU et al. 1996, Stanford et al. 

1996), and that biodiversity is dynamic in time and space in relation to availability 

of resources (Benke et al. 1988). Biotic dynamics derive from natural variation in 

the environmental setting; equilibrium conditions rarely exist for long time periods 

because specific productivity increases opportunities for other species to use 

resources, inferring that levels of ecosystem biodiversity and bioproduction are 

generally related to the intensity, frequency and duration of disturbance events 

(Huston 1979, Resh et al. 1988, Pimm 1991, Huston 1994, Reice 1994, Stanford et 

Anthropogenic activities have almost universally played an important role in 

shaping and disturbing stream ecosystems (Resh and Grodhaus 1983, Petersen et 

al. 1987, Resh et al. 1988). Clearly the impact of humans on streams can vary in 

spatial scale from affecting extremely localised microhabitats (e.g. displacement of 

an individual rock) to affecting large regions (e.g. acidic precipitation). Thus, the 

ecological capacity to accommodate these disturbances varies from place to place 

and high ecosystem biodiversity is most likely to occur in catchments vdth a long 

legacy of high spatial and temporal environmental heterogeneity (Connell 1978, 

Ward and Stanford 1983, Salo et al. 1986, Poffand Ward 1990). 

Humans tend to dominate ecosystems, thereby superimposing pervasive, continual 

perturbation on the natural disturbance regimes. The result can be suppression, and 

in some cases permanent loss, of environmental heterogeneity and biodiversity, 

frmdamentaHy reducing the ecological functioning of riverine environments 

(Stanford et al. 1996). It is evident from the review of physical, chemical and 

biological conditions experienced within chalk rivers that certain components of 

these systems are potentially susceptible to the imposition of anthropogenic 

disturbances. For example, the presence of mid-stream gravels used by spawning 

fish populations (and the macroinvertebrate communities upon which they feed) is 

a classic feature of chalk rivers. This instream feature is potentially extremely 

susceptible to degradation through the physical smothering by fine sediment 

supplied from the surrounding catchment, and the flushing of wastewaters from 
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watercress and fish farms. Implications of this smothering include a degradation of 

spawning grounds for salmonid fish and a general lowering of water quality, e.g. 

reduction in macroinvertebrate community diversity. 

Eutrophication is also a primary concern and cause of community changes in chalk 

rivers (Ladle and Bass 1981, Giles et al. 1991, Ladle and Casey 1991). Abundant 

instream macrophyte beds are another common feature of chalk rivers (Armitage 

1997). However, an increase in available nutrient resources can result in a shift in 

macrophyte community composition. For example, at eutrophic sites Potamogeton 

pectinatus can be particularly abundant, representing a shift Irom the more common 

Ranunculus sp. (Ladle and Westlake 1995). The growth of Cladophora 

(filamentous green algae) has also been noted as a potential community shift 

associated with increased inorganic nutrients. The growth of Cladophora has been 

seen to stress the growth of Ranunculus sp., whereas the competing plant 

Potamogeton pectinatus is less aflected (Spink et al. 1993). 

My research was initiated with the principle aim of investigating the influence of 

catchment disturbance on the water quality of five chalk stream catchments that 

vary in spatial scale. The underlying philosophy behind this work was to identify a 

series of point and diSuse disturbances thought to encompass many of the current 

anthropogenic activities undertaken throughout chalk river catchments, and to 

investigate their influence at a replicated catchment scale. It is recognised that it is 

virtually impossible to locate an undisturbed/unmanaged chalk river in the UK 

(Ladle and Westlake 1995). However, with the placement of control sites the 

current research is able to provide an in-depth assessment of the current water 

quality of chalk rivers and provide a basis for the assessment of the response of 

these systems to local and catchment disturbances. From these results a conclusion 

can be drawn regarding the relative stability of southern UK chalk streams. 

6.3 CATCHMENT DISTURBANCES 

Humans vastly reduce the capacity of river ecosystems to sustain natural 

biodiversity by severing or compromising the dynamic interactive pathways of the 

river continuum (Stanford et al. 1996). Environmental heterogeneity is often 
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associated with high biodiversity, indicating that individual components of river 

systems must be adaptable to local and catchment scale changes in conditions. 

However, anthropogenicaUy mediated environmental change often exceeds the 

ability of the system to adapt (Stanford et al. 1996). The perturbations that 

potentially influence ecological processes linking ecosystem components in river 

basins have been classified by Stanford et al. (1996) into three groupings: (a) water 

pollution of aU types; (b) food web manipulation by harvest, stocking and exotic 

invasion (an especially important issue in chalk rivers with reference to their fish 

populations); (c) alteration of conditions by instream manipulations (e.g. over 

widening and channel sedimentation). 

Catchment land uses can therefore create direct and diffuse inputs of pollutants 

(Hynes 1960, Warren 1971), accelerate erosion and sediment loading (Waters 

1995), and alter the flux rate of materials in rivers (e.g. eutrophication), all of which 

ultimately impact upon the ecological functioning of river communities. For 

example, the harvest/stocking of fishes, and the purposefiil introduction of non-

native species (e.g. rainbow trout) can induce strong interactions that alter food 

webs by causing biomass and bioproduction shifts, species replacements and other 

trophic effects (Mooney and Drake 1986) that may cascade through all trophic 

levels and even involve terrestrial species that feed on aquatic biota (Spencer et al. 

1991). 

Compared to nutrient concentrations considered representative of pristine chalk 

streams (Mainstone 1999), nutrient loads in the rivers Itchen, Test, Meon, Frome 

and Avon are high. Therefore, this does indicate the potential for a degree of 

ecosystem degradation at a catchment level. All five rivers investigated displayed 

extremely similar levels of nutrients at a catchment level. It has been widely 

documented that chalk rivers experience naturally high nutrient levels (Casey and 

Smith 1994). Although elevated against pristine conditions (Mainstone 1999), the 

concentrations (especially those of phosphate) recorded throughout this research 

indicate that currently the rivers studied are classified as boundary eutrophic. 

Despite the elevated nutrient levels observed in the five study rivers, there is little 

evidence of marked impacts on their biodiversity or ecology (Chapter Three). 

Therefore it would appear that chalk rivers are not currently adversely affected by 
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the nutrient inputs they receive. Given that chalk rivers generally have more than 

enough nutrients to support primary production (Westlake 1975) it is perhaps not 

unexpected that additional concentrations of these compounds do not bring about 

the typical eutrophic changes observed in other lowland rivers (Ladle and Westlake 

1995). 

Results also clearly show elevated levels of suspended particulate matter (SPM) 

entering the systems, compared to the levels suggested by Mainstone (1999) in 

pristine chalk rivers. The ecological problems associated with turbid water have 

been widely reviewed, with implications not only for fish populations (e.g. reduced 

vision, clogging of gills, reduction in spawning areas; Stuart 1953, Burton 1985, 

Wood and Armitage 1997), but also for macroinvertebrates - an extremely 

important trophic level within chalk rivers (Ryan 1991, Wood and Armitage 1997). 

The link between increased suspended solids and increased benthic fine sediments, 

an obvious potential problem within chalk rivers given salmonid spawning 

requirements, has also been reported (Mainstone 1999). However, the increases in 

suspended solids in the water column, mainly fi-om difiuse sources, observed 

(Chapter Three) would appear not to be being translated into an overall degradation 

of benthic substrate conditions within chalk rivers at a catchment level. Indeed, 

although the deleterious effects of fine sediment addition to the benthic substrate 

matrix have been discussed (Chapter Four), it is evident fi-om longitudinal surveys 

that this issue is currently a local disturbance derived fi-om point source grazing and 

trampling of banks resulting in bankside erosion. 

Other local disturbances were highlighted in Chapter Five (e.g. cattle grazing, 

gravel cleaning, and artificial riffle placement). Results of a simulated disturbance 

indicated again that catchment activities could potentially influence the ecological 

functioning of chalk rivers at a local scale. For example, the use of substrate 

differing in size to the local streambed (e.g. the placement of artificial riffles in the 

restoration of chalk rivers) could potentially alter macro invertebrate communities 

in terms of their diversity and overall functional structure, a recognised important 

trophic level in chalk rivers (Berrie 1992). 
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It should be remembered that all five rivers investigated were found to respond in 

an extremely similar manner to the localised disturbance of increases in fine 

sediment. Although it is recognised that the activities examined within the 

individual catchments varied in the intensity and fi-equency of disturbance, when 

the sites were combined to represent the whole catchment, all of the river systems 

responded in a very similar manner. This suggests that chalk rivers appear to be 

relatively robust at a catchment level, with local disturbances potentially exerting a 

greater influence on the ecological fimction of these riverine environments. 

6 4 CILUUKSnnMEAMSTABILrry 

As previously mentioned in § 6.1.1 much weight has been given to the relative 

stability of chalk streams, in terms of their biological and chemical status (Berrie 

1992). Aspects of this have been highlight through my research. For example, a 

high degree of interannual variability in macroinvertebrate communities was 

evident (Chapter Four). However, the relatively long time taken for communities 

to colonise new substrata (Chapter Five) does demonstrate the relatively weak 

ability of chalk stream invertebrate communities to respond rapidly to physical 

disturbances. This fiirther suggests that chalk streams are naturally undisturbed 

systems, at least in physical terms. This general lack of physical disturbance can be 

attributed to chalk streams being dominated by groundwater (Berrie 1992). The 

groundwater recharge results in stable hydrological conditions throughout the year, 

minimising physical disturbances to the stream bed and banks. In contrast, certain 

physico-chemical properties of chalk streams displayed marked variation, 

especially between seasons (e.g. temperature, SPM and nitrate). However, these 

local and catchment scale variations appear not to be adversely affecting the water 

quality of chalk streams at the current time. This finding suggests that, although 

physico-chemical properties of chalk streams are relatively temporally and spatially 

variable, their overall impacts are strongly buffered against, resulting in a high 

quality river system. This result therefore indicates that chalk rivers are able to 

accommodate physico-chemical variation (at current levels) and that physical 

disturbances present a major threat to the stability of these systems. Therefore 

physical catchment disturbances need to be minimised. 
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6.5 CHALK RIVER MANAGEMENT 

The findings of this study have important implications for the management of chalk 

rivers. The management of land and water within entire catchments in order to 

ensure river 'health' is emerging as a popular, albeit largely undefined, response to 

the widespread recognition that river ecosystems are increasingly threatened 

(Benke 1990, Allan and Flecker 1993, Allan et al. 1997). It is widely recognised 

that river management needs to move towards an environmentally sustainable 

future; this means that solutions to water quality and water resource problems must 

seek technically self-sustaining options which are both economically efficient and 

enhance biodiversity (Department of the Environment 1996). Coupled with this, 

there is now a general convergence of views in fluvial science that physical and 

biological elements of catchment systems are intrinsically linked (Carman 1998). 

Hence river management of lowland systems has shifted towards a catchment 

approach, focusing on the fact that a holistic approach is required rather than 

isolated manipulation, repair, replacement or mitigation of individual sites 

(Wissmar and Beschta 1998). It is well known that the entire catchment can 

influence the rivers within its boundaries via large scale disturbances/controls on 

chemistry and sediment delivery (Allan and Johnson 1997). Although this is a 

fundamental consideration of river management, the responses of chalk rivers 

highlighted through this research appear to set them apart from the general lowland 

management 'norm'. Results indicate that local disturbances (e.g. localised benthic 

sedimentation) potentially result in greater disturbance than catchment scale 

processes. 

This finding implies that the management of chalk systems requires a degree of 

local scale consideration prior to implementing a catchment wide approach. For 

example, it is suggested that catchment management of chalk rivers should not 

ignore the individual components that comprise chalk river catchments, and must 

recognise that the different factors are not static in response to disturbance, but shift 

on a spatial and temporal scale, as clearly shown by the current results. In terms of 

a management structure. Figure 6.1 displays the hierarchical levels at which 

management could be focused within chalk river catchments. 
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igure 6.1. Schematic diagram of the management hierarchy in chall( rivers. 

This spatial conceptualisation of aquatic ecosystems suggests that a hierarchical 

organisation of units: habitat-reach-segment-catchment (Frissell et al. 1986, 

Hawkins et al. 1993, Allan and Johnson 1997) could be the way forward in overall 

catchment management of chalk rivers. This hierarchical organisation will also 

overcome the potential issue of'missing' local scale disturbances if management is 

focused only at a catchment level. 

6.6.1 Fish Management 

On the biological side, this work examines the response of macroinvertebrate 

communities to catchment activities. Other trophic levels within chalk streams are 

extremely important. Any consideration of the future management options 

available within chalk river catchments would be seriously flawed if it did not pay 

due attention to the fish populations of these river systems (Ladle and Westlake 

1995). Fishery owners have played an important role in the protection of chalk 
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river catchments for centuries (Mainstone 1999) and the importance of fishery 

managers in maintaining the ecological quality of chalk rivers in the future is 

widely recognised (Mainstone 1999). By aim and design this study examined chalk 

rivers at a replicated catchment scale. It was felt that to sample fish populations of 

these systems at this scale was not feasible due to time, labour and financial 

constraints. 

It is generally accepted that the aim of any fisheries management within chalk 

rivers should be one of moving away fi"om the intensive regimes of some fisheries, 

focusing on natural recruitment within a balanced biological community that is 

characteristic of the river reach in question (Mainstone 1999). This encourages the 

localised management view previously discussed and outlined in Figure 6.1. For 

example, many angling clubs are (a) reducing stocking levels of non-native fish and 

(b) stopping the removal of non-salmonid fish e.g. grayling and pike. One of the 

key problems is where salmonid fisheries have been artificially created in river 

sections (typically downstream reaches). These areas are naturally unsuited to 

strong salmonid recruitment, in that any habitat enhancement measures are likely to 

meet with limited success and indeed potentially cause more disturbance to a 

naturally robust system (Mainstone 1999). However, it is recognised that adoption 

of less intensive management regimes on such reaches may result in the loss of the 

salmonid fishery and greatly reduce revenues, which is an economic issue that 

requires consideration (Mainstone 1999). 

Therefore, the basis for the management of salmonid fisheries in chalk rivers 

should involve angling within the context of a more natural fish fauna (through the 

reduction of stocking) and an increased habitat diversity. These management 

techniques may facilitate the sustainabHity of the biological communities of chalk 

streams (Mainstone 1999). 

6.6.2 Further research considerations 

The aim of this study was to examine chalk rivers across a large spatial area, 

encompassing rivers of differing scale. Primarily due to time constraints, a limited 

number of environmental parameters were investigated, relating specifically to 
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physical elements of the channel. It is recognised that additional environmental 

variables could have been examined and this is a suggestion for further research. 

As previously mentioned the variation in fish populations has not been examined, 

especially in relation to habitat complexity and the interactions with non-native 

species. This has been attributed to time constraints and is an area for additional 

research. 

The aim of the data analysis was to investigate patterns in water quality within and 

between catchments using several analytical methods. However, it was not 

possible to directly link the elevated nutrients and suspended sediments observed 

with individual source inputs (Chapter Three). The need to support correlative data 

by improved understanding of cause and effect links is clear (Cannan 1998). 

Therefore, it is suggested that further work is required to identify direct critical 

pathways of these pollutants. 

Reach scale disturbances (overwidening and sedimentation) and catchment 

disturbances (nutrient enrichment) have been examined. However, there are many 

other disturbances occurring within catchments that have not been investigated. 

For example, further research could be carried out into the specific chemical and 

physical effects of watercress and fish farms, sewage treatment works and the 

biological consequences of habitat restoration. 

It was decided to base the macroinvertebrate analysis in Chapters Four and Five on 

conventional community parameters, e.g. abundance, taxon richness, diversity and 

community composition. Other methods of examining macroinvertebrate 

communities are available, especially the use of species traits (Usseglio-Polatera et 

al. 2000). An example of which was presented in Chapter Four (assigning species 

with flow categories). However, other traits such as feeding method, microhabitat 

preference and locomotion method could have been used. Biomass/production 

estimates (Grubaugh et al. 1996, 1997) could also be used as an alternative to 

abundance (Cannan 1998). A combination of these additional analytical techniques 

could provide further information on the influence of sediment addition on 

macroinvertebrate communities. 
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6.7 CONCLUSIONS 

With management taking an increasingly holistic view of rivers, the dynamic and 

variable nature of fluvial systems has had to be recognised in applied studies. In 

turn, this has required the recognition of spatial and temporal scales over which 

rivers operate and the disturbances they experience (Cannan 1998). My work 

clearly illustrates different scales of disturbance occur within the chalk stream 

environment and this therefore has important implications for managers. With the 

increasing use of ecological information in management, ecological data are vital 

(Allan and Johnson 1997, Johnston et al. 1997). However, this raises the question 

of the appropriate scale on which to collect these data for management purposes. 

Sampling local as well as catchment wide scale disturbances has revealed various 

patterns, and therefore sampling programmes providing information for 

management/assessment need to be carefully designed (Cannan 1998). 

An appropriate scale for information for any management purpose has to be 

identified with consideration of the purpose for which the information is to be used 

(Cannan 1998). For example, when nutrient concentrations are considered on a 

catchment scale, although elevated, current levels are not thought to represent a 

significant ecological threat. However, when viewed on a local scale, significant 

elevations were recorded, suggesting that local scale variation is potentially a 

greater threat to the ecological integrity of chalk rivers. Therefore, it is felt that 

information derived fi-om the different components integrated into a hierarchical 

fi-amework can provide an evaluation of the disturbances chalk river systems face 

in an holistic fashion. 

The importance of the landscape and vegetation of a valley to its river was clearly 

stated by Hynes (1975) and is an integral part of the river continuum concept 

(Vannote et al. 1980). A clear implication of this perspective is that local 

conditions are under some degree of regional influence, perhaps strongly so 

(Hildrew and Giller 1994, Wissmar 1997). However, there is only a limited 

understanding of the relative importance of local versus regional/catchment 

disturbances (Allan et al. 1997). A deeper understanding of these issues is 

necessary to resolve the spatial scale at which disturbances should be evaluated for 
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their subsequent management. 

The main limitation of many studies lies in the fact that they examine patterns in 

one river only. In such cases, the patterns observed will be constrained by the 

regional bias and the scale of the river. It has been suggested that further research 

is required on a larger geographical scale (Cannan 1998). This aspect has been 

addressed in the current research through the sampling of five different chalk river 

catchments, encompassing systems varying in longitudinal scale. This therefore 

suggests that the general robustness of chalk rivers at a catchment scale is an 

attribute that can be applied, albeit carefully, to all southern UK examples of chalk 

river systems, irrespective of catchment scale. 

Therefore, this research clearly indicates that chalk rivers are extremely robust and 

resilient systems, currently assimilating the pressures/disturbances they face. For 

example, increases in nutrients and sediments at a catchment scale appear to be 

buffered. This could be due to naturally high velocities resulting in an extremely 

low residence time for pockets of water, meaning they have minimal influence on 

the ecological habitats and communities before being transported from the system. 

The continuous supply (not only from the source of the river but the entire length of 

the system through groundwater seepages) of extremely high quality water from 

aquifers also buffers against catchment wide inputs. This potentially provides a 

considerable scope for addition of pollutants before a degradation in water quality 

is transferred to a loss of ecosystem biodiversity. 

In conclusion, a catchment approach to the study of chalk river systems indicates 

that water quality is strongly influenced by catchment impacts and disturbances 

operating at different spatial scales. My research suggests that although the 

management of catchment processes is vital, local disturbances may be of greater 

importance; hence managers must adopt a hierarchal approach to catchment 

management, thereby encompassing a local scale element. Therefore, an 

understanding of the disturbances operating at spatial scales ranging from the local 

to the regional is fundamental to sound management of freshwater ecosystems 

(Allan and Johnson 1997). Improving this understanding and making the linkages 

to management are important challenges for all aquatic ecologists. 
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Appendix A: Examples Of Chemical Monitoring Sites 

APPENDIX A 
EXAMPLES OF CHEMICAL MONITORING SITES 

Plate A. Titchbourne, River Itchen. 

-

Plate C. Warnford, River Meon. 

Plate B. Highbridge, River Itchen. 

Plate D. Whitchurch, River Test. 

Plate E. Wraxall, River Frome. Plate F. Wareham, River Frome. 

Plate G. Downton, River Avon. Plate H. Fordingbridge, River Avon. 
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Appendix B: Examples Of Biological Monitoring Sites 

APPENDIX B 
EXAMPLES OF BIOLOGICAL MONITORING SITES 

Plate I. Control site, River Test Plate J. Control site, River Itchen 

% 

Plate K. Overwidened site. River Frome. Plate L. Overwidened site, River Meon. 

Plate M. Sedimented site. River Frome. Plate N. Sedimented site, River Avon. 
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Appendix C: Ion Chromatograpy Method 

] ) ]CTE]Rjv[[ptA;r]M3]v icxpt 

CHROMATOGRAPHY 

Equipment 

The Dionex DX 500 ion chromatography system was used for the determination of 
anion concentrations in stream water. 

The DX 500 is a modular system, which in this case consisted of: 

Gradient pump: GP40 
Electrochemical detector: ED40 (in conductivity mode) 
Auto sampler: AS40 (5 ml vials) 

Conditions 

Anions 

Guard column: AG9-SC (4 mm) 
Separating column: ION PAC AS9-SC (4 mm) 
Eluent: 1.8 mM Sodium Carbonate 

1.7 mM Sodium Bicarbonate 
Flow rate: 2 mis/minute 
Injection volume: 25 p,l 
Detection: suppressed conductivity, anion self regulating 

suppresser ASRS-1 (4 mm) 
50 mA current 

Isocratic 

Sample Preparation 

The sample (5 ml) was placed in the AS40 Automated Sampler vials, of which 25 
pi was then injected into the separating column. 

Sample Processing 

Initially three replicate readings were taken for each anion being tested for in each 
sample. After adequate replicates were analysed it was decided to lower the 
number of reading to one as very little variation was experienced in the replicate 
readings. 
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Appendix D; Chemical Surveys 

APPENDIX D 
CHEMICAL SURVEYS: SUMMER 1998 - SPRING 2000 

rrcHEN Sitel 

DATE temperature pH conductivity dissolved oxygen SPM nitraW nitrite phosphate 

Summer 1998 13.1 7.7 438 93.0 0.6 5 15 0.000 0.000 

Autumn 1998 11.8 7.8 427 850 1.2 8.73 0.022 0.000 

Winter 1998 9.5 7.6 409 98.0 3.7 6.32 0.000 0.033 

Spring 1999 10.6 7.8 414 99.3 3.5 3.95 0.000 0.000 

Summer 1999 14.7 8.1 464 111.0 1.0 5.14 0.000 0.028 

Autumn 1999 111 7.9 595 92.1 3.6 5.26 0.000 0.030 

Winter 1999 8.8 7.8 592 104.3 6.9 0.86 0.000 0.000 

Spring 2000 12.2 8.0 470 106.5 2 3 11.60 0.000 0.000 

Site 2 

DATE temperature pH conductivity dissolved oxygen SPM nitrite phosphate 

Summer 1998 13.7 7.8 423 102.0 2.3 3.69 0.001 0.000 

Autumn 1998 118 8.0 407.5 88.0 7.2 3.82 0.000 0.031 

Winter 1998 9.2 7.8 395.5 97.5 5.3 4.38 0.000 0.038 

Spring 1999 10.6 8.0 399.5 101.5 3.9 4.64 0.000 0.017 

Summer 1999 15.0 8.2 439.5 127.0 2.7 5.89 0.010 0.061 

Autumn 1999 11.1 8.1 572 97.7 39.1 6.92 0.000 0.000 

Winter 1999 7.9 8.0 572.5 107.9 7.0 3.30 0.000 0.000 

Spring 2000 14.2 8.2 495 111.0 4.0 2.79 0.000 0.000 

Site 3 

DATE temperature pH conckjctivity dissolved oxygai SPM nitrate nitrite phosphEAe 

Summer 1998 14.1 7.9 432 106.0 1.9 4.21 0.000 0.000 

Autumn 1998 11.6 8.0 410 86.0 1.5 2.63 0.000 0.000 

Winter 1998 9.0 7.7 397 93.0 6.5 3.91 0.000 0.000 

Spring 1999 10.7 8.0 403 100.0 4.4 3.44 0.000 0.000 

Summer 1999 15.9 8.3 451 130.0 2 1 6.49 0.000 0.000 

AiAumn 1999 11.0 8.2 576 97.2 2.9 7.33 0.000 0.000 

Winter 1999 7.8 8.0 580 105.4 9.0 4.45 0.000 0.000 

Spring 2000 14.3 8.2 490 104.4 5.3 463 0.000 0.000 

Site 4 

DATE temperature pH conductivity (Assolved oxygen SPM nitrate nitrite phosphate 

Summer 1998 14.0 8.0 445 96.0 13.8 6.15 0.014 0.006. 

Autumn 1998 11.6 8.5 422.5 92.5 2.6 2.44 0.000 0.000 

Winter 1998 9.0 7.9 413.5 94.5 14.3 3.98 0.000 0.000 

Spring 1999 11.1 8.1 417.5 94.5 9.3 3.60 0.000 0.000 

Summer 1999 15.4 8.5 480 1180 2.9 6.21 0.000 0.000 

Autumn 1999 11.6 8.3 588.5 100.4 3.6 7.30 0.000 0.000 

Winter 1999 8.2 8.1 597.5 110.0 16.8 5.80 0.000 0.000 

Spring 2000 15.8 8.3 525 105.9 9.6 4.07 0.000 0.000 

Site 5 

DATE 1 temperature pH con&jctivity dissolved oxygen SPM nitres nitrite phosphate 

Summer 1998 14 7 7.9 470 77.0 2.0 5.12 0.040 0.000 

Autumn 1998 11.1 8.2 433 87.0 2 3 0.52 0.000 0.000 

VWnter 1998 8.4 7.5 413 96.0 2.5 4.76 0.000 0.000 

Spring 1999 10.7 8.1 418 87.6 10.1 3.61 0.001 0.000 

Summer 1999 16.6 8.4 502 83.0 7.7 7.58 0.019 0.065 

Autumn 1999 11.6 8.1 602 78.5 3.5 7.21 0.000 0.000 

Winter 1999 7.1 8.1 600 97.6 14.5 1.01 0.000 0.000 

Spring 2000 15.7 8.4 580 855 6,4 3.24 0.000 0.000 
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Appendix D: Chemical Surveys 

yLMMEffDEX D(:onf. 

TEST Sitel 

DATE temperature pH conductivity (Bssolved mcyger 1 SPM nitrate rWtrite phosphAe 

Summer 1998 15.0 7.7 532 94.0 4.3 1.31 0.0039 0.0000 

AiAumn 1998 12.8 8.0 522 89.0 2.9 2.78 0.0966 0.0961 

Winter 1998 10.7 7.3 456 92.0 9.5 5.67 0.0000 0.0000 

Spring 1999 12.4 7.9 462 99.5 11.3 6.25 0.0000 0.0378 

Summer 1999 13.5 7.9 447 98.0 6.5 3.80 0.0219 0.0000 

A d u m n 1 9 * 10.8 8.2 667 81.3 3.1 7.71 0.0697 0.0000 

Winter 1999 9.7 7.4 627 93.6 14 3 6.36 0.0000 0.0316 

Spring 2000 10.9 8.1 520 9 i a 2.0 4.50 0.0000 0.0000 

Site 2 

DATE temperature pH conductivity dissolved wygen SPM nitrede nitrite phosphate 

Summer 1998 14.6 7.8 466 113.0 1.4 1.16 0.0000 0.0000 

Adbmn19M 12.0 8.1 446 108.0 12.1 7.26 0.0937 0.2489 

Winter 1998 10.0 7.5 418 97.0 5.8 4.80 0.0017 0.0000 

Spring 1999 11.6 8.0 424 110.9 5.0 4.05 0.0074 0.0000 

Summer 1999 14.1 8.2 439 115.0 2.9 7.99 0.0008 0.0412 

Adbmn19BB 9.8 8.3 604 88.3 3.3 2.43 0.0000 0.0000 

Winter 1999 9.1 7.5 590 98 3 9.1 5.91 0.0246 0.0117 

Spring 2000 11.7 8.4 530 101.8 2.7 7.83 0.0027 0.0000 

Site 3 

DATE lempwAjre pH conductivAy dissolved oxygen SPM nitrate nitrite phosph^ 

Summer 1998 166 8.2 463 119.0 0.4 3.82 0.0000 0.0000 

Adbmn1998 12.5 8.4 424 105.0 4.3 8.68 0.0000 0.0000 

Winter 1998 9.1 7.7 395 95.5 13.5 5.58 0.0000 0.0000 

Spring 1999 11.5 8.1 405 111.1 6.9 4.00 0.0107 0.0000 

Summer 1999 15.2 8.2 446 106.5 2.9 7.62 0.0000 0.0037 

Autumn 1999 9.4 8.4 589 88.7 2.7 9.39 0.0000 0.0000 

Winter 1999 8.4 7.9 578 97.0 11.3 1.90 0.0000 0.0000 

Spring 2000 11.7 8.6 570 94.6 5.7 4.86 0.0000 0.0005 

Site 4 

DATE temperature pH conducdvAy dissolved oxygen SPM nitrAe nitrite phosphate 

Summer 1998 15.6 8.1 453 110.0 7.1 5.76 0.0000 0.0072 

Autumn 1998 126 8.3 430 99.0 3.9 9.56 0.0000 0.0085 

Winter 1998 8.9 7.7 396 91.0 16.0 4.88 0.0000 0.0000 

Spring 1999 11.6 8.2 404 105.4 7.5 4.43 0.0045 0.0000 

Summer 1999 16 1 8.2 462 95.5 3.6 8.03 0.0023 0.0026 

AUbmn1998 10.0 8.3 591 86.0 5.2 10.56 0.0000 0.0000 

Winter 1999 8.4 7.9 579 103.1 18.5 2.68 0.0000 0.0000 

Spring 2000 129 8.6 580 90.1 I t s 4.06 0.0000 0.0000 

Site 5 

DATE temperatife pH conductivity dissolved oxygen SPM nitrate nitrite phosphate 

Summer 1998 16.0 8.2 456 102.0 4.3 4.97 0.1520 0.0000 

AUUmnlBM 12.3 8.1 427 90.0 6.1 5.42 0.0000 0.0019 

Winter 1998 8.7 7.8 394 92.0 15.2 7.49 0.0000 0.0000 

Spring 1999 11.8 8.2 401 99.4 11.8 4.06 0.0000 0.0000 

Summer 1999 17 0 8.3 471 87.0 2.6 5.60 0.0000 0.0014 

Adbmn1999 10.2 8.4 586 85.7 4.3 9.57 0.0000 0,0000 

Winter 1999 8.0 8.2 572 101.9 20.1 3.75 0.0000 0,0000 

Sprino 2000 138 8.7 580 917 8.1 5.36 0.0000 0.0000 
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APPENDIX D Cont. 

MEON Sitel 

DATE temperBture PH conductivAy dissolved mcygen SPN 1 nitrate nitrite phosphate 

Summer 1998 14.4 8.0 473 85.0 2 7 7.66 0.2219 0.0051 

Autumn 1998 11.8 8.1 445 93.0 5.8 4.17 0.0000 0.0000 

Winter 1998 9.0 8.2 395 100.0 3.9 6.32 0.0000 0.0000 

Spring 1999 10.0 8.2 403 96.0 13.7 4.49 0.0000 0.0000 

Summer 1999 15.0 8.3 484 99.0 2.7 9.11 0.0000 0.0000 

Autumn 1999 10.7 8.1 611 85.7 8.0 2.85 0.0000 0.0000 

Winter 1999 7.1 8.2 603 103.8 9.7 3.22 0.0000 0.0000 

Spring 2000 12.1 8.6 460 109.5 4.3 5.27 0.0000 0.0000 

Site 2 

DATE twnperature pH conductivity (Kssolved oxygen SPM nitrate ) nithte phosphate 

Summer 1998 12.9 7.7 410 110.0 0.6 5.75 0.0000 0.0101 

Autumn 1998 11.3 7.9 417 97.0 2.8 8.93 0.0021 0.0155 

Winter 1998 9.5 7.5 404 96.0 0.2 4.95 0.0000 0.0000 

Spring 1999 10.4 7.8 405 96.1 3.9 3.96 0.0000 0.0000 

Summer 1999 13.5 8.1 435 123.0 4.1 7.52 0.0013 0.0067 

Autumn 1999 10.4 7.8 579 93.2 2.6 10.55 1.3209 2.6133 

Winter 1999 8.0 7.9 583 102.3 4.3 4.73 0.0000 0.0177 

Spring 20CK) 12.3 8.0 470 104.2 1.5 8.41 0.0000 0.0000 

Site 3 

DATE tem perjure pH conductivity dissolved oxygen SPM mtrate nitrite phosphate 

Swnma-1998 13.5 8.1 425 98.0 3.7 5.09 0.0002 0.0000 

Autimn 1998 11.4 8.3 421 96.0 2.3 8.69 0.0090 0.1290 

Winter 1998 9.1 7.9 403 1010 4.9 4.94 0.0000 0.0000 

Spring 1999 10.2 8.1 400 94.1 4.7 2.45 0.0000 0.0000 

Summer 1999 15.3 8.3 438 107.0 4.5 7.22 0.0000 0.0000 

Autumn 1999 10.8 8.1 580 93.5 3.5 7.88 0.0000 0.0000 

Winter 1999 7.3 8.3 590 102.2 7.1 4.71 0.0000 0.0000 

Spring 2000 12.7 8.0 470 91.0 2.2 1.88 0.0000 0.0000 

Site 4 

DATE temperature pH conductivity dissolved oxygen SPM nitrate nitrite phosphate 

Summer 1998 13.8 8.2 423 100.0 0.8 5.05 0.0000 0.0000 

Autumn 1998 11.7 8.3 419 96.0 4.1 5.98 0.0000 0.0000 

Winter 1998 9.2 7.9 399 99.0 10.3 4.50 0.0000 0.0000 

Spring 1999 10.3 8.1 394 95.6 7.7 3.79 0.0000 0.0000 

Summer 1999 14.8 8.3 425 108.0 1.7 6.96 0.0000 0.0000 

Autumn 1999 11.0 8.3 568 94.3 5.1 7.26 0.0000 0.0000 

Winter 1999 7.1 8.2 583 101.9 9.9 4.82 0.0000 0.0000 

Spring 2000 13.5 8.4 470 92.0 2.9 2.34 0.0000 0.0000 

Site 5 

DATE temperature pH conductivity dissolved oxygen SPM nitrate nitrite phospNAe 

Summer 1998 14.9 7.9 418 79.0 2.3 4.23 0.0000 0.0744 

Autumn 1998 11.2 8,1 437 85.0 4.7 8.66 0.0727 0.1652 

Winter 1998 8.3 7.7 393 96.0 10.3 4.60 0.0000 0.0000 

Spring 1999 10.9 8.1 389 86.7 9.1 3.45 0.0000 0.0059 

Summer 1999 16.4 8.2 414 82.0 7.0 570 0.0000 0.0000 

Autumn 1999 11.9 8.1 551 80.4 7.8 5.44 0.0000 0.0000 

Winter 1999 7.0 8.2 555 100.7 17.3 10.71 0.0072 0.0000 

Spf^2000 15.4 8.5 510 89.8 6.1 7.84 0.0000 0.0000 
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AjqqHfDEKDCbnt 

FROME Sitel 

DATE temperature pH conductivity (Resolved oxygen 1 SPM nitrate nitrite phosphate 

Summer 1998 13.4 8.2 400 90.0 3.3 4.49 0.0000 0.0000 

Autumn 1998 10.5 8.0 298 92.0 5.8 4 79 0.0000 0.0000 

Winter 1998 9.9 7.9 354 98.0 3.0 2.84 0.0000 0.0000 

Spring 1999 9.5 8.0 279 94.6 5.3 3.62 0.0024 0.0061 

Summer 1999 14.9 8.5 452 12Z0 2.7 5.03 0.0016 0.0088 

Aubjmn 1999 10.0 8.4 525 98.0 3.5 4.14 0.0000 0.0000 

Winter 1999 6.1 7.4 391 96.2 8.7 1.55 0.0035 0.0022 

Spring 2000 10.8 8.6 460 105.2 4.7 720 0.0048 0.0000 

Site 2 

DATE temperature pH corxkctivity dissolved oxygen SPM nArate nitrite phosphate 

Summer 1998 13.9 8,4 400 117.0 15.1 2.37 0.0000 0.0000 

Autumn 1998 10.4 8.4 342 103.0 8.5 7.09 0.0000 0.0000 

Winter 1998 10.6 7.9 380 98.0 6.1 5.80 0.0044 0.0085 

Spring 1999 10.6 8.3 335 108.0 6.7 2.80 0.0000 0.0000 

Summer 1999 16.1 8.4 443 115.0 2.7 7.06 0.0095 0.0065 

Autumn 1999 9.9 8.6 533 101.7 4.7 641 0.0007 0.0023 

Winter 1999 6.2 7.5 472 97.1 19.7 5.84 0.0000 0.0000 

Spring 2000 11.2 8.6 460 108.3 4.1 2.99 0.0000 0.0000 

Site 3 

DATE temperature pH coTductivity dissolved wygen SPM fArate nitrite phosphate 

Summer 1998 14.5 8.2 430 114.0 2.1 7.70 0.0047 0.0296 

Autumn 1998 10.6 8.1 362 99.0 8.5 6.48 0.0002 0.0000 

Winter 1998 10^ 7.6 400 97.0 9.5 4.69 0.0000 0.0000 

Spring 1999 10.9 8.0 364 105.4 9.9 6.31 0.0015 0.0076 

Summer 1999 16.5 8.2 462 107.0 2.9 7.79 0.0000 0.0000 

Autumn 1999 10.4 8.5 560 102.1 5.5 9.09 0.0015 0.0000 

Winter 1999 6.6 7.4 504 94.0 22.7 2.31 0.0000 0.0000 

Spring 2CHX) 11.8 8.6 500 107.1 2.7 2.40 0.0000 0.0000 

Site 4 

DATE temperature pH conductivity dissolved oxygen SPM nitrate nitrite phosphate 

Summer 1998 16.6 8.2 440 102.0 4.1 3.04 0.0000 0.0000 

AiAjmn 1998 109 8.1 359 87.0 13.7 6.62 0.0043 0.0310 

Winter 1998 10.1 7.7 395 92.0 16.0 5.24 0.0000 0.0000 

Spring 1999 11.1 8.0 351 99.8 11.3 3.05 0.0000 0.0000 

Summer 1999 17.6 8.2 468 95.0 2.4 0.43 0.0000 0.0000 

Autumn 1999 10.2 8.4 552 92.3 7.3 1.95 0.0056 0.0027 

Winter 1999 6.2 7.4 467 90.6 36.9 3.02 0.0000 0.0000 

Spring 2000 12.3 8.4 480 96.4 4.1 4.12 0.0000 0.0000 

Site 5 

DATE temperature pH conductivity (Assolved wygen SPM ni t r^ nitrite phosphate 

Summa^ 1998 15.6 8.1 420 930 1.9 3.31 0.0000 0.0000 

Autumn 1998 11.1 8.0 341 78.0 55.5 4 12 0.0009 0.0281 

WirAer 1998 9.9 7.5 384 87.0 7.8 4,94 0.0000 0.0000 

Spring 1999 112 7.9 315 88.6 14.3 2.50 0.0000 0.0000 

Summ* 1999 18,9 8.3 498 86.0 103 445 0.0024 0.0130 

AiAumn 1999 103 8.3 536 90.1 7.9 7.06 0.0020 0.0060 

Wmter 1999 6.5 7.5 476 87.6 36,3 6.25 0.0000 0.0000 

Spring 2000 13.0 8,6 470 88.2 8.9 3.42 0.0000 0.0036 
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APPENDIX D Cont. 

AVON Site 1 

DATE temperature pH cofxjuctivity dissolved oxygen SPM nitrate nitriW phosphWe 

Summer 1998 13,9 8.2 510 112.0 3.5 2.41 0.0000 0.0000 

Autumn 1998 11.9 8.1 497 91.0 12.3 1.76 0.0000 0.0000 

Winter 1998 9.2 7.5 451 91.0 13.7 4.44 0.0000 0.0000 

Spring 1999 10.9 8.0 461 106.4 8.5 7.00 0.0000 0.0000 

Summer 1999 16.2 8.3 540 125.0 4.7 10.71 0.0000 0.0000 

Autumn 1999 10.1 8.3 694 97.2 5.5 10.14 0.0000 0.0000 

Winter 1999 8.3 7.4 660 95.9 12.1 4.77 0.0000 0.0000 

Spring 2000 11.9 8.1 500 102.4 5.3 3.21 0.0000 0.0000 

Site 2 

DATE tem perjure pH conductivity dissolved oxygen SPM nitrate 1 nitrite phosph^ 

Summer 1998 14.9 8.2 460 116.0 1.7 2.46 0.0000 0.0000 

Autumn 1998 11.7 8.3 446 108.0 2 1 7.63 0.0000 0.0000 

Winter 1998 9.4 7.6 401 95.0 12.5 4.03 0.0000 0,0000 

Spring 1999 11.7 8.2 414 122.7 10.0 6.78 0.0000 0.0062 

Summer 1999 17.5 8.6 482 147.0 3.0 5.93 0.0000 0.0000 

Autumn 1999 10.5 8.4 611 101.4 3.3 8.99 0.0187 0.0361 

Winter 1999 8.5 7.6 585 100.3 12.7 3.62 0.0000 0.0000 

Spring 2000 12.9 8.3 460 103.9 5.1 3.37 0.0000 0.0000 

Site 3 

DATE temperature pH con&jctivky dissolved oxygen SPM nitrate rWtrite phosphate 

Summer 1998 16.0 8.0 450 920 0.9 6.26 0.0000 0.0301 

Autumn 1998 •J 0.6 8.0 384 73.0 12.1 7.17 0.0123 0.0403 

Winter 1998 9.8 7.6 396 82.0 11.3 4.30 0.0000 0.0000 

Spring 1999 11.3 7.9 392 91.9 11.4 3.58 0.0000 0.0000 

Summer 1999 18.0 8.1 477 80.0 2.8 6.91 0.0000 0.0000 

Autumn 1999 9.8 8.4 568 76.6 4.7 7.80 0.0000 0.0000 

Winter 1999 6.5 7.8 568 90.9 12.1 3.06 0.0000 0.0000 

Spring 2000 11.8 8.7 560 87.0 8.2 3.45 0.0000 0.0000 

Site 4 

DATE temperature pH conAictivity dissolved oxygen SPM nitTEAe rWtrite phosplwAe 

Summer 1998 16.6 8.2 460 111.0 4.1 2.97 0.0000 0.0000 

Autumn 1998 10.9 8.1 387 84.0 -0.9 3.27 0.0000 0.0000 

Winter 1998 9.7 7.8 396 89.0 7.8 4.41 0.0000 0.0000 

Spring 1999 11.9 8.1 392 106.4 10.9 6.90 0.0000 0.0067 

Summer 1999 18 7 8.3 486 90.0 2.5 6.21 0.0088 0.0384 

Autumn 1999 9.9 8.5 585 89.1 4.0 8.70 0.0000 0.0000 

Winter 1999 6.5 7.8 569 94.2 16.6 4.13 0.0000 0.0042 

Spring 2000 12.3 8.7 550 90.1 7.2 3.58 0.0000 0.0000 

DATE tern perature pH conductivity dissolved oxygen SPM nitrate nitrite phosphate 

Summer 1998 16.6 8.2 440 102.0 2.9 5.60 0.0000 0.0990 

Autumn 1998 11.1 8.0 370 79.0 10.3 9.46 0.0068 0.1207 

Winter 1998 9.4 7.7 388 86.0 11.0 4.41 0.0000 0.0000 

Spring 1999 11.6 8.0 357 101.8 9.7 2.93 0.0000 0.0000 

Summer 1999 19.8 8.3 485 88.0 3.9 5.86 0.0000 0,0000 

Autumn 1999 10.3 8.4 558 87.7 5.9 2.21 0.0000 0.0000 

Winter 1999 6.5 7.6 519 87.8 12.4 3.37 0.0000 0.0000 

Spring 2000 13 1 8.6 530 870 7.0 1.33 0.0000 0.0000 
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APPENDIX E Cont. 
FCsum98 FCat98 FCwinSG FCsp99 FCsum99 FCat99 FCwin99 FCspOO MCswn98 MCat98 MCwin98 MCsp99 MCsum99 MCat99 MCwin99 MCspOO 

Umnep/w/us sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
Umn/us yo/cfcman 45 113 44 0 17 66 40 46 0 0 0 0 0 0 11 16 
Lymnaea g/afM 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Lymnaea pemgm 0 23 15 0 19 3 0 0 0 0 0 0 0 0 0 0 
Lymnaea (runcfu/a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ma/ampopAy/ax mucomus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mesove^a A /̂cafa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Muscidae 0 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Wysfacfdas azuma 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Wemoum sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ocfonfocwum a/bwome 4 7 4 0 3 7 4 3 0 4 0 0 0 0 0 0 

Oligochaeta 86 19 47 0 52 65 75 112 16 41 53 33 76 107 49 17 
On9cfch//us w//dsu8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

OuAm/wus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Philopotamidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Physa fontinalis 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Aacfco/a gaomefne 1 1 0 0 2 5 0 0 0 0 0 0 0 0 0 0 
Mano/tws a/6us 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

P/ano/bfs camnafus 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 
P/anofb/s conWus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Aanofb/s p/anofb/s 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Aanofb/s voffex 0 0 0 0 0 1 0 0 0 0 0 0 0 2 1 0 
Mafa/nbus sp. 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Po/yca/ua fenu/s 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Po/yc@nhppu5 /yavomacu/afus 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

AofamopAy/ax faf/pann/s 3 0 1 0 0 2 0 0 0 0 0 0 0 0 0 0 
Pofamopyfpus /an/dna 60 5 20 0 180 36 1 3 15 7 2 40 149 31 21 573 

Psyc/K)/ny;a pua//a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
RAyacop/w/6 dbrsa/Zs 2 3 1 0 4 5 1 4 0 0 0 0 0 0 0 0 

Rffbmgena samfco/dmfa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

00 
00 fS 
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APPENDIX E ConL 
ACmumSG ACat98 ACwinSB ACsp99 ACsum99 ACat99 ACwin99 ACspOO TCsum98 TCat98 TCwin98 TCsp99 TCsum99 TCat99 TCwin99 TCspOO 

1 
He/obd9//a sfegna/fs 0 0 0 0 0 1 0 0 0 0 0 3 0 1 0 

TCspOO 

1 
Hepfageme su/p/iufea 3 0 0 0 0 1 3 1 0 0 0 0 0 0 0 0 

Hydracarina 0 0 0 0 0 0 0 1 0 0 0 0 3 0 0 0 
Hydnvsyche pe//uckyu/a 3 0 1 0 1 4 0 0 0 0 0 0 0 0 0 0 

Hydngpsycha s//fa/a/ 13 2 3 0 0 5 61 9 0 0 0 0 0 0 0 0 
HydfopA/a sp. 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

HypAydws ovafus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
^ p e / f a gwnmafica 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lep/dosfoma W u m 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Leptophlebiidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Laucfmgen/cw/afa 0 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 
Leucfra A/ppcpu@ 0 0 0 0 0 0 0 0 7 0 0 44 11 0 0 15 

L/mnapfw/ua /unafus 0 0 0 0 0 0 0 0 4 0 3 0 1 0 0 2 
Umnap/w/us @p. 0 0 0 0 0 0 1 0 5 0 0 0 0 0 0 1 

Ummus vokkman 28 20 19 0 19 29 36 17 0 0 0 0 0 0 0 0 
Lymnaea g/abra 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Lymnaeapefagm 0 0 0 0 3 0 1 0 2 0 0 0 0 0 0 0 
Lymnaea (nvncfu/a 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 

iWa/ampopAy/ax mucow/s 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
We8ov8//a A/fcafa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Muscidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mysfacfdas azunw 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Afemoumsp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
Odon(oc@wm a/bfcome 1 0 1 0 0 5 1 3 0 0 0 0 0 0 0 0 

8 
Oligochaeta 14 19 32 0 16 45 25 17 11 19 43 33 33 85 44 

0 

8 
OfBCfCW/US w//d8US 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ouf/mmus sp. 0 0 0 0 0 0 15 0 0 0 0 0 0 0 0 0 
Philopotamidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Phyaa manff/Ws 1 25 2 0 6 25 5 0 3 0 0 0 0 0 2 0 

Ascfco/a gaomafm 0 0 0 0 1 0 0 0 1 0 1 0 0 1 0 0 

o\ 
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ACsumSB ACat98 ACwinSB ACsp99 ACsumSQ ACat99 ACwin99 ACspOO TCsum98 TCat9B TCwin98 TCsp99 TCsum99 TCat99 TCwinSQ TCspOO 
P/ano/tws a/bus 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 

Aanofb/scannafus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ManoA/sconWus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
P/anofWs p/anofWs 0 0 0 0 0 2 0 0 0 0 0 0 0 0 1 0 

Aanofb/s vorfex 1 2 3 0 0 11 7 1 1 3 0 3 3 4 1 0 
Aafambus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Po/yce/us fanu/s 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 
Po/ycenfnvus %vom8cu/8fus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Pofamcvhy/ax /agpenms 7 0 1 0 0 0 0 4 12 0 1 0 1 0 0 0 
Pofam(V)yfgu5 /anions/ 4 1 3 0 0 0 0 1 0 0 0 0 0 0 0 0 

Psychomy/a pua//a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
RAyaccvVw/a dorsaZ/s 3 1 2 0 3 6 8 3 3 3 4 1 2 2 3 4 

Rrfhmgana sam/co/dmfa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Saffcosfoma pefsonafum 3 0 0 0 3 0 3 2 0 0 0 0 3 0 0 0 

Sialis sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
S/gara sp. 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

S//opa//fpas 0 0 0 0 0 0 2 0 2 6 8 5 0 9 8 2 
Simuliidae 348 115 21 0 155 35 284 673 11 1 1 0 11 5 0 16 

Sphaerildae 3 7 1 0 89 71 8 a 0 0 0 2 1 1 0 0 
TTwocfoxus /7uv/a(f//s 5 3 8 0 3 1 1 3 0 0 0 0 0 0 0 0 

TTwomyzon fessu/afu/n 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
77nodas u/wco/or 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

77pu/asp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ya/vafa ofsfafa 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ya/vafa mac/osfoma 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ya/va(a pfsc/na//s 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Vfvipams wwpams 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

rs 
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APPENDIX E Cont. 
ICsum98 ICat98 ICwinSB ICsp99 ICsum99 ICat99 lCwin99 ICspOO FOWsum98 FOWat98 FOWwin98 F0Wsp99 FOWsimSS FOWat99 FOWwin99 F0WS[ 

8 
E/m/s aenea 5 1 3 3 9 0 12 55 4 5 4 0 1 7 4 

F0WS[ 

8 
Empididae 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 

Ep/wnefadamca 0 0 0 0 0 0 0 0 0 9 4 0 2 3 2 2 
EpAemefB/fa^n/fa 288 4 2 11 20 0 1 19 97 1 0 0 15 1 1 20 
Ep/wn@m//a nofafa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

E/pobda/faocfocWafa 4 7 1 0 2 2 4 5 1 8 3 0 i 
Eso/us pa/a/fa^pecA/s 1 2 0 0 11 3 0 0 0 0 0 0 8 0 0 0 

80 
Gammams sp. 213 1020 185 24 128 224 267 224 131 79 143 0 199 131 68 

0 

80 
GWssp . 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

G/oss/p/wwa comp/anafa 2 13 0 0 0 5 0 2 4 3 2 0 0 0 0 0 
Goe/a pf/dsa 0 0 0 0 0 0 0 0 0 0 0 0 1 1 

Gyffmus nafafor 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ha/esuamdfafus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ha//p/us »p. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
H@A)6d8//a sfagma/fs 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hepfagema su/pAurea 0 0 0 0 0 0 0 0 0 1 0 0 0 

0 

Hydmcarina 0 0 0 0 0 0 0 3 0 1 0 0 0 0 0 5 
HydropaycAe pe//uc/dWa 0 0 0 0 0 0 0 0 0 3 3 0 7 

HydmpsycAesfAaW 4 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 
Hydfopg/a sp. 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

Hyphydms ovafus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
faopeffag/ammaffca 1 0 1 0 0 0 0 3 1 0 1 0 0 0 0 
Lep/dosfoma A/ffum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 

Lepk)phlebiidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Laucfmgen/cWafa 0 0 0 0 0 0 0 4 0 0 0 0 1 0 0 2 
Leucfra Wppppus 0 0 0 6 4 0 0 17 0 0 0 0 0 0 0 0 

Umn@p/w/u5 /unafus 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
Umnap/w/u8 sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

L/mn/us wVcAmam̂  1 0 0 0 1 0 0 3 8 10 7 0 8 23 10 18 
Lymnaaa g/afva 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 



APPENDIX E Cont. 
ICsum98 ICatSS ICwin98 (Csp99 IC»um99 fCa(99 lCw!n99 (CspOO FOWsum98 FOWat98 FOWwin98 FOWsp99 FOWsum99 FOWat99 FOWwin99 FOWst 

Lymneea pemgra 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lymneea fmncfu/a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ma/ampopAy/ax mucomus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mesove/Za A/zcafa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Muscidae 0 0 1 0 0 0 0 0 0 3 0 0 0 0 0 0 
Wysfac/das azuma 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Wemou/a sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Odonfocea/m a/6fCom@ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Oligochaeta 9 85 21 16 44 40 7 4 67 21 50 0 31 31 15 39 
Omcfc/w/us w/Kdsus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ou/;mmus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Philopotamidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 

0 
Physa AMgna/Zs 1 5 8 0 2 2 3 0 0 0 0 0 0 0 

0 

1 0 
Pfac/co/agaome&a 1 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 

Pfano/t/8 a/bus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Pfanofb/s cannafus 1 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 
fVano/t/s conWus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
P/anofb/s p/ano/b/s 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

fVa/wb/s voffex 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0 0 
Pfafambt/s sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Po/yca/us (enwa 0 9 0 1 5 11 15 0 0 0 1 0 0 0 0 0 
Po/ycanfmpus Aavomacu/afua 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

PofamqpAy/ax /affpenn/s 4 1 8 0 3 0 0 2 0 0 0 0 0 0 0 0 
Pofamopyfpua /enW/w 0 0 0 0 0 0 0 0 1 33 4 0 0 0 1 0 

Psychomyia pusilla 0 0 0 0 0 0 0 0 0 0 0 0 9 0 
RAyacop/w/a dofsa/Zs 3 8 4 7 6 2 2 2 6 2 1 0 0 2 2 0 

RAmgena sem/cofomfa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sancosfoma personafum 4 3 1 1 0 4 0 1 0 0 0 0 0 1 3 0 

8/a//a sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
S/gam sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

o\ 
(N 



APPENDIX E Cont, 
ICsum98 ICat98 iCwin98 ICsp99 ICsum99 ICat99 ICwin99 ICspOO FOWsum98 FOWal98 FOWwinQB FOWspSe F0Wsum99 FOWat99 F0Wwin99 FOWspOO 

S//0 pa///p@5 0 3 3 4 1 0 0 2 0 0 0 0 0 0 
Simuliidae 127 19 3 55 1 0 0 3 7 9 0 0 0 1 0 

Sphaeriidae 0 0 0 0 0 0 0 0 1 0 0 4 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 

TTwmmyzon fessu/afum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
77nod85 unfco/of 0 0 0 0 0 0 0 0 41 0 0 0 0 1 0 0 

Tipula sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 0 
ya/vafa crfsfafa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

ya/vafa macnDsfoma 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ya/vafa jWscfnaAs 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Wwpafua wwpams 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

MOWsumSa MOWat98 M0VVwin98 MOWsp99 MOWsum99 IV10Wat99 M0Wwin99 MOWspOO AOWsumSa AOWat98 AOWmnSe A0Wsp99 A0VVsum99 
iAgapefus A/sopes 0 3 4 1 12 0 0 0 0 0 0 3 

Ca/op(e/yx sp/emdens 0 0 0 0 0 0 0 0 0 0 0 0 0 
Amabo/wa nervosa 0 0 0 0 0 0 0 0 0 0 0 0 0 
/Ancy/us /fuwaff/fS 0 0 0 0 0 0 0 0 0 0 0 0 12 

^pha/ocfwws aesgva/fs 0 0 0 0 0 0 0 0 0 0 0 0 0 
Aw/fusaquafrcus 0 3 0 0 0 0 0 0 0 0 2 0 3 

»p. 0 0 0 0 0 0 0 0 0 0 0 0 0 
Afh/fpaodas a/Mlww 0 0 0 0 0 0 0 0 0 0 0 0 0 

^Wpsodas sp. 0 0 0 0 2 0 3 10 0 0 0 0 
B a ^ s s p . 55 8 8 67 40 47 136 140 7 3 8 0 92 

GcMocepha/a puncfafa 0 0 0 0 0 0 0 0 0 0 0 0 0 
Bithynia leachi 0 0 0 0 0 0 0 0 0 0 0 0 0 

Bmchycenfrus subnuMs 0 0 0 0 0 0 0 0 0 0 0 0 25 
Caen/sBp. 0 0 0 3 1 0 0 13 1 1 0 0 0 

Chironomidae 17 5 192 25 126 1 2 2 0 44 
CWomperfasp. 0 0 0 0 0 0 0 0 1 0 0 0 0 
Co/ymbefes sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 

o\ 
(N 
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.PPENDIX E Cont. 
MOWat98 M0Wwin98 MOWsp99 M0Wsum99 MOWat99 MOWwin99 MOWspOO A0Wsum98 AOWat98 AOWwin98 A0Wsp99 AOWsur 

HydfopsycAe pe/Zuc^We 0 1 0 0 0 1 0 0 0 0 0 0 1 
HydmpsycAe s/Zfa/a/ 2 2 2 2 4 7 4 3 0 0 2 0 0 

Hydfopfi/a sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hyphycfrusovafus 0 0 0 0 0 0 0 0 0 0 0 0 0 

Zsope/fa gwnmaffca 0 0 1 0 0 0 0 0 0 0 0 0 0 
lapfCbAOmaAZ/A/m 0 1 0 0 0 0 0 0 0 0 0 0 0 

Leptophlebiidae 0 0 0 0 0 0 0 0 0 0 0 0 0 
Leucfmgen/cWafa 0 0 0 0 0 0 0 0 0 0 0 0 2 

1 0 0 0 0 0 0 1 0 0 0 0 12 
Umn^D/U/u8 /unafus 0 0 0 0 0 0 0 0 0 0 0 0 0 

L/mmep/w/us sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ummus vok/cman 18 8 5 5 48 21 5 4 28 30 24 0 22 
Lymnaea g/abra 0 0 0 0 0 0 0 0 0 0 0 0 0 

W^naea pemgm 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lymnaea fwncfWa 0 0 0 0 0 0 0 0 0 0 0 0 0 

Wa/ampopAy/ax mucomua 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mesove//a A/rcafa 0 0 0 0 0 0 0 0 0 0 0 0 0 

Muscidae 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mysfacfdasazufaa 0 0 0 0 0 0 0 0 0 0 0 0 0 

WamoufB »p. 0 0 0 0 0 0 0 0 0 0 0 0 0 
Odonfocemm a/b/come 2 5 3 1 0 5 7 0 0 1 1 0 0 

Oligochaeta 7 37 11 35 60 G8 56 12 14 17 21 0 29 
OfBcfcW/us w//osu$ 0 0 0 0 0 0 0 0 0 0 0 0 0 

OuAmn/us »p. 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ph(k)potamidae 0 0 0 0 0 0 0 0 0 0 0 0 0 
Physa /b/^na/fs 0 0 0 0 0 0 0 0 0 0 0 0 2 

A s c ^ a geom^ra 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 

PyamonWs cadnafua 0 0 0 0 0 0 0 0 0 0 0 0 0 
Aanofb/scofdoffus 0 0 0 0 0 0 0 0 0 0 0 0 0 

00 

R 



APPENDIX E ConL 
MOWaumSB M0Wat98 MOWwin98 MOWsp99 M0Wsum99 MOWat99 MOWwin99 MOWspOO AOWsum98 AOWat98 A0Wwin98 AOWsp99 A0Wsum99 

Aano/bfs p/anorbfs 0 0 0 0 0 0 0 0 0 0 0 0 0 
A^amofb/s wxfex 0 0 0 0 0 0 0 1 1 6 1 0 3 
P/afambus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 

Po/yc6/us fenu/s 0 1 0 0 0 0 0 0 0 0 0 0 0 
WycwTdropf/s fawmacu/afus 0 0 0 0 0 0 0 0 0 0 0 0 0 

Pofamc^Dhy/ax /aWpenn/s 0 0 5 0 0 0 4 0 0 0 0 0 0 
Pofamopy/yus /an/oma 51 3 1 7 7 3 0 0 3 0 0 0 1 

Psyc/?omy?a puaWa 0 0 0 0 0 0 0 0 0 0 0 0 
RAyacpp/w/a cfo/sa/fs 5 3 0 1 3 2 0 7 4 0 4 0 5 

RWfmgena sem/co/omfa 0 0 0 0 0 0 3 0 0 0 0 0 0 
Sencos/oma jDefSonafum 1 4 3 2 2 6 1 4 0 0 0 0 0 

Sialis sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 
S/gam sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 

&%)pa//iipes 0 2 2 0 0 1 0 0 0 1 0 0 0 
Simuliidae 3 2 0 1 0 0 0 0 9 4 3 0 60 

Sphaarikjae 0 0 1 0 0 0 0 0 0 7 17 0 4 
TTfeockixus fuvfaW/s 0 0 0 0 0 0 0 0 2 0 1 0 2 

TTwmmyzon fessWafum 0 0 0 0 0 0 0 0 0 0 0 0 0 
TTnocfas un/co/or 1 0 0 0 0 1 0 0 4 0 0 0 0 

Tipula sp. 0 0 0 0 0 0 8 0 0 0 0 0 0 
ya/ya(a cffsfafa 0 0 0 0 0 0 0 0 0 0 0 0 0 

Va/vafa macfosfoma 0 0 0 0 0 0 0 0 0 0 0 0 0 
IWyafa pfsofWs 0 0 0 0 0 0 0 0 0 0 0 0 0 

Wwpams wwpaws 0 0 0 0 0 0 0 0 0 0 0 0 0 

o\ o\ 
(N 

Agapefus/usc/pes 
Ca/qpfe/yx sp/encHans 

Anabo/wa nervosa 

Ancy/us Auwaff/fS 

Ammam Aowwkee Aomwm TmwwmM Towam Trnvmrna Tmmae nawvkm, mMk*o owwm* 
3 2 3 0 22 

0 

0 

10 

13 

0 

0 

0 

28 

0 

0 

1 

15 

0 

0 

0 

23 

0 

0 

0 

11 

0 

0 

0 

IOWat98 

0 

0 

0 

1 

IOWwin98 

33 

0 

0 

0 



Appendix E: Biological Monitoring 

I l i 
m i i # a 
s ? S " s 9 g p 

_ _ . s 
o> 5 S. 3 
a p p s S ' g Q ^ f g J ^ a 

a f %3 e % 
a i @ g' # % 8 

9: * 01 M 
» a a a. ? 

Q. Q. 6 5" o a & & 

S a s- 3 s a 8- m ? a 

1 
X 
w 
m 
o 

§ 
ui cn o o ^ ^ o o o o w - A o o o o o o ^ r o o o o j i ^ o o o w o 

c n o ^ o o o i o o o o c n c A i o o o o o o C D O O S ^ O O O N J O 

o o o o o o o o o o o w o o o o o o o - ^ c o o o o ^ o o o o o 

o o o o o o o o o o f o o o o o o o o c o c n o o o c o - ^ o o - t ^ o w 

M I 

c » G 3 o t o o o o o o o o o > o o o o o o o i t o o o o o o o o i 

c o o o - » ^ o o o - ^ o o c n o o o o o o o c o - ^ o o o j ^ o o o - u o ^ 

M o - » - o o o o o o o c o o o o 4 i . o o o r o o o o o i 

( j j O O O O O O O O O O - ^ O O O O O O O C O O O O o g o c o o 
i 

0 0 0 0 0 0 0 ^ - » - 0 0 0 0 0 0 4 i . O O O 0 0 ) 0 0 0 - - j 0 

O O O O O O O O O N 3 0 > O O O O O Q 4 i . O O O O O O O O - U O 

C O - » ^ 0 0 0 0 0 0 - » ^ 0 0 0 } O O O O W O O C A } O I O O O O l t O O O O O 

O O O C R Q O O O O O O O O O O O r O O O o g o O O-^-J^OOCJiO 
i 

O O O O O O O J i - O O O O O O O O O O O ^ O O O o o o o o g o ^ 

w o - & w . ^ o o o o o o o o o o - » o o o ^ - K O o o K o o o & o ( 

300 



APPENDIX E Cont. 
AOWatgg A0Wwin99 AOWspOO T0Wsum98 TOWat98 TOWwin98 TOWsp99 TOWsum99 TOWat99 TOWwin99 TOWspOO IOWsum98 lOWat98 IOWwin98 

EpAememZ/g nofafa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
E/po6d8//8 ocfocu/afa 5 3 0 8 3 2 1 0 3 0 3 57 8 17 

Esofus pafa/Wepfjoedus 0 4 0 0 0 0 0 0 0 0 0 0 0 0 
Gammams sp. 147 256 232 17 72 167 35 81 99 107 120 116 23 7 

Gemssp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 
GA)5s/phoma comp/anafa 6 3 0 1 1 1 0 0 1 3 0 2 0 

0 

1 
Goem pffosa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Gy/fnus nafafor 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Ha/esus wgafus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ha/fp/us sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
He/obcWa sfagna/Zs 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hapfagan/a su/pAu/ea 1 0 0 1 0 0 0 0 0 4 3 3 4 0 
Hydracarina 0 0 0 0 0 0 1 0 0 0 0 2 0 1 

Hydmpsyche p@//ucKyu/a 2 1 1 0 0 0 0 0 2 1 0 0 0 0 
Hydmpsycfw s//fa/a/ 13 5 4 0 0 6 0 0 3 2 2 0 0 0 

Hydrqf^/a ep. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hyphydwaovafus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 
/sopaf/a gfammafrca 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

1 
Lapfdosfoma Wffum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Leptophlebiidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
L e u ^ genwu/afa 0 1 0 1 0 0 0 1 0 0 0 0 0 0 
Lauc&a /Mppopus 0 4 Q 4 0 0 2 1 0 0 1 0 0 0 

Umnep/w/ua /unafus 0 0 0 0 1 1 0 1 0 0 0 0 0 0 
UmnepW/us sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ummus vo/cfcman 90 46 38 3 15 9 5 0 11 8 8 5 0 4 
Lymnaaa g/abra 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Lymnaea paragra 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lymnaaa (nvncfu/a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Wa/ampqoAy/ax mucomus 0 0 0 0 0 0 0 0 0 0 0 4 0 0 
Masove/fa A/rcafa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

o 



APPENDIX E Cont. 
rnwaum* Twrn* nwspw rnwwmw nwwa mwwrm 

Muscidae 0 0 0 0 
IOWat98 IOWwin98 

Mystacides azurea o 0 

Nemoura sp. o 0 

Odonlocerum albicome 5 2 

Oligochaata 33 28 

Orectchilus villosus 0 0 

Oulimnius sp. 0 0 

Philopotamidae 0 0 

Ph/sa fontinalts 0 1 

Piscicola geometra 0 0 

Planortis albus 0 0 

Planorbis carinatus 0 0 

Planorbis contoiius 0 0 

Planorbis planorbis 1 q 

Planorbis vortex 2 2 

Platambus sp. 0 0 

Polycelus tenuis 1 1 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

1 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 8 2 

16 2 9 12 11 
0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 2 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 

0 

0 

Z 2 1 0 2 0 0 

16 24 16 3 17 M 79 

0 0 1 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 

0 t 0 0 0 17 4 

° 0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 

0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 1 5 8 8 

° ° 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 1 ^ 6 0 0 0 0 5n 

Polycentropus flavomaculatus O O O O O O O O O 
Potamophylax latlpennis 0 0 0 

Potamopyrgus jenklnsi 0 1 0 1 
0 0 0 0 0 

Psychomyia pusilla 0 0 
0 0 0 0 0 0 

0 0 0 0 0 

1 

3 

0 0 0 0 

0 0 0 5 0 

Rhyacophila dorsalis 0 3 0 1 
0 0 0 0 0 0 0 

Rithrogena semicolorata 0 0 
5 2 2 0 

0 0 0 0 
• ' 3 7 1 2 3 

Sericostoma personatum S 2 0 1 
1 0 0 0 

Sialis sp. 0 0 

Sigara sp. 0 0 

1 7 3 0 
4 0 0 0 

0 0 0 1 0 
3 3 3 14 1 7 

0 0 0 0 
0 0 0 0 0 0 0 

Silo pallipes 2 1 1 
0 0 0 0 

Simuliidae 39 34 

Sphaeriidae 24 15 

0 0 2 1 0 
0 0 0 0 

0 0 28 29 13 2 
3 2 0 0 0 

0 0 0 0 0 

38 8 12 18 3 

0 0 0 0 0 0 
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FŜK F&,h* MspKFSwnM FMm FŜ m FSspM 
Cymatia bonsdorffii 0 0 0 

MSat98 MSwin98 

0 0 0 0 0 0 0 0 
Dendmcoelum lacteum 1 0 3 0 

Dicranota sp. o 3 

O/x/d sp. 0 0 0 

Donacia sp. o 0 

Dugesia polychma 0 O O a 

Ecdyonurus tomntis 0 0 

Ecdyonurus venosus o o 

Sm/s aenea 0 1 7 

Empididae 0 0 0 0 

Ephemera danica 0 0 0 

Ephemerella ignila 95 43 1 

Ephemerella notata 0 0 0 

Erpobdella octoculata 4 6 7 

Gammarus sp. 15 32 go 

Gems sp. 0 0 0 0 

Goera pilosa 0 0 0 0 

Gyrinus natator 0 0 

Halesus radiatus 0 0 0 

0 0 0 0 0 0 0 

0 1 1 0 1 2 0 

Drusus annulatus 0 0 0 0 1 

Dugesia tigrinia 0 0 0 0 0 1 

Glossiphonia complanata 1 2 0 0 1 

Helobdella stagnalis 0 1 1 

Heptagenia sulphurea 2 4 1 

Hydracarina 15 5 0 0 

Hydropsyche pellucidula 0 0 2 1 

Hydropsyche sillalai 1 0 

Hydmptila sp. 0 1 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 1 0 0 1 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 

0 0 0 0 0 

2 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 4 

0 0 0 0 

1 5 0 0 0 

0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 

0 0 0 0 0 1 1 

0 0 0 0 0 0 

0 0 1 0 1 0 
0 0 0 0 0 

0 1 4 0 0 0 

0 99 14 0 0 

0 0 0 0 0 

0 7 0 0 11 1 0 

Esolus parallelepipedus 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 § 

' " 5 2 0 2 0 0 1 0 0 1 2 1 
0 11 1 2 3 0 0 

59 8 30 11 17 0 24 0 9 15 1 23 1 
0 0 0 0 0 0 0 0 0 0 0 

1 0 1 0 3 0 0 0 6 14 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 0 

0 

0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 

2 0 0 0 0 

0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 1 0 0 

4 0 0 0 0 0 
0 0 

0 0 0 2 0 0 0 

0 1 0 1 0 5 0 0 13 1 1 

0 0 0 0 0 

0 0 0 0 0 1 

0 0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 0 0 

° 0 1 0 0 0 0 0 0 
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Po/yce/us fenu/s 

Po/ycenAppus Aevomecu/gfus 
Pofamophy/ax /aApenn/s 
Aofamop/fpus /enkfrnm 

Psychomyfa pus///8 

RAyecofVwVa dorsa/f s 

Sentcosfome personefum 

S/a/fs sp. 

S/gam mp. 

S//b p8///p8S 

Srmuliidae 

Sphaerildae 

7?)eodQxus /yuwabV/s 
TTwumyzonfessu/afum 

T/nocbs UfWco/df 
Tipula sp. 

IWyafacnsfafa 
ya/vafa macmsfoma 

ya/vafa p* 3c/na/f s 

Wwpams Wwpama 

ĝapefus Aac/pes 
CaAvfwyxsp/endens 
Anabo/ufafwvosa 
Ancyfus /?uvfag//s 

ApWdcha//w aesf/yafs 
âe/Zus aquafwus 

Afhenx Bp. 

Wsp99 IOWBiMn99 lowateg IOWwin99 lOWspOO FSat98 FSwinSB FSsp99 FSsumSG FSat99 FSwin99 FSspOO MSsiwnSB MSat! 
4 8 21 3 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 1 0 1 0 1 2 0 0 0 0 0 0 0 
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4 3 3 1 1 0 1 0 0 1 0 0 0 0 0 
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 3 3 8 7 0 0 1 0 2 0 0 0 0 0 
0 0 1 2 0 0 0 0 0 0 0 1 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
32 23 10 1 3 0 1 1 0 0 0 0 0 1 1 
0 1 3 0 0 3 1 1 0 4 0 4 5 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

MSwinGG 

0 

3 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Mkm w a s wkm* www 
0 0 0 0 0 0 2 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 Q 0 0 0 0 0 0 0 0 
0 3 5 1 0 0 11 1 3 0 0 5 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 

\o o cn 
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MSap99 MS.umB8 MSal99 MSwln98 MSspOO AS»um88 ASal98 AS*in9B ASspSS ASwm99 ASal98 ASwin98 ASapOO TSsumSB TSatSB TSwinSB 1S9p99 

Alhripsodes albifrons 0 0 

Athripsodes sp, 1 0 0 

0 0 0 0 0 0 0 0 0 0 

Ecdyonurus torrentis 0 

Ecdyonunjs venosus o 

Elmis aenea 6 

Empididae o 

Ephemera danica o 

Ephemerella ignita o 

Ephemerelle notata Q 

Erpobdella octoculata 0 

Esolus parallelepipedus 0 

0 0 5 0 0 0 3 

^ 0 ^ / =0 1 7 0 0 0 0 8 2 1 1 
Bdellocephala punctata 0 o 0 0 0 0 0 0 

Blthynia /each/ o 0 

Brachycentrus subnubilis 0 o 0 

0 0 0 0 0 0 

0 0 0 0 0 0 0 

28 3 4 6 28 160 0 0 
Chironomidae 37 20 19 19 37 5 33 3 

Chloropeha sp. 0 0 0 0 0 0 0 

Colymbetes sp. 0 0 

Crunoecia Irrorata 0 0 0 
0 0 0 0 0 0 0 

0 0 0 0 0 

0 0 3 0 5 1 0 

7 

0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 2 7 0 0 0 0 

0 20 1 3 3 3 .|g J. .|2 

0 0 0 0 0 0 0 0 0 0 

0 0 

0 0 0 0 

CW!caWB:,p. 0 0 0 0 0 0 0 1 

O O O O O O O O 

0 0 

0 0 

0 0 0 0 

0 1 0 0 

0 0 0 0 

0 0 0 0 

° ° ° ° ° ° o o u o o o o o o 
° 0 0 0 0 0 0 0 n n n o „ . - r -

Curculionidas 0 0 

Cymatia bonsdorffii 0 0 

Dendrocoelum lacteum 0 0 

n , " " 0 0 0 0 0 0 0 b 
0 3 0 0 3 3 1 6 n 
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APPENDIX E Cont. 
TSsumGG TSat99 T8win99 TSspOO ISsum98 ISat98 tSwin98 ISsp99 lSsum99 ISat99 ISwin99 ISspOO 

Oonacf'a ep. 0 0 0 0 0 0 0 0 0 0 0 0 
Omsus annu/afus 0 0 0 0 0 0 0 0 0 0 0 0 

Ougesfapo/ychma 0 0 0 0 0 0 0 0 0 0 0 0 
Ougasfa Wg/ffwa 0 0 0 0 0 0 0 0 0 0 0 0 

Ecdyonufus fomsngs 0 0 0 0 0 0 0 0 0 0 0 0 
Ecdyomunvs venosus 0 0 0 0 0 0 0 0 0 0 0 0 

Sm/saenee 0 0 0 0 0 0 0 0 0 0 0 0 
Empididae 0 0 0 0 0 0 0 0 0 0 0 0 

EpAemere damca 0 3 0 2 0 0 0 0 0 0 0 0 
EpAam@n9//a fgnAa 1 0 0 0 70 1 0 3 3 0 0 1 
Ep/wmafB//a nofafa 0 0 0 0 0 0 0 0 0 0 0 0 

E/po6d9//a ocfocu/afa 0 0 0 0 11 6 1 0 0 0 11 5 
Eso/us para/WajD/pedua 0 0 0 0 0 0 0 0 0 0 0 0 

Gammams sp. 2 8 1 2 49 36 0 0 13 39 4 0 
Gamfs sp. 0 0 0 0 0 0 0 0 0 0 0 0 

Gk)6a/p/)on/a comp/anafa 0 0 0 0 0 4 0 0 1 3 0 1 
Goefap//dsa 0 0 0 0 0 0 0 0 0 0 0 0 

Gyf/m/s nafafor 0 0 0 0 0 1 0 0 0 1 0 0 
Ha^asusmdfafus 0 0 0 0 1 0 0 0 0 0 0 0 

Haf/p/us »p. 0 1 0 0 0 0 0 0 1 5 1 0 
Ha/bbda/Za afagnaZ/s 0 0 0 0 0 0 0 0 0 0 2 0 

Hapfagama su/pAuma 0 0 0 0 1 0 0 0 0 0 0 0 
Hydracarlna 0 0 0 0 0 0 0 0 0 0 0 1 

HydfDpsycAa paf/uo dWa 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche stitalai 0 0 0 0 0 0 0 0 0 0 0 0 

Hydroptila sp. 0 0 0 0 0 0 0 D 0 0 0 0 
Hyphydajs ovafus 0 0 0 0 0 0 0 0 0 0 0 0 

fSQpaffa g/ammafk* 0 0 0 0 0 0 0 0 0 0 0 0 
Lap/dosfoma W/fum 0 0 0 0 0 0 0 0 0 0 0 0 

Leptophlebiidae 0 0 0 0 0 0 0 0 0 0 0 0 
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Appendix F; Recolonisation Dynamics 

APPENDIX F Cont 
smaH 85 small 85 small 85 larga 16 large 16 large 16 large 33 large 33 large 33 large 51 large 51 large 51 

OdofA)cef%m? 8/fxdome 44 0 8 8 4 8 8 16 4 12 12 4 
Oligochaeta 8 860 72 12 8 4 4 2 12 4 4 4 

PafafepfopAfefw wame/ 40 0 4 0 0 0 12 4 16 4 12 0 
Physa*x)(fm8#s 4 4 0 4 0 0 4 0 0 0 0 0 

Manofbfs p^nofb/s 0 0 0 0 0 0 0 1 0 0 0 0 
vKvfex 0 4 4 2 0 4 0 0 0 0 4 0 

Mafambus sp 0 0 0 0 0 0 0 0 0 0 0 0 
Ao/yc@n&ppus#8vomacWafu5 0 0 0 0 0 1 4 1 0 4 0 0 

Po(an?ppAyfax Wpennfs 0 0 0 1 4 1 1 4 8 1 4 4 
Aofamopyryus /enAons/ 0 8 4 0 1 0 0 0 0 0 0 0 
RhyacopWadOfsaAs 2 0 16 4 0 1 4 0 4 0 0 4 

Rffhmgana sa/nkxVofafa 0 0 0 0 0 0 8 0 0 0 0 0 
Sedcosfomape/BOoafu/n 36 24 112 6 4 20 24 32 48 12 60 28 

SmulHdae 4 0 0 12 12 12 76 4 1 8 12 24 
Sphaeriidae 0 0 0 0 0 1 0 0 0 0 0 0 

77noda8 wwcoAy 4 0 16 0 0 0 0 0 0 0 0 0 
TTpofasp. 0 0 0 0 0 0 0 0 2 0 0 1 

l a r g e r larga% large 69 large 85 large 85 large 85 background 1 background 1 background 1 background 2 
Agapafussp. 0 0 28 0 4 0 0 0 0 0 

Cakpfsfyx QDAandams 0 0 0 0 0 0 0 0 0 4 
^ncy/usfwfaff^ 0 0 0 0 0 0 0 0 0 0 
^ s a W a q o ^ k u s 1 4 12 12 4 1 0 0 0 0 

/%(Mpsodl@saW/k)n8 0 0 0 0 4 4 0 0 0 0 
8 a ^ sp. 28 52 108 136 32 56 364 128 96 60 

B/AynfaAaac/w 0 0 0 1 0 0 0 0 0 0 
Caanfaap. 0 4 4 0 0 4 0 0 0 0 

Chimnomldae 40 60 96 48 52 68 16 4 0 12 
CuecoWassp. 0 0 0 4 0 0 0 0 0 0 

Damc&ocoaiWzAacAgom 1 8 0 0 2 1 0 0 0 3 
Ofcmnofa sp. 20 4 16 0 24 8 20 24 24 20 

Oupasfapo/ycAma 0 8 0 0 1 4 0 0 0 3 
EWaaenea 4 14 20 15 24 22 50 16 28 30 

EpAamamdancfa 1 0 4 4 8 0 0 0 3 0 
EpAamamffa 0 0 0 0 0 0 24 20 4 0 

E/po6cWaocfocuWa 1 4 4 1 1 1 0 8 0 0 
Gammaridaa 284 720 1344 816 1432 1412 3572 904 1408 812 

Gfoss^^/fOfx^compfamafa 4 8 0 4 4 8 1 4 2 0 
GoafapA)sa 12 4 8 20 1 4 4 0 4 4 

Qyffwan^afor 0 0 8 0 0 1 0 0 0 0 
HQ0(agan/asf4)f)u^ 0 4 4 8 8 8 0 4 0 4 

HydracaTMa 0 0 0 0 0 0 0 0 0 0 
HydfOpsycAapa^ucfcWa 1 8 12 21 24 16 4 0 4 0 

WydrppQicAasAWa/ 4 4 16 55 76 32 4 1 16 4 
Laucfm Wppopus 0 0 0 0 0 0 0 1 0 4 
U/nmus wo/ckman 12 58 64 45 72 66 150 52 80 94 
Lymnaaapa/egfa 0 0 0 0 0 0 0 0 0 0 

Lymnaaa sfagmaAs 0 0 1 0 0 0 0 0 0 0 
Muscidae 0 0 0 0 0 0 0 0 0 0 

Odonfocemm a/Wcome 48 40 16 96 40 40 4 0 1 4 
Ofigochaabi 12 44 4 16 20 1 15 21 76 8 

PanaAvAVAofw warn* 0 16 8 12 4 4 0 0 0 0 
PAysafbngnaAs 0 0 0 2 0 0 0 0 0 0 

ManofWspfanoffw 0 0 0 0 1 0 0 0 0 0 
M&iofbfs voffax 8 0 0 2 4 0 0 0 0 1 
Mafambus sp. 0 0 0 0 0 0 0 1 0 0 

Po/ycanAqpua/bvomacf^^us 0 0 0 0 0 0 0 0 0 0 
AoA/TMlpA)^ W p e w * 4 1 1 4 1 8 4 0 1 0 
Pofamopyfpus/amWna 0 0 0 0 0 0 1 8 4 0 
RhyacQpWfadbfsa^a 0 4 4 4 4 1 12 4 8 16 

RAhfoganaaam/cofomfa 0 0 0 0 0 0 0 0 0 0 
Sencosfomapafsonafum 32 80 68 80 36 56 0 0 0 0 

Simuliidae 4 0 4 0 8 0 20 0 0 1 
Sphaeriidae 0 0 0 4 0 0 0 0 0 0 

TTwdas wNcoAy 0 0 0 0 0 0 0 0 0 0 
77pu/a 0 0 0 0 0 0 0 0 0 0 

background 2 backyound2 background 3 backyound^ t^kgfOund4 badcground^ 
Agapafussp. 0 4 0 1 0 1 4 4 

Cafopfa/xy ̂ ofandams 4 0 0 0 0 0 0 0 
,4ncy/us #(/wa#fs 0 0 0 0 0 0 0 0 
Asa/yus aquaffcus 0 0 0 0 0 0 0 0 

^ Wpsodas a/b/Aons 0 0 0 0 0 0 0 0 
Baaga sp. 68 16 1 6 12 64 24 8 

6W)yn/a ^aacA/ 0 0 0 0 0 0 0 0 
Caanfs sp. 0 0 0 0 0 4 0 0 

Chironomidae 0 4 0 1 0 16 0 0 
Cu^cofdbs sp. 0 0 0 0 0 0 0 0 

Oandrocoa/um facfaum 4 1 0 4 8 2 0 4 
OfCfanofa sp. 16 8 4 8 4 40 16 1 

Ougasfapo/ycbma 0 4 1 4 12 20 0 0 
Hm^aamaa 22 16 28 20 16 54 20 8 

Epbamafadanc/a 0 1 0 4 4 0 8 0 
EpAamam/fa^nffa 1 0 0 0 0 0 0 0 
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APPENDIX F Cont. 
b8ckoround2 back8mund2 backgrounds backgrounds backgrounds background4 back@T)und4 background4 

&P0<)CW8 0Cf0C(#@<8 0 2 0 0 0 1 0 1 
Gammaridae 652 348 332 460 360 1488 356 324 

0 1 0 0 0 0 2 1 
Goefap*)S8 0 4 4 3 4 4 4 16 

GyyfnusnaWor 1 4 0 0 0 4 0 0 
4 0 4 0 4 0 4 0 

HydTBcefWia 0 0 0 0 0 0 0 0 
HydrppsycAepaA^ckWa 0 1 1 0 0 0 4 1 

HydrppsycAesiAa/af 3 4 4 1 0 1 4 0 
Leucfra/N^opopus 0 2 0 0 0 0 0 0 
Ummus MofcWa/f 66 44 80 56 52 156 64 28 
LymmaeepefBfpa 0 0 0 0 0 0 0 0 

Lymmaaasfagna^ 0 0 0 0 0 0 0 0 
Musddae 0 0 0 0 0 0 0 0 

Odoofoce/um a/Wcome 4 1 0 4 16 8 0 4 
OHgochaata 64 16 12 20 68 60 16 8 

Pa/af^AipWBWa wamaf 0 0 0 0 0 0 0 0 
Physa tngna&s 0 0 0 0 0 0 0 0 

Pfanofbfspfa/xybw 0 0 0 0 0 0 0 0 
PfanofWs voffex 0 0 0 0 0 0 0 0 
fWambossp. 0 4 0 0 0 0 0 0 

Po/ycenOupwAavomacuWus 0 0 0 0 0 0 0 0 
Pofamoiphybx WtpemofS 0 0 0 0 0 0 0 0 
PofamopynyusjenAonsf 0 0 0 0 0 0 0 0 
RAyaoqpMadbfBaAs 2 1 12 4 0 4 0 0 

R#?mgana3em*coA)f;^ 0 0 0 0 0 0 0 0 
SefkxDsfomapefSon^um 0 4 0 3 16 8 4 2 

SimidWdae 0 0 0 0 0 1 0 0 
SphaefMae 0 0 0 0 0 0 0 4 

TlnocHasunfcoAy 0 0 0 0 0 0 0 0 
T^xffasp. 0 0 0 0 0 0 0 0 

background 5 backgrounds backyound 5 backgrounds backyound6 backgrounds 
Agapefus sp. 1 0 0 32 0 60 

Ca#op(efyxgpf8mdems 0 0 0 0 0 0 
^ncyfus 1 0 0 0 0 0 
^^aafWaqu^cus 0 0 0 0 0 0 

AAhlpsodbsaA^hMS 0 0 0 0 0 0 
BaaCs 8p. 8 0 28 24 72 100 

afhynfa Aaachf 0 0 0 0 0 0 
Caanfs sp. 0 0 0 0 4 0 

Chlronomidae 0 0 4 0 4 4 
Cf̂ CoWas sp. 0 0 0 0 0 0 

Oan<*Dcoe/um/6cfeum 4 0 4 4 0 8 
OkMOOfa 2 2 a 24 24 4 

Dupasfapo/KcAma 2 1 0 0 5 8 
Gm/saemaa 12 4 28 16 28 8 

Ep/W7?efB danaa 0 0 4 0 0 0 
EpAemafa^^xffa 0 0 0 0 0 0 

Efpo^cWaocgocL^Iafa 2 0 0 0 1 1 
Gammarldae 132 20 268 104 600 540 

Gk)88fpAof*acomp^m^ 1 1 0 0 0 0 
GoafapMosa 4 4 1 4 4 0 

0 0 0 1 0 0 
Hapfagyan^Sf̂ o/Mmga 0 0 0 4 0 8 

Hy&acarlna 0 0 0 0 0 0 
Hyckvfyc/MpaAfCkWa 0 0 0 0 0 0 

/yydrDpsycAasiWaf 1 0 1 1 0 4 
Lawc&a/Wwqpus 0 0 0 0 0 0 
Umnfus vokfcman 32 12 88 24 84 52 
Lymnaaapefaya 0 0 0 0 0 0 

^ymmaeagAgmafg 0 0 0 0 0 0 
Muscidae 0 0 0 0 0 0 

Odonfocen/m aAwcoma 0 1 1 4 1 20 
0%ochaeta 3 1 36 4 52 92 

â/BA9pA?pÂ 8A(8 WW7W 0 0 0 0 0 0 
Physa jbngna^ 0 0 0 0 0 1 

PfanofWsp/hnofb/s 0 0 0 0 0 0 
fVanofWs voffax 0 0 0 0 0 0 
AWamAws sp. 0 0 0 0 0 0 

Po/yca/*ppus/bvomac(^afus 0 0 0 0 0 0 
Pofampp/xXax Wpanm s 0 0 0 0 0 0 
Aofamopy^us /anWnsf 0 0 0 0 0 0 
/%yac(vA^ob/5aAs 1 0 0 0 0 0 

Rfffwoganasam&oAMda 0 0 0 0 0 0 
Sedcosfomapafsonafum 0 0 3 4 24 16 

0 0 0 0 0 4 
SphaerBdae 0 0 4 0 0 0 

77modbs umcoAy 0 0 0 0 0 4 
77pu/asp. 0 0 0 0 0 0 
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