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Abstract

Scottish freshwaters have been described as a national resource of international 
significance. The high quality of Scotland’s lotic systems is integral to the formation of 
this view. The research presented here aims to provide an insight into the interaction 
between benthic invertebrates and their hydraulic habitat within some of Scotland’s 
lotic systems. A further aim of this project is that this information presented here will 
aid the design of river rehabilitation and management schemes thereby helping 
maintain the integrity of the opening statement.

There is a large amount o f literature existing which addresses the interactions between 
benthic invertebrates and flow parameters; substrate type, vegetation, velocity, depth 
and near bed stresses. However significant gaps remain in our understanding, 
particularly at the level of individual taxa preferences. Furthermore, little work has 
been done in Scotland. To address these gap in the data the distribution of macro- 
invertebrates in relation to flow parameters were assessed for three rivers 
representative of highland (River Etive), central belt (Blane Water) and borders rivers 
(Duneaton Water).

The importance of deep and shallow reaches as habitat units for benthic invertebrates 
was analysed and the methods for categorising reaches into riffles, runs and pools 
assessed. The analysis showed that at the sites examined differences between 
invertebrate community in deep and shallow reaches were minimal and limited to the 
preferences of a number of key species. Categorising reaches into riffles, runs and 
pools on purely visual grounds was insufficient and some measures of velocity and 
depth are required if the work is to be used for between site comparisons.

Benthic invertebrates did show preferences for flow parameters. At the physical scale 
examined (Surber sample) community structure was influenced in a limited manner by 
flow parameters; velocity and depth wre the most important. A gradient from erosional 
to depositional conditions was observed at two of the sites.

Limitations of Instream Flow Incremental Methodology (IFIM) as applied to benthic 
invertebrate habitat identification were identified. Estimates of near bed flow 
parameters based on point measurements of velocity profiles to samples collected at 
the scale of Surber samples do not explain any additional variation in the distribution 
of benthic invertebrates. Analysis of individual flow preferences o f macroinvertebrates 
suggest that to identify flow preference curves, an aim of IFIM, finer scale habitat 
measurements are needed.

Laboratory experiments were carried out to identify the upper velocity tolerances of 
some benthic invertebrates; Tipulidae and Gammarus pulex. The results show that 
individuals were flexible in their responses to high velocities. What constituted ‘high’ 
velocity was taxa specific.

Benthic invertebrate community structure was investigated in areas of the Blane Water 
vegetated with Callitriche instagnalis. Submerged vegetated patches supported a



greater abundance of invertebrates than bare substrate. The hydraulic habitat of the 
macrophyte stands was more diverse than that of bare substrate with higher velocities 
occurring on the outside of the macrophyte stands than on the bare substrate. 
Simuliidae dominated the outside of the stands, the area exposed to the highest 
velocities. The invertebrate community on the outside o f the plant stands was less 
equitable than that found at the root-substrate interface. It is suggested that 
macrophytes can be used as a tool in the rehabilitation of hydraulic habitat for benthic 
invertebrates in Scottish rivers.

The importance of these results are discussed in the context of river rehabilitation and 
our ecological understanding of benthic invertebrate community structure.
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General Introduction

Chapter 1:General Introduction

The main aim of this project was to improve the scientific knowledge base of benthic 

invertebrate - environment interactions in streams, to assist the better design of river 

rehabilitation and management schemes. The basic question to answer is whether or not 

instream flow preferences o f benthic invertebrates can be identified. There is a large body 

o f work addressing various aspects o f this question but it remains to a large extent 

unanswered especially in a quantified manner. The thesis chapters outlined at the end of 

the introduction, show a progression from field surveys to laboratory experiments, where 

initial measurements made in the field are tested in the laboratory. Finally macrophytes, 

which provide a velocity gradient are examined as macroinvertebrate habitat. Part of the 

aim of this work is to follow the ecohydrological approach, that is the combining of 

ecology and hydrology to better improve our understanding and management of 

freshwaters. In its infancy, this discipline still suffers from a lack o f basic definitions 

hampering work. The first sections of this general introduction cover the basic biology and 

physical structure of rivers, partly for general information but also to clarify some of these 

basic definitions, and paradigms as I perceive them. A more specific introduction to the 

work follows the general sections.

General background

1.1 The biology of flowing water benthic macroinvertebrates

Macroinvertebrates are a practical grouping of freshwater organisms, simply defined as 

invertebrates occurring in or on (or associated with) the substrate, and visible to the naked 

eye. Meiofauna which are invisible to the naked eye are often the more species rich and



General Introduction

abundant o f the two categories o f benthic fauna but remain relatively neglected (Poff et al. 

1993; Ward et al. 1998). Being wholly dependent on size, membership of the two groups 

is not exclusive, a situation well illustrated by the Chironomidae which can occupy both 

groupings during their larval stage. Constituting a number o f phyla the macro

invertebrates exhibit a range o f life histories. The majority of the phyla spend their entire 

life cycles in the lotic system; Crustacea, Mollusca, Annelida and Platyhelminthes1}

The remaining major grouping, the Insecta spend only their juvenile stages in the system, 

although among some groups there are exceptions; the Coleoptera and the Hemiptera. The 

insects are the most extensively studied o f the benthic invertebrates and several texts are 

exclusively devoted to them (Merrit & Cummins 1979; Williams & Feltmate 1994).

Most o f the insects are univoltine or bivoltine but some species can take two years to 

mature. It is very rare for animals to take longer than two years to mature in lotic systems 

(Williams & Feltmate 1994). Adult emergence for the Ephemeroptera and some members 

of the other groups is famously synchronised but time spent on the wing can be highly 

variable. In the Trichoptera some taxa can spend the entire summer on the wing waiting to 

reproduce. From a number o f studies it clear is that growth rates are plastic, and may 

reflect ambient temperature and food availability or other environmental variables (Petts & 

Bickerton 1994; Webb & Walling 1993). As the fecundity of these animals is almost

1 Other phyla do occur in running freshwater but were not encountered during this study. A checklist of 
the north European taxa is given in (Fitter & Manuel 1994). For simplicity the taxonomic hierarchy 
used in that publication is used throughout the thesis and is not a reflection of the author's views on the 
taxonomic structure of the Arthropoda which remains unresolved and controversial (Brusca & Brusca 
1990).

2 There are a number of exceptions among the Gastropoda: it has been stated that it is difficult to 
distinguish between aquatic and terrestrial forms. (Macan 1977). The sub-class Euthyneura are 
exclusively represented by the order Pulmonata in this study are air breathers and can exist in quite dry 
conditions. Of their members the species most frequently encountered in the study is Artcylus fluviadlis 
which does not need to breath air and is wholly aquatic (Clegg 1952)!

2
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exclusively dependent on juvenile feeding - see below - environmental conditions during 

the juvenile stage are of the utmost importance.

Few adult aquatic insects have been observed feeding but some Trichoptera and 

Chironomidae adults have been observed sipping nectar, Homopteran honeydew and sugar 

water in the wild and captivity (Armitage et al. 1995; Malicky 1981). The contribution to 

the animals’ overall fecundity is likely to be slight as these food sources contain little more 

than carbohydrates (Svensson 1972). Dragonflies feed throughout their adult lives, but 

were not encountered in the work presented here (Hammond & Merrit 1983; Miller 

1987). Some Plecoptera (Nemouridae) need to feed before they can lay eggs, but even in 

these cases the majority o f the adult biomass must come from larval feeding (Hynes 1976). 

Diptera are the major exception, with fecundity closely related to blood feeding across 

some of the families. In general though, investment by invertebrate adults in individual 

young is limited.

Oviposition strategy can have a strong influence on the distribution of the juvenile forms 

on the substrate and may, in the case o f insects and depending on species, be a product of 

parental habitat use rather than larval preference (Harrison & Hildrew 1998). This is more 

likely in lentic systems than lotic where there are fewer modes of larval dispersal. The 

Gastropoda encountered in this study produce their eggs in jellied masses on rocks and 

other submerged substrata (Clegg 1952) and in the case of Potamopyrgus jenkinsi by 

asexual means (Maitland 1990). Among the Annelida, egg laying also occurs; the eggs 

being laid in capsules (Brinkhurst 1963). In the insects, parental care appears limited to

3
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oviposition. Eggs are laid in the water under stones (Baetis) on the water surface 

(Ephemerella ignita) or on bankside vegetation (some Trichoptera).

The numbers o f eggs produced by all members o f the aquatic taxa shows high degrees of  

intra and interspecies variation (Macan 1963), hinting at a range o f reproductive 

strategies. Sexual reproduction appears to be the norm among aquatic insects but asexual 

reproduction in the Chironomidae and Ephemeroptera has been recorded (Armitage et al. 

1995).

The only aquatic groups which do show some maternal care are the amphipod and isopod 

crustaceans which brood their young (Clegg 1952). It has recently been shown that the 

amphipod Crangonyx pseudogracilis also actively cares for their broods by flexing their 

bodies which alters the microhabitat o f their brood pouches (Dick et al. 1998).

Although fundamental to our understanding o f lotic ecosystems, little detailed work has 

been done on the dispersal o f aquatic insects during the adult phase. Work on the genetic 

variability between populations o f the Trichoptera in Australia indicate that there can be a 

much greater transfer o f genetic material over large geographic areas than had previously 

been believed (Hughes et aL 1998)3. Aquatic insects occurring in a river stretch can be 

viewed as members o f metapopulations, where the entire population may range in spatial 

occupation from a single island to the entire globe. Aquatic insects are thereby, potentially 

resilient to localised disturbance o f lotic systems as long as their particular habitat patch 

continues to exist after the disturbance event and can be colonised by animals from

1 Research on Plecoptera showed distinct differences between streams suggesting that they do not disperse 
to the same extent as the Trichoptera of the other study (Hughes et al. 1999).

4
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unaffected sites, e.g., if aquatic insects are subject to metapopoulation dynamics (Hanski 

1994 & Levins 1969).

Dispersal between non-contiguous river systems is particularly difficult to assess for non

insect taxa which have no aerial phase. The rate o f dispersal o f invasive Crustacea 

{Crangonyx pseudogracilis) and Mollusca (Potamopyrgus jenkinsi) in the UK has been 

impressive, with both invaders now found throughout the country, less than one hundred 

and twenty years after being first recorded (Maitland 19904, Dick et al. 1997). Whether 

this was purely mediated by humans or reflects a natural ability to disperse between 

systems is difficult to determine at present. In the case o f Crangonyx there is good 

evidence that the animal has moved between different catchments via the canal network 

although this is not always the case. It is likely that humans have influenced the dispersal, 

in the case o f many fish species (Adams & Maitland 1998) and zebra mussels (Buchan & 

Padilla 1999). Future genetic work species and systems not heavily influenced by humans 

would help determine the degree o f isolation o f populations o f these groups.

Once hatched benthic invertebrates find themselves near the base o f the food chain, usually 

as primary consumers or detritivores, although some taxa are predatory right from 

hatching, e.g. the Tanypodinae. Depending on food particle size and feeding mechanisms 

of benthic invertebrates, the taxa have been assigned to functional feeding groups 

(Cummins 1973). .Initially derived for insects only, it is now applied to the entire benthos 

(Moss 1988). The primary distinction is between herbivory, detritivory and camivory. 

Ephemeroptera are viewed as mainly collector gatherers feeding on Fine Particulate

5
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Organic Matter (FPOM) and scrapers, Plecoptera as predators or feeding on Coarse 

Particulate Organic Matter (CPOM) shredders. Tipulidae and Chironomidae can be 

shredders, collector gatherers (filterers) or predators. The Simuliidae, the other dipteran 

family are filter-collectors (Hart & Latta 1986). The Trichoptera and Coleoptera occur in 

almost all o f the categories (Williams & Feltmate 1994: after Cummins 1973). The 

gastropods are viewed as scrapers, the Annelida as predators or deposit feeders and the 

Amphipoda and Isopoda as scrapers or collectors. The degree to which these groupings 

are exclusive is less certain. Gammarus pulex have scraping mouth parts but can use these 

to predate other amphipods which in turn may reduce interspecific competition (Dick 

1992; Dick et al. 1990).

The link between feeding groups, animal mobility and morphology is strong. It is clear that 

to be a filterer being located in areas of high velocity and on stable substrate is useful and 

requires special adaptations e.g. suckers or retreats from energy consuming flow 

conditions. For collector gatherers, mobility is important and the animal must be able to 

swim through the water or crawl through / across the substrate matrix. It suggests there is 

a link between species (identified using morphological characteristics) and how they 

exploit their physical habitat. The river bed is heterogeneous and it is postulated that these 

animals occupy different physical niches (areas of stream bed) depending on their 

functional feeding groups.

Some of the major benthic taxa o f interest in this study have the ability to be either 

parasitic or commensal on other invertebrates, feeding groups not addressed in Cummin’s

1 As a human food source invasive crayfish species are excluded from the example as the influence of 
man in their dispersal is well recorded and affords little room to speculate about natural mechanisms.
( \ pseudogracilis is still largely absent from the Scottish highlands.

6
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classification, (Cummins, 1973). Chironomidae appear best suited to this role and are 

usually commensal, but can be parasitic (Tokeshi 1993). There has been at least one 

record o f a Trichopteran (Orthotrichia) larva parasitic on other Trichopteran pupae (Wells 

1992). The Hirudinea are o f course the most famously parasitic freshwater group but in 

the systems studied here some leech species are predators, feeding directly on 

invertebrates (Elliot & Mann 1979). Although it is felt that flowing water somewhat 

negates the impact of ecto and endo parasites they do occur on the freshwater benthos. 

Hickin (1967) reviews the epizoites and epiphytes found on Trichopteran larvae and 

includes a mite, Atturus scaber infesting Goer a pilosa and protozoa on a range of other 

species. Disease in general, is an area that has received little attention but could have a 

profound effect on aquatic benthos distribution.

So potentially, predation, food availability, disturbance and physical habitat structure 

alteration can affect the instream distribution of invertebrates and are well researched 

(Boulton et al. 1992; Crowl & Schnell 1990; Crowl et al. 1997; Dahl & Greenberg 1996; 

Death 1996; Dudgeon 1991; Dudgeon 1993; Dudgeon & Chan 1992; Hansen et al. 1991). 

Before proceeding further it is necessary to describe the physical habitat of lotic systems 

indicating the limits and opportunities which they present to aquatic benthic invertebrates.

1.2 Lotic systems: Physical structure

This section gives a short review  o f  the physicochem ical nature and geom orphological 

structu re  o f  lotic systems. The section on the geom orphological structure o f  rivers and 

their substrates focuses on the subject o f  the thesis, instream  flow conditions; the physical 

factors examined as possible environm ental gradients for invertebrates.

7
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1.2.1 Life, light, temperature & water chemistry

The basic requirements o f almost all life: water, light, oxygen, carbon dioxide and 

nutrients are available in lotic systems (Hutchinson 1957; Hynes 1972). Light penetration 

in rivers is normally limited by the turbidity o f the water and it is only in the lower reaches 

of rivers, or in very large systems that depth becomes a limiting factor (Hynes 1972). 

Turbidity is usually dependent on discharge mobilising small particulate matter, and high 

turbidity is therefore more frequent in winter when the temperature (in temperate rivers) 

is too cool for much plant growth and the number o f hours o f sunlight are few and less 

intense. Dissolved atmospheric gases are rarely limiting in running waters which are 

frequently completely saturated or super saturated with oxygen, nitrogen and carbon 

dioxide. Freshwater insects appear to be dependent on this high level o f available oxygen. 

Lowering the percentage o f dissolved oxygen even slightly can have significant effects on 

the health of rheophilic amphipods, Trichoptera, Simuliidae, Ephemeroptera and 

Plecoptera (Golubkov et al. 1992; Kiel & Frutiger 1997; Macan 1963; Nagell & 

Larshammar 1981). For some Trichoptera their cases facilitate oxygen uptake (Williams et 

al. 1987) possibly allowing them to live in areas with lower oxygen levels. The capacity to 

tolerate lower oxygen levels is observed across most o f the groups and tends to be found 

mainly among burrowers.

Rain water contains varying amounts o f dissolved elements. The nutrient content o f the 

river water is primarily dependent on the underlying bedrock geology, modified (often 

substantially) by catchment land use and other anthropogenic factors. Land use, 

particularly intensive agriculture and urban centres, have a detrimental impact on the

8
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chemical quality o f water which may have a direct effect on the resident invertebrates. In 

Scotland, surface drift which, when glacially derived, can be of different chemical 

composition to the underlying bed rock, also contributes to the water chemistry (Survey 

1971; Survey 1977).

The osmotic potential o f freshwater can obviously be variable for the same reason nutrient 

concentration is variable. Aquatic insects are know to be hypertonic relative to freshwater 

and are capable o f withstanding the normal fluctuations in its osmotic potential. They are 

not capable of withstanding the essential potential o f salt water concentrations and this is 

one of the reasons cited as limiting the lotic benthos to rivers and making it non

contiguous with the marine system5. Also it is one of the many reasons cited why aquatic 

invertebrates do not drift too far downstream.

Temperature in running freshwaters varies more rapidly than in standing waters. 

Superimposed on seasonal changes are diurnal cycles. Surface water streams reflect mean 

air temperature over their entire length although this may alter as one proceeds down a 

valley. Spring melt o f snows (which would be likely to affect all the rivers studied in this 

work) may have temperatures below that of the mean air temperature for significant 

periods subsequent to melting. On average, the upper sources of a catchment system tend 

to be cooler than further down. Temperature can have a profound effect on larval growth 

and emergence in the aquatic insects, best studied o f these is probably Baetis and 

temperature is likely to effect the development of non-insect taxa in a similar manner, see

5 It has been pointed out that of the freshwater insects some groups have members occurring in marine 
environments. Tire trichopteran Philanisus plebeius lives in intertidal rock pools but has an additional 
organ not present in freshwater species which helps retain water within its hypotonic body (Leader 
1976). As such the argument that limited osmoregulatory systems prevented insect colonisation of salt 
water begin to weaken.
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Williams & Feltmate (1994) for a review of the effects of temperature on aquatic insects. 

Feeding is rarely limited by temperature according to (Cummins 1973), but it can effect 

instream distribution (Guinand et al. 1994).

Lotic systems have all the ingredients for primary productivity to succeed. They also have 

another factor which to a greater or lesser extent excludes the growth of instream 

macrophytes. That is the constant movement of water which makes the rooting of plants 

not only difficult but, if they do succeed in rooting, subject to removal by flooding. The 

constant erosion of fine sediment also leaves little suitable rooting material, most usually 

found in the lower reaches o f river systems with mosses on rocks as the only rooted plants 

in the upper reaches The macrophytes which do occur in rivers are adapted to this 

disturbed habitat and often grow in shapes suitable for minimising drag (Sand-Jensen & 

Mebus 1996). Phytoplankton are also often only found in the lower reaches of rivers: 

frequently a major source of primary productivity is algae encrusting on rocks. 

Filamentous algae also grow attached to the substrate and under suitable conditions, a 

mixture o f Chironomidae, diatoms and other Protista grow among their strands to form 

mats termed 'Aufwuchs' (Flynes 1972). Allochthonous material accounts for a large 

proportion of the energy entering the system and the amount is closely linked to the 

structure of the drainage system.

1.2.2 Drainage networks and Channel Structure

The sim plest hierarchy is that o f  stream  size; those tributaries furthest upstream  are 

sm allest in width and, as they progress to the sea, they join forming increasingly larger

10
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channels o f higher stream order. The idea o f ordering streams is that o f R.A. Horton 

(Hynes 1972). The instream structure o f channels also changes with distance from their 

source. Higher up in the catchments slopes tend to be steep, quickly shedding water, 

creating an erosional environment dominated by large substrate elements which can form 

‘step and pool’ sequences (Carling 1995). Further down the system, the rivers still contain 

a lot o f energy but are now wider and begin to deposit and erode material in a sequential 

manner (Carling 1995). This leads to the riffle-pool structure where when discharge is 

high pools are scoured out and the material deposited further downstream forming an 

extended lip called a riffle (Clifford 1993). During low discharge, fine substrates deposit in 

the pool sections, but not to the same extent in the riffle areas. Although relatively stable, 

the riffle-pool system is a constantly shifting dynamic habitat (Carling 1995). In gravel bed 

rivers some stability is created by the formation o f an armoured layer where, through 

successive minor increases in discharge, the bed becomes compacted and in some cases 

the substrate elements align their long axis with the direction o f flow. The armoured layer 

allows the persistence o f finer substrate below this top compacted layer which, if it was 

not present, would be eroded. These middle reaches are the subject of the work done in 

this study this thesis. There can also be a zone o f low permeability below the river bed 

were the water is no longer saturated with oxygen (van't Woudt & Nicolle 1978).

The deposition of material sorts it into mixed aggregates o f different sized substrate 

elements; cobble bars, riffles, pools etc. These are often viewed as microhabitats for 

macrobenthos (Brown & Brussock 1991) and this is one o f the questions addressed in this
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thesis. As the landscape flattens, energy in the river dissipates and its ability to carry 

sediment becomes reduced, here fine sediments become deposited as the river meanders. 

The discharge down a river is seasonal, reflecting precipitation within its catchment. Such 

fluctuations that do occur are classed by their return period, once in one hundred, twenty, 

ten years etc. Related to their intensity is their capacity to move substrate and alter the 

channel; some rivers in Scotland frequently migrate across their flood plains as a result of 

large, intermittent floods (Smith & Lyle 1994), e.g. the River Feshie.

1.2.3 Scale ofphysical processes, implications for ecology

Climate and topography are obviously not the only factors important in fashioning a river 

system and to aid biologists understanding o f these processes and their biological context 

they have been categorised in a hierarchy with a number o f spatial and temporally scales. 

A biological hierarchy o f processes has also been identified and linked to this physical 

hierarchy o f factors. The simplest method o f linking the two is where the temporal scale of 

a physical process is similar to that o f a biological one e.g. at a scale of 107 years, 

megaform processes such as plate tectonics, climate change and eustatic change create 

drainage networks which are on the same temporal scale as regional species pulses and 

evolutionary differentiation. Each level in the hierarchy influences that below it. There are 

a number of external physical and geomorphological processes working over a range of 

time intervals which, with the physical size o f the area effected, are designated as mega, 

macro, meso, and microform processes. Macroform processes include flood plain change 

and channel evolution affecting river segments and are on the same time scale as possibly 

short term localised extinctions and variations in the available habitat. Meso form processes

12
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are listed as the influence o f shear stress, sediment deposition and channel processes which 

effect reach pool/riffle systems - microhabitats and work over similar time periods as 

metapopulation and patch dynamics and probability refugia. Microform processes include 

annual flow fluctuations, scour and deposition working on fine scale patches and the same 

time / and physical scale as the continuous distribution o f invertebrates.

1.3 Lotic system s:ecological interpretation

Ecology is the study o f the abundance, diversity and distribution o f living organisms in the 

environment (Begon et al. 1996). Factors intrinsic to the macrobenthos and the extrinsic 

or environmental factors affecting their ecology were reviewed earlier in the introduction. 

General theories which attempt to explain the mechanisms underlying the ecology of 

organisms are numerous and some have been applied to lotic systems. Others have been 

developed specifically for lotic systems and what follows is a review o f some o f these 

theories.

The River Continuum Concept which integrates the changing structure o f the temperate 

riverine environment along its length postulates that the middle reaches o f rivers support 

the greatest range o f animals (Statzner & Higler 1985). Reaches near the river’s source 

lack light and therefore depend on allochthonous material supporting mainly shredders and 

their predators. The main food sources in the lower reaches are resident plankton and 

large amounts of FPOM derived from upstream sources which favours collector species.

13
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The middle reaches are intermediate in type between the other two and therefore support 

the most diverse community.6

The assumption o f the previous paragraph was that animals have different habitat 

preferences and when the habitat is diverse, the community is too; it assumes the animals 

are occupying different niches. The Competitive Exclusion Principle states that ‘complete 

competitors cannot co-exist’. So how do so many species live together without driving 

one another to the point o f extinction? This question is addressed indirectly in this thesis 

by attempting to show that the animals present are using different ranges o f the flow 

gradients present; that there is niche differentiation along these physical hydraulic axes. 

There are numerous models to choose from which attempt to explain species richness: 

Crawley (1986) lists eight. Freshwater ecologists argue as to whether the community 

structure is in a state o f dynamic equilibrium, and hence structured mainly by species 

interactions (Minshall et al. 1985), or whether the system is constantly being disturbed by 

physical forces and is in non-equilibrium flux thus allowing species richness to be 

maintained at high levels (Tokeshi 1994). Giller & Malmquist (1998) point out that a more 

pluralist approach is now being adopted by ecologists and although this is the case it is 

informative to briefly reviews the merits o f the different approaches (see Williams & 

Feltmate (1994) for a full review).

Some o f the biological models (e.g. Spatial heterogeneity and The Musical Chairs Models) 

are dependent on the habitat being patchy while the non-equilibrium models depend on the

6 The River Continuum Concept is based on a number of studies looking at the diversity of the benthos 
along river systems; these works include a study on the River Endrick, of which the Blane Water is one of 
the study sites used here. The River Endrick another of the sites would be viewed as rithron dominated 
and although a middle order stream is more upland in nature.
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natural disturbance (flooding) o f river systems. Both are particularly applicable to lotic 

systems which are believed to be both patchy and disturbed.

It is known that benthic invertebrates frequently have aggregated and patchy distributions. 

The link between physical patchiness and invertebrate distribution has been made for 

individual species and communities distributions (Elliot 1977). Patchy distributions o f  

invertebrates in lotic systems are reported at a number o f scales; between-stream, and at a 

finer scale in stream patches (Badcock 1976; Evans & Norris 1997). Instream conditions 

can cause patchy distributions o f invertebrates at a between-stream scale (Rutt et al. 

1989), but o f interest in this study are in stream distributions o f invertebrates caused by 

instream habitat patchiness. Riffles and pools have already been mentioned as patches but 

patches can also occur on a finer physical scale. (Minshall 1984) gives a comprehensive 

review o f insect - substratum relationships in which he cites references to show that 

animals have preferences for particle size, particle mixture and particle density (Malmquist 

& Otto 1987). It has also been recorded that animals prefer different aspects o f stones 

(Whetmore et al. 1990). Velocity and depth are important variables with patchy spatial 

distributions and can cause the distribution o f macrobenthos to mirror this patchiness; 

some caddis avoid areas o f the stream bed where they would have to expend energy to 

withstand shear stresses (Bacher & Waringer 1996).

In lotic systems, disturbance is thought to be a major factor, although what constitutes a 

natural disturbance for lotic invertebrates is hard to say. They can be redistributed by flood 

events but normally they recover quickly unless the flood is very severe (Koetsier & Bryan 

1995; Matthaei et al. 1996). As invertebrates drift as a normal means of redistributing,
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mortality seems likely to be rarely caused by it and sub-lethal impacts the more likely 

result o f most disturbance events.

The theories mentioned above tend to concentrate on one aspect o f the environment 

(either biotic or abiotic) as the major determinant o f community structure. In reality there 

are interactions between major habitat characteristics e.g. disturbance events are 

ameliorated by habitat patchiness (Lancaster & Hildrew 1993) and more patchy habitats 

are possibly most resilient (Death 1996). Patch type can also differentially increase or 

decrease the impact o f a disturbance event, e.g. taxa associated with sandy sections were 

significantly reduced after logging disturbance, but those on rock covered substrate 

increased (Gurtz & Wallace 1984)

Competition for patches can be influenced by disturbance which complicates models such 

as the ‘Musical Chairs Model’ which does not take into account disturbance at all, e.g. 

some sessile benthic invertebrate species have been shown not to prefer the most stable 

patches (stones) as predicted but those o f intermediate stability, hence manipulating the 

relative importance o f competition for space (Malmquist & Otto 1987). When predation is 

factored in along with competition and physical factors the situation can get very complex 

(Hart 1992).

As the natural situation is so complex there has been a general consensus in lotic ecology 

that it is most important to describe the scale, both physical and temporal, at which 

processes (and models) are most likely to operate rather than concentrating on testing 

models alone (Hildrew & Giller 1994). The categorisation o f processes at different scales 

was described in detail in section 1.2 and it has been shown that hydrological factors can
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act in a scale dependent manner (Statzner & Higler 1986; LeRoy Poff 1996). Processes 

not only include the maintenance o f species richness, but also the mechanisms that the 

animals use under these different circumstances, e.g., life history strategy. Rivers and 

streams can be considered as a habitat templates on which the animal’s ‘bauplane’ adapts 

(Brusca & Brusca 1990; Southwood 1977). Associations between the disturbance 

frequency and habitat heterogeneity o f a system and its fauna have been devised 

(Townsend 1989). In the general discussion (Chapter 7) the position o f the three rivers 

examined are discussed in relation to this classification system.

1.4 Specifics of study

In an ecological context, the aims o f this thesis were simple; to identify habitat patch 

preferences for benthic invertebrates and identify the relative importance o f two scales, the 

larger being reach scale and the smaller at the scale o f Surber (lamboum form) samples, 

thereby covering habitat produced by both meso and microform processes. The project 

concentrates on small rivers typical o f those occurring in Scotland, from highland to 

lowland conditions: River Etive (Highlands), Blane Water (Central Belt) and the Duneaton 

Water (Borders): see Chapter 2 Section 2.2 for full site descriptions. All three river sites 

would be o f middle order, 3-5. The river reaches studied here are all middle reaches and 

were expected to have a wide range o f functional groups represented, in keeping with the 

River Continuum Concept. This study focuses on flow variables at what can be viewed as 

ambient, rather than disturbing, spatey discharges, and does not examine the impact of 

predators, disease or disturbance on the distribution o f the macrobenthos.
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There are a number o f key mechanisms in ecology which could influence the identification 

o f invertebrate habitat preferences and are addressed here before proceeding to the details 

o f the study.

Firstly, a suitable model describing the state o f the community has yet to be derived, 

making it difficult to decide whether the benthic invertebrate community was at 

equilibrium or in the process o f recovering from disturbance in the rivers examined. 

Existing models such as the intermediate disturbance hypothesis do not successfully 

describe community structure (Malmquist & Otto 1987) although other workers (Death & 

Winterboum 1995) support the theory o f dynamic equilibrium at least at the patch level. 

So where possible, data on the long term flow variability o f each site are provided. It was 

assumed that despite the constant redistribution o f benthic invertebrates by flood events 

and invertebrate drift, optimal habitat patches will have higher numbers of animals due to 

‘bottlenecks’ occurring in the more suitable habitats (Townsend 1980). It was therefore 

expected that the detection o f habitat preferences of even very mobile benthic 

invertebrates was feasible.

The structure o f this study and the choice of environmental variables focused on direct 

effects and therefore covers only a small subset o f the potential interactions which can 

occur, e.g. those between the animals and their physical habitat, in the form of flow 

preferences it is unable to detect some o f these interactions. The results presented should 

therefore be considered cautiously, especially as such key mechanisms as competitive 

exclusion may function causing some taxa not to be encountered in their preferred flow 

conditions if a more successful competitor has already monopolised them.
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As mentioned earlier environmental conditions during the juvenile stage are highly 

important for the fecundity of these animals. Taxa which feed as adults were infrequently 

encountered in samples in this study, although some simulids and fully aquatic 

ceratopogonids were collected, both of which require blood feasts to reproduce in a 

maximal fashion (Williams & Feltmate 1994)7. In this study I have assumed that any 

correlations between physical variables and the distribution o f benthic invertebrates 

reflects preferences of the juvenile stages and are not a function o f adult habitat selection. 

This is valid given the lack o f overhanging vegetation, which adults use as shelter, at all 

sites. Vegetation such as this has been reported to be influence juvenile distribution on the 

river bed indirectly as the vegetation attracts egg laying adults (Harrison, in press). Having 

now outlined the assumptions upon which the work is based I can proceed to the details of 

the study.

Crustacea, Insecta, Mollusca, Annelida and Platyhelminthes were all encountered in this 

study with both exopterygota and endopterygota insects represented. The hemimetabolic 

developers in this study are the Ephemeroptera and Plecoptera. The holometabolic taxa 

represented were the Trichoptera, Coleoptera and Diptera.

As mentioned earlier the rivers were chosen to represent the range of available conditions 

in the middle reaches of Scottish rivers. Excluding the similarities mentioned above the 

rivers differ not only in hydrology but a number of other factors. Like the majority of 

running waters found north of the Highland Boundary Fault, the River Etive is on resistant 

rocks, and consequently nutrient poor. The geology in the Borders and Central Valley (the
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location o f the other sites used in this study) is mixed and the majority o f streams would 

be naturally o f intermediate nutrient level (McKirdy 1999; Werritty et al. 1994).

The steep gradients of many Scottish valleys can cause shading of the river bed reducing 

its productivity. The River Etive would be the most strongly effected o f the three sites 

examined. Filamentous and encrusting algae are believed to be the main primary producers 

within the rivers examined in this study. The moss Fontinalis does occur in these rivers as 

does the macrophyte Callitriche stagnalis, but neither are known to be major sources of 

food for macrobenthos and were not found in the sections o f river used in this thesis for 

the identification o f general flow preferences (There is evidence that on occasion several 

common invertebrates will graze most soft macrophytes).

In Scotland, staining o f water by humic acids from peat is common, giving the water a 

brown colour which reduces light penetration (Hutchinson 1957). Again the R. Etive is the 

site most likely to be affected by this phenomena, although the other two rivers have some 

peat in their upper catchments too. Underwater ice does occur in Scottish rivers and is 

likely to be common in the River Etive and Duneaton Water, both o f which are at high 

altitude.

When choosing potential sites, frazil ice or possibly the first soft deposits o f anchor ice 

were observed on the bed o f the Upper Clyde at Abington, less than 20 miles from, and at 

the same altitude as, the Duneaton Water, one o f the other sites examined in this study 

(see Hynes (1972) for ice definitions)8. The role of this natural form of disturbance is not 

known. It is clear however that there is a large amount o f between site variation in

8 Trichoptera, Plecoptera and Ephemeroptera collected from the river bed ice remained immobile until 
they defrosted in the laboratory. Upon defrosting they became active and appeared healthy.
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physical processes. At the very start o f this chapter, I mention that studies often suffer 

from unclear definitions o f the physical habitat. The first results chapter o f this thesis tests 

the hypothesis that riffles and pools can be described visually in a consistent manner or 

with Jowett’s rule (Jowett, 1993) which is based on ambient flow measurements, e.g., that 

these habitat units have constant physical characteristics at the three rivers examined and 

that the benthos exhibit preferences for these habitat units irrespective of all the other 

physical variables which may influence their distribution.

Recent work suggests that hydraulic habitat may be extremely important. Studies on a 

regulated river in Norway have shown that growth rates o f Baetis rhodani increased post 

regulation by ten to twenty times, (Raddum & Fjellheim, 1993). It was suggested by the 

authors that, the reduced flow, subsequent increase in summer temperature and retention 

of organic matter contributed to the increased carrying capacity for this animal. The 

animal’s life cycle was also one month faster. Increased discharge, on another regulated 

Norwegian river, appeared to cause an overall reduction in biomass o f invertebrates 

(Fjellheim et al. 1993). At this site, rheophilic species increased in biomass, but lentic 

species’ biomass decreased. These result suggests that indirect effects of altered flow 

parameters are important and can have both positive and negative, sub-lethal effects on 

benthic invertebrates. By identifying hydraulic habitat preferences o f benthic invertebrates 

it was hoped that this work would improve approaches to habitat creation in river 

restoration and rehabilitation schemes. A potential mechanism underlying these 

observations is that the physical flow habitat is patchy and that invertebrates find some 

patches more suitable than others. Chapter three, the second results chapter, tests the
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hypothesis that benthic invertebrate distribution is patchy at the surber sample scale and 

dependent on flow variables. By using multivariate analysis I was able to test the amount 

o f variation in the benthic invertebrate community structure explained by flow variables.

As mentioned earlier, Townsend (1980) has postulated that it is possible to detect benthic 

invertebrate patch preferences. By inference, if the animals are choosing patches on the 

basis o f flow conditions we should be able to detect this by increased abundances in their 

preferred patches. Chapter 4 examines the responses o f individual species to flow 

variables. There is a presumption that taxa will congregate in areas with suitable habitat 

conditions, frequently leading to the animaPs abundance showing a unimodal response to 

environmental variables, Jongman et al (1988). I test the responses o f individual taxa to 

see if they exhibit a unimodal response. This also allows us to visualise the degree o f niche 

overlap along these environmental variables at the different sites. As sampling effort was 

not equal at all points along the environmental variables gradients -samples were taken 

randomly - it is possible that any positive responses are an artefact o f the sampling regime. 

This aspect is also investigated.

Chapter five presents the results o f flume experiments designed to detect the upper flow 

preferences o f benthic invertebrates. The main aim here was to try and replicate the results 

of the field data.

The final results chapter addresses the use o f an instream macrophyte species, C. 

instagnalis by invertebrates. In particular the diversity o f flow conditions within the plant 

is examined and related to the distribution o f invertebrates. The hypothesis tested is that 

different sections of the plants support different benthic invertebrate assemblages and that
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these are consistent between different plants at the same site. That the outside o f the

plants, where velocity is highest, supports a more limited fauna is explored.

1.5 Thesis outline

•  Chapter 2 is the first o f three concentrating on the ecohydrology of three Scottish 

rivers. It focuses on large scale habitat units; riffles, runs and pools. General 

descriptions o f the hydrological habitat of reaches examined are given. Jowett’s rule 

for objectively identifying riffles, runs and pools is assessed and the biological 

implications discussed. The following two chapters focus on finer physical scales.

• Chapter 3 discusses the distribution o f benthic macro invertebrates in relation to 

hydraulic environmental variables at a finer physical scale than the previous chapter. 

Ordination analysis is used to find patterns in the macro-invertebrate distributions; 

aggregations or associated clumps o f taxa. The structure o f the community is then 

related to the environmental variables measured, the relative importance o f the 

variables is discussed.

• Chapter 4 reports individual taxon response curves to the flow variables measured. 

The applicability o f Gaussian response curves to such data is investigated as is the 

importance o f availability o f the environmental variable on the response o f the taxa. 

Plasticity of species responses is discussed as are the implications o f deriving habitat 

simulation models from such data.
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•  Chapter 5 investigates the responses o f individual benthic invertebrates to high 

velocities. Behavioural observations are presented and some data on morphometries of  

Ecdyonurus.

•  Chapter 6 compares the abundance and diversity o f benthic invertebrates within stands 

o f Callitriche stagnalis to substrate without vegetation. The hypothesis that the 

outside o f stands represents an extreme environment are examined by comparing the 

fauna o f the outer part o f stands to that found in the middle and underneath. Data on 

the evenness and abundance o f taxa is presented. It is suggested that plant architecture 

and velocity combine to create a range o f stability and thus microhabitats.

• Chapter 7 contains a general synthesis o f all the results and their implications for 

benthic macroinvertebrate ecology and discusses how each set o f results complements 

one another.
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Chapter 2: Hydraulic and invertebrate surveys of reaches in the Blane

Water, River Etive and Duneaton Water

2.1 Introduction

Fundamental to river rehabilitation is the ability of researchers to describe a river reach 

in language understood by both engineers and ecologists. Engineers and 

geomorphologists are increasingly required to understand ecological requirements 

when designing flood alleviation schemes and other works. Although frequently 

working on a smaller physical scale, ecologists have increasingly recognised the 

potential o f hydrological studies and techniques to describe the world of benthic 

invertebrates. In the next three chapters I follow this trend by examining the hydraulic 

world of invertebrates using a combination of ecological and engineering techniques. 

Hydrological techniques have been applied to ecological studies in a rather piecemeal 

manner, which has tended to make comparison of the applicability of such techniques 

difficult. Hence in the recent ecological literature there have been calls for a consistent 

systematic approach to hydraulic surveys of invertebrate microhabitats (Davis & 

Barmuta 1989; Carling 1992). Davis lists a standard hierarchy of hydraulic parameters 

to use when surveying invertebrate habitat, which is used here in a modified form. The 

upper echelon of this hierarchy, involves measures of entire reaches, and it proceeds 

down the physical scale to measurements of flow around individual stones, 

transcending the scales used by engineers and ecologists. Results collected by using the 

entire hierarchy facilitate an interdisciplinary understanding and allow comparisons 

between work by different ecologists using the same methods.
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The data presented in the next three chapters were collected over a survey period of 

two months using the hierarchical approach mentioned above. The chapters are 

structured on two themes. The first theme is physical and the second biological. This 

chapter compares the three rivers investigated at the reach scale. The next chapter uses 

data gathered on a smaller physical scale to compare community structure in relation 

to flow parameters at the three sites. The final chapter concentrates on the responses 

of individual taxa to flow, and possibilities for modelling these preferences. This layout 

of results has the benefit o f making the transition from a larger physical scale familiar 

to engineers, to the finer scale important to invertebrates.

In this chapter I attempt to differentiate between riffles, runs and pools (20m reaches) 

using objective hydraulic data and individual taxon preferences. I also looked at the 

same question subjectively by seeing if invertebrates identified elsewhere as having 

preferences for either riffles or pools did so at our sites.

Riffles and pools are bed forms viewed by geomorphologists as possible primary 

determinants of meanders and as discrete habitat units by ecologists, with runs 

somewhat intermediate between the other two structures. In both disciplines an abiding 

problem is the reliable identification o f these units. Investigators rarely give specific 

criteria. Where criteria are given they tend to be relative visual estimates. Riffles are 

frequently defined as steep, shallow reaches of fast, shallow flow with the water 

surface broken by emergent substrate. Pools are deep slow reaches with an unbroken 

surface, and runs are intermediate in form.

A number of techniques have been described which identify pools and riffles in a more 

objective manner. Jowett (1993) has categorised these into those based on: substrate 

size, water surface slope, the ranges of water depths and velocities, bed topography, 

Froude number and water surface characteristics. Which criteria one uses depend on
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the purpose o f the survey: geomorphologists tend to use changes in bed topography 

and ecologists water depth to velocity ratios.

As objective measures, water surface slope and measures of longitudinal bed profiles 

are the best. The main advantage of using changes in longitudinal bed slope, from a 

geomorphologist’s point o f view is that it is independent o f discharge (unless discharge 

is high enough to mobilise the bed). However this is the main disadvantage for 

ecologists who are interested in studying aquatic invertebrates, as a riffle chosen using 

this criterion may be dry when one goes to sample it, or its size may have altered 

significantly from when it is first identified. A combination of water surface slope and 

longitudinal changes in bed topography which can be assessed at the same time of  

sampling, is most practical.

In this chapter I describe the survey reaches I studied using some of these criteria. 

Following Jowett (1993) I also attempt to determine which physical parameters best 

differentiate between riffles and pools.

As mentioned earlier, riffles and pools are viewed as distinguishable habitat units by 

ecologists. This is most clearly evident in their use by fish, particularly by salmonids. 

Invertebrate communities have been shown to differ between riffles and pools, with 

riffles exhibiting greater species richness (Briggs 1948; Brown & Brussock 1991; 

Egglishaw & Mackay 1966; Surber 1937; Wohl et al. 1995). Species composition 

differs between riffles and pools reflecting the functional groups of the species present. 

Higher numbers of collector gatherers, shredders and predators tend to be found in 

pools (depositional areas). In riffles (erosional) these groups and filterers tend to be 

represented too (Wohl et al. 1995) (NB Wohl does not include scrapers in his 

assessment). The ability of heterogeneous habitats (riffle) to support greater species 

richness is dealt with elsewhere but the capacity of riffles to support a more diverse
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range o f functional groups than pools may be part of the explanation for this 

phenomena. Care must be taken in interpreting these examples as contrary findings do 

exist.

Armitage (1976) reported that on the River Tees, species richness is not highest in 

riffles but is highest in the pools. This river was organically enriched which may have 

lead to the high numbers o f Mollusca, Hydra and Nias sp. which the author attributes 

to the high diversity in Tees pools. The velocities encountered in Tees riffles were 

notably high, 0.5-0.75 ms'1 which may explain why they did not have the highest 

diversity of invertebrates.

Biomass of invertebrates, (Wohl et al. 1993) a factor not addressed in this thesis, can 

be greatest in either riffles (Briggs 1948; Brown & Brussock 1991; Surber 1937) or 

other less heterogeneous areas including pools (Armitage 1976; Egglishaw & Mackay 

1966; Hynes et al. 1976).

A suite o f other factors interact with the depth velocities typical of riffles and pools to 

make these habitats selectively attractive to certain groups. As pointed out by Brown 

(1987) adult riffle beetles (Elmidae) probably require water highly saturated with 

oxygen for their breathing apparatus to function; they use an air bubble as a plastron 

which absorbs oxygen from the water as it is used up the animal in respiration by 

diffusion. The need for highly saturated oxygen conditions is also thought to be 

important in the distribution of Plecoptera and Ephemeroptera and has been suggested 

as a possible reason for their perceived preference for riffles (Nagell & Larshammar 

1981).In the study described here I examine the distribution of laminar flow between 

riffles and pools. Laminar flow conditions, which have the potential to limit oxygen 

diffusion in rivers can occur in two different flow structures. Firstly the entire 

boundary layer can be laminar or alternatively laminar sublayers to a turbulent
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boundary layer are formed near the river bed. Whether laminar flow occurs is 

dependent on the velocity of the river and bed roughness. If water flow is laminar, 

diffusion o f dissolved gases and excreta is limited to a molecular rate, potentially 

leading to toxic build up or (hypo) anoxia in the vicinity of an animal. In turbulent 

water the random motion of molecules increases the diffusion rates preventing such 

adverse conditions (Moog & Jirka 1999). Some caddis can use their cases to increase 

flow rates over their gills and this could potentially provide a mechanism for dealing 

with laminar flows (Williams et al. 1987). Under a fully developed turbulent boundary 

layer a laminar sublayer may be present. Previously it has been suggested that this may 

provide a refuge from turbulent flow for benthic invertebrates (Ambuhl 1959). This 

theory was based on flume studies which over - estimated the depth of the sublayer 

and was refuted by work using more accurate flow measurement devices; laser doppler 

anometry (Statzner & Holm 1982) However this study was also based on flume work 

and to date no field results on the existence or otherwise of the laminar sublayer at 

invertebrate sampling points have been published.

This chapter has a number of aims which if condensed into one, would be the clear 

description of hydraulic habitat at the three rivers examined at a riffle-pool scale and 

the determination of any evidence that invertebrates distinguish between these habitat 

units. Specifically the first aim is to test Jowett’s rule for differentiating between pools, 

riffles and runs and comparing the results of it to visual categorisation, (Jowett 1993). 

This rule uses cut of values of dimensionless combinations of flow variables, e.g. 

Froudes number and a velocity-depth ratio. I attempt to see if the same cut of points 

work at my sites.

The second aim is to test the hypothesis that invertebrate community composition is 

not statistically different in the deep and shallow examined.
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The final aim is to report estimates of near bed flow conditions and by so doing show 

that, in the field laminar sublayers to the boundary layer are rare. The chapter also 

contains a general description of the river sites examined.

2.2 Methods

2.2.1 Site choice

In an effort to cover the range of stream types found in Scotland a lowland river, an 

upland river (rithron in nature) and a river in agricultural land with a flow regime 

intermediate in character between the other two rivers, were sought for the study. A 

number of potential rivers were screened using the following criteria:

• Non-channelled reaches o f river were available with sample reaches devoid of 

macrophytes. (The effect o f macrophytes on flow and therefore indirectly on 

invertebrate distribution is covered in a later chapter.)

• High Water Quality - Scottish Environment Protection Agency (SEPA) biological 

and chemical water quality monitoring showed the rivers selected had high water 

quality and a diverse invertebrate community. Where possible SEPA could also 

provide long-term flow data.

• Accessibility - Each site was within 2-3 hours drive of Glasgow. All sites were 

accessible by road and riparian owners were willing to allow sampling.

• Presence of pools and riffles - Suitable reaches were present which could be visually 

categorised as riffles or pools.

Prior to the commencement sampling a number of rivers in each category were 

assessed in this manner. Candidate sites were chosen and searched for suitable reaches. 

Where reaches did suit qualitative samples o f invertebrates were taken and identified to
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genus. Candidate intermediate rivers included the Mouse Water, North Medwin, the 

Upper Clyde, Douglas Water and Duneaton Water; candidate lowland rivers included 

the River Endrick, Douglas Water (flowing into Loch Lomond), River Kelvin (upper 

reaches), Bannock Burn and the Blane Water; candidate highland rivers included River 

Etive and rivers flowing of Rannoch Moor and those flowing into Loch Rannoch. The 

three rivers selected best met the criteria outlined above: these were the Blane Water, 

River Etive and the Duneaton Water, see Fig 2-1.

River Etive

Blane Water

Duneaton Water

Figure 2-1 Map of Scotland showing the locations of the 3 rivers sampled.

2.2.2 Description of sites

The chosen rivers fall into three of the four categories defined by the UK River Habitat 

Survey (RHS): Steep streams (River Etive), Mountain valley rivers (Duneaton Water) 

and Small lowland rivers (Blane Water). The fourth category (chalk streams) is non

existent in Scotland and hence the survey was representative of major Scottish river 

types, although limited to three sites.
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The River Etive (NN 224 521 UK National Grid Reference) is an upland stream 

located north of the Highland Boundary Fault. Its upper catchment is largely occupied 

by Rannoch Moor, a blanket peat bog overlying igneous resistant rock. Many feeder 

streams are acidic but the main channel is circumneutral (pH 6.96, spot measure). The 

catchment is generally unproductive with a low specific conductivity (mean 

conductivity 62 pS cm'1). The site was sampled between the 9 and 30 August 1996. 

The river forms the southern border of the Glencoe Regional Park. SEPA figures 

available for the river downstream of the sampling point at site NN 136462 show 

average annual rainfall at 2.5 1 per annum, and average daily flow as 9.671 mV1. The 

river's invertebrates have previously been studied as part of the extensive and excellent 

survey of highland streams (n = 52) by the Freshwater Fisheries Laboratory at 

Pitlochry in the 1960s (Morgan & Egglishaw 1966), at a site upstream of the study 

area used here.

The Duneaton Water (NS 869 221) is located at the head of the R. Clyde catchment 

and is a major tributary of that system. Geology in the catchment is mixed and includes 

coal seams and a range of other marine sedimentary rock types . Land use is mainly 

mixed farming with heathland in the upper catchment. A SEPA gauging station 

downstream from the site recorded minimum flow as 0.356 mV1 and maximum flow 

as 85.390 mV1 between 1993 and 1996. Standard annual rainfall was 1.33 1. The site 

was sampled between the 17-19 July 1996.

The Blane Water (NS 507 852) is a tributary of the R. Endrick and lies some 25 km 

north of Glasgow. The site is situated in an agricultural area, downstream from a trout 

fishery, and the river is quite nutrient rich. Lower Red Sandstone dominates the 

geology at the site and within the catchment with a small pocket of Upper Red 

Sandstone north of the site at Killearn and calciferous sandstone and basaltic lavas
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present in the top o f the catchment. Glacial clay covers the bedrock throughout. A full 

discussion of the biology and geology of the Blane Water is given in Doughty & 

Maitland (1994). The site was sampled between the 3 and 9 July 1996.

2.2.3 Field measurements

Two reaches were chosen at each site, one deep and one shallow, estimated visually to 

be riffles and pools. Riffle reaches had steeper bed gradients than the adjacent pool 

reach and the water surface was broken. At the Etive site a clear riffle-pool sequence 

did not exist. The ‘riffle’ reach did however have a steeper bed gradient and was 

shallower than the pool with a lower mean velocity; see Table 2-1.

Table 2-1, Channel characteristics at the station reaches.

Reach Mean
(cm)

depth Width (m) Mean velocity 
(ms’1)

Mean slope

Etive A deep 37.0 23.9 0.096 0
B shallow 15.7 24.6 0.291 0.01232

Duneaton A deep 22.1 9.0 0.072 0.00022
B shallow 13.7 3.7 0.271 0.00567

Blane A deep 22.1 15.3 0.182 0.00455
B shallow 7.6 8.1 0.350 0.01695

A hydrological survey o f each reach (station) was undertaken to quantify available 

habitat. The method used was a version of Instream Flow Incremental Methodology 

(IFIM) previously adapted successfully for estimating available invertebrate hydraulic 

habitat (Jowett et al. 1991). At each reach flow measurements were taken across a 

total of 10 transects, at lm intervals, 0.5 m from the banks, and at the banks (only 

eight transects were sampled in each reach at the Blane Water; this was due to the flow 

meter breaking down). Transects were marked out in a sequential manner, at 1 m 

intervals, moving upstream. The flow measurements included mean water column
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velocity (mwc) and depth, which were measured using a SENS A electromagnetic 

velocity meter on a calibrated rod.

At three random sampling points, across each transect, invertebrate density and 

additional flow variables were sampled. Flow variables included, substrate composition 

and a velocity profile. Substrate type was visually estimated (% scale) using the 

following particle size scale: sand (0.06-2 mm nominal diameter), fine gravel (2-10 

mm), gravel (10-64 mm), cobble (64-256 mm), boulder (>256 mm) and bedrock (solid 

rock surface) (Jowett et al. 1991). A velocity profile o f 10 points was also recorded. It 

was not always possible to record velocity profiles as the water was too shallow or no 

flow could be detected and water depth sampled was limited to 1.5 m.

Quantitative benthic invertebrate samples were taken using a Lambourn sampler (frame 

size 1375 cm2) at 3 random points across each transect. The Lambourn sampler had a 

heavy skirt attached around its base to prevent loss of animals. Invertebrate samples 

were preserved immediately in 70% alcohol. An equal amount of effort was expended 

on collecting each invertebrate sample. Large substrate particles were scrubbed using a 

nailbrush, after which remaining substrate was disturbed for 2 minutes to a depth of 

10cm. All samples were sorted on white trays and animals identified to the following 

taxonomic levels: Annelida to subclass; Diptera to family, genus and species; all other 

taxa to genus or species. As identification to species was not possible in all cases 

animals were assigned to operational taxonomic units (OTU).

2.2.4 Estimation of hydraulic parameters from velocity profiles

Hydraulic parameters were calculated to give a hydrological description of the two 

reaches. Froude and Reynolds number were calculated from depth and mean water 

column velocity at each sampling point. Shear stress, shear velocity and Reynolds
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roughness number were derived from lognormal plots o f velocity profiles, see 

Appendix II for an example and below for definitions of parameters. These parameters 

are thought to be useful descriptors of near bed flow for ecologists (Davis & Barmuta 

1989; Young 1993). Davis & Barmuta (1989) was used as the source for the correct 

equations and choice of parameters. More recent clarifications of definitions and 

applications o f some of these equations exist and were applied when necessary 

(Carling 1992; Young 1992) (Carling 1993; Lamouroux 1993). Appendix II assesses 

the limitations o f the technique.

Only parameter estimates generated from profiles which were statistically significant 

(P< 0.05) were used, see Appendix III. This was based on the premise that being 

dependent on the log normal relationship the parameter estimates are only valid when

v
the relationship is shown to exist, e.g., where it is statistically significant (Dingman 

1984, Carling 1992, Smith 1975). Where data taken close to the substrate produced a 

lognormal profile, disturbed only by gross turbulence higher up in the water column, a 

truncated version of the profile was used; that is the lognormal readings were used on 

their own. Recent evidence suggests this may give better estimates o f shear stress in 

the field (Biron et al. 1998). The data from non-significant profiles was not completely 

discarded. In chapter 3 (Section 3.2.1) mean water column velocity was generated 

from the profiles and used in the multivariate ordinations, e.g. these points were 

included in the ‘larger dataset’.

Classification of Flow

Reynolds numbers were calculated for each point of each reach. Re is given by:

Re = (UxD)/v
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Where U = mean velocity, D = depth and v= kinematic viscosity. Reynolds number 

describes whether mean flow is laminar or turbulent. Froude number further 

differentiates flow. Froude number is given by:

Fr = U / J g D

Where g = acceleration due to gravity 9.8mV1. When Fr < 1 flow is designated sub- 

critical (tranquil).

Flow in rivers usually forms a fully developed boundary layer. When this is the case a 

velocity profile measured up through the water column can be used to measure 

hydraulic parameters (see Appendix II). When the velocity profile is plotted on a 

lognormal graph, shear velocity (u*) and equivalent bed hydraulic roughness (k s ) can

be calculated. Shear velocity is inversely proportional to the gradient of the velocity 

profile and z 0 (characteristic roughness length) can be calculated by extrapolating the 

regression line to zero velocity. The variable z 0 can be taken as an estimate of k s .

These variables are useful in classifying near bed flow. Reynolds roughness number 

(Re*) can be calculated from these two variables.

Re, = n*ks / v

Critical values of Re, delineate flow as to the presence of the laminar sublayer o f the 

boundary layer. Where the laminar sublayer is present its thickness (8 )  can be 

estimated as follows:

8  = 11.6v / w,

2.2.5 Statistical Analysis
Mann Whitney U tests were used to examine differences in Reynolds number, mean 

water column velocity and, depth measurements between deep and shallow reaches
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(Sidney, 1956). Spearman rank correlations were performed on the variables to 

identify relationships between them. Discriminant Analysis was used to select the 

variable which best distinguished between the deep and slow reaches. Discriminant 

analysis is a parametric test which requires the data to be normally distributed. 

Square-root transformations were used to normalise data.

TWINSPAN was used to objectively separate deep and shallow reach invertebrate 

assemblages in each river. Twinspan (Two Way Indicator Species Analysis, (Jongman 

et al 1988) is a hierarchical divisive clustering technique which classifies sites and 

species by constructing an ordered two-way table from the site by species matrix. A 

CA axis is generated and then divided at its centre of gravity (centroid) (Jongman et al 

1988). The two groups are then divided further. This dichotomous branching continues 

until a pre-set number of cuts have been under taken. Eigenvalues are quoted for each 

division and can be interpreted as P values.

TWINSPAN was chosen over the rival clustering techniques, because it not only 

provides a cluster analysis but also presents results in a table arrangement, which was 

particularly useful in this analysis. It is viewed as the best method for table 

arrangement and is recommended for hierarchical classification too (Gauch 1982). 

Gauch (1982) does not address the use of fuzzy-clustering which is useful with 

datasets where variation is continuous and TWINSPAN would force hard partitions on 

what is effectively non-discrete data (Equihua 1990). It works by allowing samples to 

belong to more than one group. This technique has been successfully applied to 

terrestrial invertebrate data (McCracken 1994). However the whole premise of this 

chapter is that there is a clear difference between the invertebrate populations in the
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deep and shallow sections of the rivers, a sample can only be in one or the other, not in 

both. Therefore TWINSPAN remained as the preferred ordination method.

2.3 Results

2.3.1 General Conditions

As expected, the deep reaches were slow-flowing and the shallow reaches faster- 

flowing, see Table 2-1. In the Blane water velocity (0.182 ms’1) was quite high in the 

deep reach, being greater than half the velocity in the shallow reach (0.35 ms’1). At the 

other two sites mean velocity in the deep reaches was a third of that in the shallow. 

This is in agreement with SEPA data which shows the Endrick/Blane catchment at the 

time of sampling (1.3 m3s’1) was below mean discharge (2.3 mV1 averaged over 1993- 

98) for the sampling month, but that it had experienced an increase in discharge during 

the first sampling days, see Figure 2-2. That is it was experiencing a small summer 

spate. The Duneaton Water was below mean discharge (mean =1. 1 m3s'1 averaged 

over 1993-98) for the sampling month (July) at the time of sampling, 0.5 m3s'1, see 

Figure 2-3. No long-term flow data on the Etive were available.
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Figure 2-2 Mean daily flow in inJs 1 (9am-9am) for the R. Endrick, of which the 
Blane is a tributary, July 1996. Data from the gauging station at Gaidrew (NS 
485 866) courtesy of the Scottish Environment Protection Agency (SEPA). 
Sampling dates are in bold italic type.
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Figure 2-3 Mean daily flow in m3s 1 (9am-9am) for Duneaton Water July 1996. 
Data from the gauging station at Maidencots (NS 929 259) courtesy of the 
Scottish Environment Protection Agency (SEPA). Sampling dates are in bold 
italic type.

A s it w as suggested  that rivers like the R E tive do not break dow n  into a p ro p er riffle 

and pool sequence (Fozzard , et a! 1994) it is im portant to  dem onstra te  w hether the 

tw o reaches exam ined w ere in fact different M edian channel depth  w as significantly
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deeper in the pool than in the riffle area of the river (Mann Whitney U test W= 

80152.0, P>0.0001 adjusted for ties, Pool N=261 Median = 31 cm Riffle N=233 

Median = 15 cm).

2.3.2 Comparison of flow conditions at different sites

I wished to see if the magnitude of Reynolds number could be used objectively to show 

a difference between the riffles and pools chosen. In the case of the Blane and 

Duneaton Water, Reynolds number was significantly lower in the pools; Mann Whitney 

U test (Blane P<0.005 W=7938, Riffle N= 86 Median =37900, Pool N= 79 

Median=20680), (Duneaton Water W=9224.5 P<0.0001, Riffle N=65 Median = 

37620, Pool N=117 Median = 4200). There was no significant difference in Reynolds 

number between reaches examined in the Etive.

Previous studies have shown strong intercorrelations between the environmental 

variables which I used in this work. Some in fact are combinations of each other 

(Reynolds number and Froude number are both derived from velocity and depth 

measurements). A sub-set of measurements (those where substrate was also measured) 

were examined using Spearman Rank correlation; see Table 2-2. The same general 

trends show across all sites although there are site-specific differences. At all sites 

velocity was significantly and positively correlated with Froude and Reynolds numbers.

Table 2-1, Spearman rank correlation matrix of hydraulic variables. Values are 
combined from the deep and shallow reaches at each river. *P<0.05.

velocity depth substrate Fr 
(mwc)

River Etive
depth
substrate
Fr
Re

-0.07
0.31* -0.11 
0.95* -0.36 
0.76* 0.56'

0.33
0.18* 0.53
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Duneaton Water
depth 0.11
substrate 0.6* -0.02
Fr 0.95* -0.2 0.59*
Re 0.88*

*
0.54 0.51*

Blane Water
depth 0.23
substrate 0.07 -0.003
Fr 0.76* -0.22 0.10
Re 0.78* 0.75* 0.08

*

0.68

*
0.34
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Table 2-2 Classification success of discriminant models using velocity, depth, 
substrate, and Froude number. Analysis was performed on square-root 
transformed data from each river separately and then combined. All figures are 
percentage of correctly classified samples. N = 60 (Duneaton w ater, R. Etive), N 
= 48 Blane Water.

deep A shallow Total P
B

River Etive
Velocity 85 76 80 <0.00001
Depth 59 80 70 <0.001
Substrate 51 66 59 <0.05
Fr 88 80 84 <0.00001

Duneaton
Water
Velocity 68 75 71 <0.001
Depth 64 67 66 <0.01
Substrate 84 67 75 <0.00001
Fr 80 85 83 <0.00001
Blane Water
Depth 73 68 71 <0.01
Fr 78 78 78 <0.01
Combined
Velocity 69 72 70 <0.00001
Depth 54 72 64 <0.00001
Substrate 72 62 67 <0.0001
Fr 71 70 70 <0.00001

Depth also showed the same relationship with Reynolds number across all sites. Depth 

only showed a significant and negative relationship with Froude number in the Etive. 

Velocity showed a significantly positive relationship with average substrate size in the 

Duneaton and Blane. Depth was negatively correlated with substrate at all sites but 

only significantly so for the River Etive. Froude and Reynolds numbers were 

significantly correlated with all other variables. Froude number and depth at the 

Duneaton Water and depth and substrate at the Blane were exceptions, not being
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significantly correlated with either Reynolds number or Froude number. Discriminant 

analysis showed that all variables, with the exception of Reynolds number (it was not 

significant), could correctly classify riffle and pool reaches. In this subset of the data 

velocity and substrate showed no difference between riffle and pool reaches. This was 

not the case with the larger data set, where Reynolds number and velocity were 

different at these sites. Froude number consistently showed the highest percentages 

when it came to differentiating between the riffles and pools (always >70%: see Table 

2-2). A combined model using all variables other than Reynolds number could identify 

higher percentages than any individual variable for the combined data set (77%). 

However it was believed that this result could be misleading (due to the high inter

correlations between variables) and the model was discarded.

0.6

0.4

0.2

0.0
0.8 1.60.0 0.4 1.2

Velocity m/s

Figure 2-4. Classification of pool, run and riffle by velocity/depth (V/D) ratios of 
1.24 and Froude number (Fr) of 0.18; using Jowett’s rule any point with Fr less 
than 0.18 or V/D less than 1.24 is classified as a pool. Plot showing the combined 
deep (open) and shallow (solid) points for the three rivers from the smaller 
dataset (in which substrate variables were also measured); R.Etive (squares), 
Duneaton Water (diamonds), and the Blane Water (circles). For points with Fr > 
0.18 and V/D > 1.24 (those not from pools) those from reaches with a surface 
slope of less than or equal to 0.0099 are classified as runs and as riffles if the 
slope was > 0.0099.
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I applied Jowett's rule for differentiating between riffles, pools and runs, see Figure 2-4 

and Table 2-3. Based on the outcome the deep and the shallow reaches have been 

assigned to the distinct categories, see Table 2-3. As can be seen from Figure 2-4 not 

all sampling points from one reach were in the same category, so I allocated one of the 

categories to each reach on the basis of which category predominated for the reach 

e.g. which category had the greatest number of points.

Table 2-3 Categories reaches sampled were allocated to using Jowett’s rule

River deep shallow

River Etive Pool Riffle
Duneaton Water Pool Run
Blane Water Run Riffle

2.3.3 Substrate available in the reaches

Substrate type at the three sites reflected their ambient flow conditions. The R. Etive 

was dominated by boulder, cobble and gravel (Figures 2-5, 2-8). The Duneaton Water 

was intermediate between the other two rivers having a high proportion of cobble in 

the faster reaches, but generally being dominated by gravel and sand (Figures 2-6, 2-9). 

The Blane water had hardly any large substrate elements and was almost exclusively 

dominated by gravel (Figures 2-7, 2-10). With the exception of the Blane, in the 

shallow reaches, larger substrate elements were more dominant than in the deep 

reaches. To a small extent, the mixture of available substrates was greatest in the deep 

reaches.
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Figure 2-5, River Etive: substrate composition of the deep reach (a). Fingrav 
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Figure 2-6, Duneaton Water: substrate composition of the deep reach (a).
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Figure 2-7, Blane Water: substrate composition of the deep reach (a).
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Figure 2-8, River Etive: substrate composition of the shallow reach (b).
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Figure 2-9, Duneaton Water: substrate composition of the shallow reach (b).
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Figure 2-10, Blane Water: substrate composition of the shallow reach (b).

Only two thirds of the 136 velocity profiles recorded at the three rivers could be 

measured with sufficient accuracy to estimate the presence and depth of the laminar
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sub-layer. In cases where it was impossible to measure velocity profiles accurately this 

was due to the gross turbulence of the water and it is reasonable to assume that a 

laminar sub-layer would be prevented from forming in such conditions. Laminar sub

layers were rarely present elsewhere and when present were <lmm thick (Table 2-4).

Table 2-4, Characteristics of the laminar sub-layer of the boundary layer.

SITE N Depth of Laminar 
sublayer

Smooth
Present

Transitional
Disrupted

Rough
Absent

Etive 27 0.4 mm 8 12 15
Duneaton 34 0.9 mm 8 20 9
Blane 36 1 mm 3 11 17

2.3.4 Distribution of Turbulent and Laminar flow within reaches

Water flow at all sites was predominately turbulent or transitional, see Figures 2-11 to 

2-13. Where flow was laminar it was in shallow water, near the channel margins. Flow 

was also predominately sub-critical (tranquil) as determined from critical values of 

Froude number.
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Figure 2-11. Variation in turbulent flow in the River Etive. O denote the shallow 
reach and + denote the deep reacl^ The parallel lines demarcate the area of 
transitional flow Re = 500-2000 (Smith 1975).
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Figure 2-12. Variation in turbulent flow in the Duneaton Water. O denote the 
shallow reach and + denote the deep reach. The parallel lines demarcate the area 
of transitional flow Re = 500-2000 (Smith 1975).
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Figure 2-13. Variation in turbulent flow in the Blane Water. O denote the 
shallow reach and + denote the deep reach. The parallel lines demarcate the area 
of transitional flow Re = 500-2000 (Smith 1975).

2.3.5 Species lists

A comparison between the species composition of the reaches was performed on a 

river by river basis. Table 2-6 gives the taxa list for all sites. A comparison of the 

invertebrate assemblages in the deep and shallow reach of each river was performed 

using TWINSPAN analysis, but it did not separate them clearly; data shown in 

Appendix IV. At both the Blane and the Duneaton Water either the Chironomidae or 

Ephemeroptera were numerically dominant. In the R. Etive, Trichoptera (mainly 

Hydroptila sp.) were the most dominant with Ephmeroptera and Chironomidae the 

next most dominant groups.
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Table 2-5. List of taxa present in the deep (A) and shallow (B) reaches of the 
three rivers. Some taxa were identified to different levels depending on the 
quality of specimens. Chironomidae from the R. Etive were identified to genus 
and are presented in a second table. Names standardised to those in (Maitland 
1977).

Operational Taxonomic Units OTU Etive Blane Duneaton

code

A B A B A B
Oligochaeta Olig 48 10 26 22
Lumbricidae Lum 2 1
Hirudinea Hir 8 4

Succinea Sue 3 1
Ancvlus fluviatilis Muller Anfl 14 40 12 5
Potamopvrgns ienkinsi (Smith) Poie 1 1

Hvdracarina Hvdra 7 1

Gammarus pulex (L.) Ganu 19 72 3 4
Asellus aquaticus (L.) Asaq 6 18

Limnius volckmari (Panzer) Livo 23 29 41 71 8 45
Oulimnius Ouli 0 2 35 48
Oulimnius tuberculatus Outu 27 8
Oulimnius troglodytes Outr 0 1
Esolus parallelepipedus Espa 5 3
Elmis aenea (Muller) Elan 19 44
Dvtiscidae Dvti 2 0
Dvtiscidae Oreodvtes? Dvor 5 1

Chironomidae Chir >1000 >1000 527 129
Tanvnodinae Tanv 10 9
Orthocladiinae Ortho 13 31
Diamesinae Dia 0 2
Simuliidae Simu 0 3 0 75
Tipulidae Tinu 13 6 53 100

Baetis rhodani (Pictet) Barh 12 24 4 43 8 64
Baetis scambus Eaton group Base 3 9
Caenis rivulorum Eaton Cari 1 14
C. luctuosa (Burmeister) Calu 0 1
Ephemerella ignita (Poda) Enig 23 16 526 597 107 185
Ecdvonurus Eaton Ecdv 0 2 67 75 86 265
Rhithrogena semicolorata Rise 1 4
Heptagenia Walsh Hept 2 7
Ephemera danica Muller Enda 0 1
Siphlonurus armatus Eaton ? Siar 0 1

Leuctridae Genus? Lege 77 99 3 5
Leuctra moselvi Morton Lemo 3 2 28 92
Leuctra fusca (L J Lefu 2 49
Perlodes microcephala (Pictet) Pemi 0 2 0 1
Perla bipunctata Pictet Pebi 0 1

51



Reach scale comparisons

Operational Taxonomic Units OTU

code

Etive Blane Duneaton

A B A B A B

Hvdrovtila so. Dalman Hvdr 86 21
Oxvethira sp. Oxvt 16 1
Polvcentropus kingi McLachlan Poki 3 4
Polvcentropus flavomaculatus Pofl 8 5 1 0
Plectrocnemia conspersa Pico 1 3
Rhvacophila septentrionis Rhse 1 2
Rhvacophila dorsalis (Curtis) Rhdo 1 3 0 3
Agravlea multipunctata Curtis Agmu 0 1
Hvdropsvche so. Hvdro 0 10
Hvdropsyche siltalai Hvsi 3 6
Rhvacophilidae Agapetus Rhag 0 4
Glossosoma boltoni Curtis Glbo 2 66
Lepidostoma hirtum (Fabricius) Lehi 3 0
Anabolia nervosa Curtis Anne 9 0
Agapetus fuscipes Curtis Agfu 1 11
Psvchomvia pusilla (Tabricius) Psou 7 0
Number of taxa 18 25 18 17 21 26
Number of individuals 266 202 829 1196 930 1087

Table 2-7. List of Chironomidae present in the slow (A) and fast (B) reaches of 
the River Etive.

Taxa OTU code A B

Tanypodinae
Ablabesmyia annulata group 2 0
Paramerina 5 2
Trissopelopia 2 6
Nilotanypus 0 1
Macropelopia 1 0
Orthocladiinae
Cricotopus 7 21
Heterotany tarsus 1 0
Thienemanniella 2 0
Tventenia 2 10
Orthocladiinae Genus II 1 0
Chironominae
Virgatany tarsus 0 1
Tanytarsus 6 4
Rheotany tarsus 5 1
Total 11 6
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Reach preferences of taxa

Correlation between deep and shallow section community structure was tested by the 

non-parametric (G)amma Test on a contingency table based on table 2-6 . For the R. 

Etive communities correlation was moderate G = 0.59, P < 0.0001, at the Duneaton 

Water the correlation was weaker G = 0.45, P < 0.005 but at the Blane Water the 

correlation was particularly strong, G = 0.67, P <0.001. Note however that for the 

Blane Water the Chironomidae were excluded from the analysis as their numbers were 

only estimates.

River Etive

Invertebrates from both the deep and shallow reaches were more typical of riffle fauna 

than pool. Occurrence of animals was low, (468 specimens collected) reflecting the 

poor nutrient status of the river. A total of 38 taxa was recorded from the two reaches, 

29 taxa from the deep (pool) reach and 32 from the shallow (riffle) (note 

Chironomidae were identified to genus level where possible for Etive samples but not 

for the other sites, increasing the number of taxa). A biodiversity index of similarity 

was calculated for the two reaches PSc = 52% (Cowan & Peckarsky 1990). This 

indicates only a medium degree of similarity between the two reaches. OTU were 

tested for differences in distribution between the two reaches using the Mann-Whitney 

U test. Only two OTU showed a statistically significant preference for either reach. 

Median abundance of Hydroptila spp was greatest in the pool reach, (W = 860.0, 

P<0.001 adjusted for ties) while Caenis rivulorum median abundance was greatest in 

the riffle reach (W = 610, P<0.05 adjusted for ties).
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Duneaton Water

In total 2017 animals were collected. A total of 47 taxa was recorded from the two 

reaches, 21 taxa from the deep reach and 26 from the shallow. OTUs were tested for 

differences in frequency distribution between the two reaches using the Mann-Whitney 

U test. The abundance o f benthic invertebrates was compared between the shallow 

(run) and deep (pool) using the Mann Whitney U test. The test was applicable to 19 

OTU (other OTUs had extremely low abundances and were excluded). Ecdyonurus 

had a median preference for riffles (P<0.001). Other Ephemeroptera, Baetis rhodani 

and Ephemerella ignita also showed a strong preference for the run reach (P<0.05). 

Both species of Leuctridae showed a preference for the run reach as did the riffle 

beetle larvae Limnius volkmari (P<0.05). The Tipulidae also showed a strong 

preference for the run reach (P<0.05). The only OTU with a significant preference for 

the pool was Oulimnius tuberculatus (P<0.05).

Blane Water

Excluding chironomids, a total o f  2025 animals was collected. In both reaches 

chironomids were estimated at greater than 1000 individuals and not identified further. 

A total o f 35 taxa was recorded fr om the two reaches, 18 taxa from the deep (run) 

reach and 17 from the shallow (riffle). OTUs were tested for differences in distribution 

between the two reaches using the Mann-Whitney U test. The abundance o f  benthic 

invertebrates was compared betweem the riffle and run using the Mann Whitney U test. 

Other OTUs had extremely low abundances and were excluded. Baetis rhodani and 

Glossoma boltoni showed a strong preference for the run reach (P<0.05).

2.4 Discussion
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This study aimed to relate the physical attributes of deep and shallow reaches to a 

subjective assessment of their habitat type. To confirm actual habitat distinctiveness 

between reaches, I assessed the biological differences between the reaches. It was 

possible to differentiate between sites using physical variables. Some species did show 

preferences for either deep or shallow reaches, reflecting observations previously made 

in the literature.

2.4.1 Physical character of the Reaches
At all three sites it was possible to differentiate between riffle, run or pool using the 

range of depth and velocity in the reaches. Froude number was the best indicator of all. 

Jowett's rule did show some of the reaches to be runs which was not expected and did 

not conform to the visual assessment of the reaches; I chose the deep reaches as pools 

and shallow reaches as riffles. Noteworthy was the ability of Jowett's rule to 

differentiate between the deep and shallow reaches of the River Etive. As mentioned 

earlier the river is rithron dominated and does not have a classic riffle pool sequence. 

The sites on which Jowett based his work included boulder strewn reaches, which may 

have been similar to the R. Etive (Jowett 1993). Alternatively this may be the result o f  

a sampling error on my part as the pool and riffle could not be differentiated using the 

larger data set which included sampling points which had non significant velocity 

profiles.

There are consistent differences between all the reaches which suggest that the suite of 

physical variables measured did differentiate between them. With the exception of the 

Blane, the sites showed the deeper reaches to be depositional and the shallower 

reaches to be relatively erosional. This pattern is consistent with the definition of pools 

as depositional zones and riffles as erosional zones. The fact that the deep reach of the 

Blane does not follow this pattern would suggest that it is a run. The water in both
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reaches o f each river was predominately turbulent with laminar flow being rare. This is 

also consistent with the findings of other studies and the predictions of 

geomorphologists.

Others using a more descriptive classification of near bed flows have suggested that 

the habitat classifications o f pool, riffle and run do not necessarily apply to near bed 

habitats as all their near bed flow categories were recorded in each class (Young 

1993). It is perhaps better to view these habitat classes as aggregates of smaller habitat 

units especially as they do have some biological significance, see below.

2.4.2 Biological character of the Reaches 
Diversity

The riffle reaches supported greater numbers o f taxa than the deep reaches conforming 

with the norm in other studies, see introduction for references (reach 1.1. paragraph 

9); however again the Blane was an exception.

Species composition

Ephemeroptera and Chironomidae dominated the fauna at all sites a situation noted in 

previous comprehensive surveys o f the summer fauna of highland rivers, (Morgan & 

Egglishaw 1966). The methods employed by Morgan and Egglishaw were similar to 

the one I used, being a combination of disturbing sediment and stone scrubbing adding 

a degree of certainty to the comparison. This result reflects the seasonality in relative 

abundance of taxa as the same survey found the spring fauna to be dominated by 

Plecoptera and Ephemeroptera and suggests applying data gathered on benthic 

commmunity structure and composition in one season to other seasons is potentially 

misleading.

Hydroptilidae were detected in the River Etive in high numbers but not at the other 

sites. This may again reflect a seasonal effect as the R. Etive was sampled later in the
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summer, in August, than the other two sites. This hypothesis is supported by a 

seasonal study on invertebrate fauna in another Scottish river, Shelligan Bum a 

tributary of the River Almond, where Hydroptilidae were detected in low numbers 

until August when their numbers increased (Egglishaw & Mackay 1966). As the taxon 

is known to occur in both the Blane Water and the Duneaton Water (SEPA pers 

comm.) it would seem likely that the effect is seasonal rather than the R. Etive being a 

site o f particular suitability for the taxon. Further evidence is that during their sampling 

of the R. Etive Morgan & Egglishaw (1966) found the taxon in low numbers; their 

sampling was in July, the same period the my sites were sampled.

Caseless caddis were represented by more species in all rivers than cased; the Blane did 

have the highest number of cased species. Again this mirrors the findings of other 

workers (Armitage & Gunn 1996; Morgan & Egglishaw 1966) who also found as I did 

that the Orthocladiinae dominated the chironomid fauna. The Etive was the most 

extreme in this respect with the largest number of caseless caddis species represented 

of all the rivers and probably reflects the instability of depositional habitat within the 

site; the larger boulders and lack of small substrate elements at the site attest to this. 

Cased caddis do tend to require more stable conditions on the whole. Both the Blane 

and the Duneaton had greater amounts of finer substrate, no or few boulders and 

greater numbers of cased caddis species than the Etive. Using riffles, pools and rock 

outcrops as mesoscale habitat units others have identified functionally distinct caddisfly 

communities (Huryn & Wallace 1988). There is some evidence from this study that this 

might be occurring here too. The Hydropsyche larvae preferred the fast reaches, 

Anabolia nervosa and Glossoma boltoni favoured the slower reaches and there is the 

possible link between Hydroptila spp. and boulders. Some of these relationships are
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not statistically significant and the functional feeding strategies of some of the species 

need to be clarified.

Other unique aspects of the R. Etive species assemblage is the absence of both 

Mollusca and crustacean macroinvertebrates which is likely to be a product of the 

underlying geology as is the case with the high numbers of Mollusca in the Blane 

Water (Egglishaw & Morgan 1965). Macan (1977) divides the British freshwater 

molluscs into two major groups based on their preference for hard or soft waters. 

Calcium which is needed to form shells is the underlying determinant for separating the 

two groups and is an element which is likely to be in short supply at the R. Etive. 

Individual species responses in relation to site specific factors 

A number of species showed preferences for either deep or shallow reaches, 

suggesting that for some invertebrates at least, the different types of reaches represent 

habitat units. How Hydroptila species avoid getting washed out of the Etive system is 

interesting to ponder; it may be that their small size allows them to seek refuge in the 

filamentous algae on which they are known to feed. I observed in the field that the 

greatest amounts of filamentous algae were on boulder tops, submerged in the deep 

reach, a most stable substrate. Alternatively the preference of Hydroptila species for 

the deep reach for the R.Etive may be explained by the need of this taxon for very fine 

sand grains to form cases during it's last instar (Wallace 1981). Sand did occur with 

greater frequency in the deep reach of the river. Hydroptilidae also had a significant 

preference for pools in the Almond Water (Egglishaw & Mackay 1966). Caenis 

rivulorum the only other animal found to have a preference in the R.Etive was found 

by Armitage (1976) to prefer the 'intermediate' (0.2-0.6 ms'1) reaches of the R. Tees, 

which has comparable velocities to the Etive riffle reach.
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The preferences exhibited by both mayfly and stonefly in the Duneaton water (run) for 

faster reaches have been observed elsewhere in British rivers, in the Tees (riffle), the 

Afon Hirnant (riffle) (Hynes et al. 1976) and the Almond (riffle), although the reflected 

patterns were not perfect. In the Tees, Leuctra fusca and Ecdyonurus dispar were 

among some of the few taxa to show no preferences, whereas in the Almond 

Ecdyonurus spp. were in greatest abundances in the pools in April and the riffles in 

September. Morgan & Egglishaw (1966) believed this seasonal variation was due to 

different preferences being exhibited either by Ecdyonurus spp. instars or species. 

Alternatively they believed that pre-emergence behaviour altered the animals habitat 

choice. Again it is interesting to note that Limnius volckmari had a preference for the 

pools in the Tees which were o f similar velocity range as the run in the Duneaton 

water to which it was also partial (Rosillon 1988).

Contrary to its previously reported preferences I found Tipulidae to occur most 

frequently in the riffle of the Blane which is difficult to explain. Easier to explain, yet 

equally at odds with previous studies, is the preference exhibited by Baetis rhodani for 

the run reach. An extensive study covering a greater number of rivers found Baetis 

species indicative of riffles (Harper et al. 1998). This trend can be seen in the 

Duneaton Water where Baetis rhodani also showed a preference for the run. The fact 

that the animal occurred with greater frequency in the run of the Blane Water suggests 

that it was avoiding the riffle reach o f the stream (the run reach was immediately 

downstream of the riffle). Drift rates of baetid mayfly have been experimentally shown 

to be greater during spates (Lancaster 1992). Harper's study (1998) also showed 

Caenis species as being indicative of silted riffles and runs whereas my data suggests 

they occur preferentially in the shallow reaches of the R. Etive.
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Some OTUs showed differential preferences for the reach types present at different 

sites. Based on substrate type the R. Etive experiences the highest shear forces of the 

three rivers with the Duneaton Water having the next highest. As the substrate was 

only sampled to a depth of 10cm, composition of the armoured layer only was 

measured. Hence the substrate types reflect the rivers’ recent past only. Any larger 

substrate elements will have been buried by more minor spates. In this context the R. 

Etive is likely to have more intense spates than the other two rivers, as one would 

expect from the steep gradients in the catchment. I suggest that the intensity of recent 

disturbance at the three sites, as experienced by invertebrates is most intense in the R. 

Etive, least intense in the Blane Water and intermediate at the Duneaton Water. This 

measure does not differentiate between disturbance events with high frequency, low 

force and low frequency, high intensity. There is also the possibility that the armoured 

layer, if compacted by low intensity spates becomes more resistant to entrainment and 

this index based solely on substrate type could underestimate the resistance of the 

substrate. This is most likely at the Blane where the substrate appeared quite compact.

2.5. Conclusions

2.5.1 Physical study
• Jowett's rule accurately differentiated between riffles and pools; it also identified the 

deep reach of the Blane as a run highlighting the danger of choosing a site during 

one set of flow conditions and sampling under another. It also classified the R. Etive 

reaches into pool and riffle although geomorphologists would disagree on the 

grounds of the highly erosional nature of the stream and ecologists on the basis of 

the predominantly riffle type fauna of the ‘pool’. In rivers of high slope the rule 

should probably be applied with caution if at all.
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• Separating pools, runs and riffles on a subjective observational basis is insufficient 

on the evidence of this study. Some measurements of velocity and depth need to be 

performed.

• A large proportion of the physical variability between the riffles and pools was 

consistent between sites. Further the mixture of substrate in the deep and shallow 

reaches suggested that they were depositional and erosional zones respectively.

• Flow was turbulent in all reaches with a measurable laminar sub-layer being rare. I 

conclude that at the substrate surface oxygen is unlikely to be a limiting factor.

2.5.2 Biological study
•  Each river had a unique assemblage of invertebrates, although there was a large 

degree of overlap in composition between sites. Differences could be explained by 

comparing my results with previous studies on the distribution o f invertebrates in 

relation to geology and water chemistry.

• Riffles supported a greater diversity of species than the pools although the 

assemblage of species in both pools and riffles were not sufficiently different to 

separate them using TWINSPAN.

• Some species showed preferences for either deep or shallow reaches, these 

preferences were usually site specific and reflected a large number o f local factors, 

but velocity and substrate type are probably the most important.

• Based on the physical and biological data it seems clear that riffles and pools 

represent local combinations o f physical habitat conditions which alter temporally 

and are fundamental to maintaining the diversity of macroinvertebrates in Scottish 

rivers.
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• Most taxa can survive outwith their preferred habitat unit (either riffle or pool) 

suggesting that their own physical habitat preferences are acting on a smaller 

physical scale.

• The species that make up the assemblages are likely to exhibit preferences for the 

environmental variables associated with pools and riffles e.g. depth, velocity, 

substrate type etc. The evidence also suggests that these variables are fundamental 

to niche separation among the species present. This is explored in the next two 

chapters.

62



Community ordination

Chapter 3: Benthic invertebrate community ordination

3.1 Introduction

3.1.1 Outline

The purpose of this chapter is to examine the distribution of benthic invertebrates in 

relation to hydraulic environmental variables at a finer physical scale than the previous 

chapter. The data presented here reflect the habitat complexity on an intra-reach scale 

and gives some indication of inter-river variation. The analysis consists of two stages: 

the first attempts to find structures in the invertebrate community e.g. associations or 

clumps o f species from samples within the same river. The second stage tries to relate 

community organisation to environmental factors. By using ordination and cluster 

analysis it was hoped to identify groups of invertebrate species with indicator species 

which have similar flow requirements.

3.1.2 Physical patchiness

The design of a program monitoring the ecohydrological health of rivers could 

successfully incorporate the results of such analysis. By exploring species distribution 

independently of environmental variables in the first instance the two stage process has 

the advantage, of following (Pringle et al. 1988) advice - 'that variability among 

patches in lotic systems be viewed as valuable information rather than statistical 

noise to be overcome by manipulating sampling protocols'.

Hildrew & Giller (1994) explored the link between habitat patchiness, scale, 

disturbance and the stream benthos. They made the link between the concept of habitat 

template (the river: Southwood 1988) and benthos, pointing out that although the river
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habitat is heterogeneous, clumping or aggregation o f similar types of habitat is 

common:

"Undoubtedly the major architects o f physical patchiness in streams are the forces o f  

flow. Flow is scale-dependent, being heterogeneous and 1aggregated' (i.e. different 

habitat "patches' have different average flow characteristics) at different spatial 

scales ranging from the sub-millimetre to whole river reaches or entire drainage 

networks. "

3.1.3 Spatial aggregations

The more obvious aggregations include riffles and pools (which were the subject o f the 

previous chapter), but within these there occur smaller habitat units. In a diagram 

illustrating scale effects (Hildrew & Giller 1994) showed fine gravel patches, moss on 

boulders, transverse bar o f cobbles and sand and silt over cobbles as aggregate units at 

the 'microhabit scale (1 0 1 m ). By using cluster and ordination methods it might be 

possible to reflect this pattern, by clumping species together that occur in the same 

habitat aggregates. Although the quadrat size used to sample invertebrates is on a 

comparable scale (sample area = 0.0625 m2) to the microhabit scale, in my study there 

was the possibility of sampling across two or more discrete habitat units, due to the 

random choice of sampling points. All physical variables were measured on continuous 

or integer scales so that taxa responses to variables could be observed even when more 

than one microhabit was sampled.

3.1.4 Assessment of the ecohydrological health of rivers

Research in this area is driven by two forces, firstly the pure scientific interest in niche 

separation and habitat patchiness in rivers and secondly the development of 

conservation and monitoring strategies for river health using responses of benthic
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invertebrates to flow in regulated rivers. The 1999 draft of the EC Water Frameworks 

Directive (19 February 1999) underlines the potential importance of this type of study. 

The draft requires member countries to identify high quality reference sites for surface 

waters, including rivers (Annex II section 1.3, paragraph iv). Ecological status is to be 

defined using biological and hydromorphological elements. The hydromorphological 

elements are defined as those which support the biological element and include 

hydrological regime, river continuity and morphological conditions; depth, width, 

structure of bed and substrate type (Annex V section 1.1.1). Under the directive these 

pristine rivers would form a standard all other rivers would have to reach. In 

preparation for this legislation SEPA are currently trialing Instream Flow Incremental 

Methodology (IFIM, (Bovee 1982)) and its associated computer programme Physical 

Habitat Simulation (PHABSIM). PHABSIM is one of a number o f models which 

evaluate riverine physical habitat, specifically it models the available habitat for aquatic 

species at different discharges (Johnson & Law 1995). Its successful application 

elsewhere as a means of estimating instream habitat make it a suitable candidate ( e.g. 

(Armour & Taylor 1991) reports 616 applications o f IFIM up to the early 1990s in the 

United States alone). Both the methodology and the program have mainly been applied 

to salmonid fisheries management (Armour & Taylor 1991; Johnson et al. 1995; 

Jowett 1998; Strevens 1999). This list o f references is not by any means exhaustive: 

rather it is intended to give the reader a representation of the work being carried out on 

different continents.

IFIM has been used to estimate habitat suitability curves for benthic invertebrates 

(Jowett et al. 1991) and PHABSIM predictions o f increased habitat availability for 

benthic invertebrates in artificial riffles have shown positive and significant correlations
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with actual measures of increased biodiversity (Gore et al. 1998). By using a variant of 

IFIM developed for collecting data on benthic invertebrates (Jowett et al. 1991) in the 

work reported here, it is hoped to make the work comparable to other similar studies.

When using PHABSIM there can be a conflict between the flow requirements of 

different species. One aspect o f this study is to attempt to find clusters or guilds of 

species associated with combinations of flow variables which simplifies this 

management problem. This technique has been successfully applied to the management 

of fish stocks (Jowett & Richardson 1995).

Criticism can be levelled at PHABSIM on a number of fronts, probably the most 

fundamental being that annual flows for a river are determined from one or few 'snap

shot' IFIM studies which only reflect the fauna's preferences at the time of sampling. 

Another serious problem is that PHABSIM assumes 'that target organisms have 

specific microhabitat preferences and the ability to move to areas o f suitable 

hydraulic conditions in response to changes in stream discharge' (Layzer & Madison 

1995). Although this is obviously the case for invertebrates which end up in flow 

refugia during spates (Lancaster & Hildrew 1993b), as Layzer and Madison point out 

these assumptions do not apply to sessile or slow moving invertebrates e.g. Mollusca. 

(they also point out that their study organism, freshwater mussels, appears to have 

different flow preferences at different discharges). Neither does PHABSIM address the 

importance of disturbance flood events which redistribute and alter the species 

composition of riverine invertebrate communities (Boulton et al. 1992; Brooks & 

Boulton 1991; Cobb et al. 1992; Dudgeon 1993; Hildrew & Giller 1994).

The aims of this chapter are to test the structure of the benthic invertebrate community 

at the surber sample scale, identify any aggregations in the distribution of taxa and
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estimate the influence of flow variables on the variation in community structure using 

multivariate analysis. The hypothesis is that the distribution of benthic invertebrates 

should be clumped and that flow variables should describe a large amount of the 

variation. The interrelations between the environmental variables are described in this 

context.

By addressing these questions PHABSIM is also tested indirectly, as it assumes that 

benthic invertebrates are responding to flow variables at this scale, in a predictable 

manner.

3.2 Methods

3.2.1 Data Collection and Dataset Structures

Collection methods for data examined here are described in the previous chapter. For 

each river data from both reaches were amalgamated into a matrix of taxa by sites, and 

a second matrix containing environmental variable by site data. For each river the 

ordination was attempted using an environmental variable data set which contained 

variables derived from velocity profiles.

The profiles were measured at all points where invertebrates were sampled. For each 

profile, velocity should show a linear relationship with log depth if a full developed 

boundary layer exists and the layer is not disturbed by gross alterations in water 

movement, e.g. a velocity profile taken downstream of a semi submerged boulder may 

show a log linear relationship at the depths above the boulder but back edding may 

distort the profile lower down. Not all profiles had significant R2 values and these were 

discarded as near bed flow variables could not be calculated from them being 

dependent on the log linear relationship between depth and velocity being intact, see
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chapter 2.2.4 and Annexes II and III. It has been suggested that some data could be 

salvaged from these profiles. The mean water column velocity was calculated for these 

points from the profiles allowing their inclusion in the ‘larger dataset’, see below.

An alternative method of salvaging data from the profile was to use them to estimate 

turbulence above the bed, using their deviation from the predicted log-normal 

relationship as a turbulence surrogate. Given that turbulence at the bed is the factor of 

most interest, as that is where the animals are and, not turbulence further up the water 

column, the use of the profiles in this way was not suitable.

Two data sets for each river were now analysed. The dataset containing sampling 

points for which velocity profiles were intact and a second larger dataset which 

included all sampling points where invertebrates were sampled. The larger datasets 

contained a more limited array of environmental variables; mean water column 

velocity, depth, % sand, % fine gravel, % gravel, % cobble, % boulder and % bed 

rock. The smaller datasets with significant velocity profiles also contained these 

measures.

Where the smaller data sets proved unsuitable the larger parent data set was used 

instead, see section 3.3.1. For the R. Etive where many taxa occurred in few samples 

the data set excluded taxa occurring in less than 5 samples.

3.2.2 Analysis procedure

The production of an ordination analysis requires refinements to the input data which 

influences the final result as does the structure of the data sets involved. Initially a 

TWINSPAN analysis was carried out on the data from each site and the groups 

overlaid in a Detrended Correspondence Analysis (DCA) taxa scatter plot. As 

TWINSPAN and DC A both use the same algorithm to order a species by site matrix 

this process is acceptable. This allows TWINSPAN groups to be visualised in an
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ordination diagram as opposed to a dendogram aiding interpretation and allowing 

comparison with constrained ordinations (see last paragraph for an expanded 

explanation). No TWINSPAN analysis was performed on the Blane Water data 

because DCA showed the length of the environmental gradient to be short suggesting 

taxa were exhibiting linear responses to the environment. As TWINSPAN is based on 

a unimodal model it was not applicable.

Outlined below are the methods used to derive the final ordinations, highlighting the 

peculiarities o f each river's data set and the refinements made. For each site a DCA 

was carried out initially to measure the length of the environmental gradient as 

suggested by the CANOCO computer program help (ter Braak 1997, 1998). 

Depending on the length o f the gradient, either a unimodal (gradient >3-4 s.d.) or 

linear (gradient <3 s.d.) based ordination technique was used. The results o f each 

ordination were interpreted with the aid of the explanations given in the CANOCO 

manual, chapter 6 (ter Braak & Smilauer 1998) and adjusted where necessary.

Constrained ordination techniques (Canonical Correspondence Analysis (CCA), 

Redundancy Analysis (RDA)) have been criticised for being potentially misleading 

(McCune 1997), so some clarification of their purpose is useful. Other ordination 

techniques which are not constrained describe community structure e.g. DCA scatter 

plots will clump species together which co-occur. Constrained ordination techniques 

do not: primarily they relate species distribution to environmental variables. If one 

wishes to relate community structure to environmental variables one should apply an 

indirect gradient analysis and subsequently relate this ordination to environmental 

variables, e.g. DCA and superimpose the environmental variables on top of a scatter 

diagram. Jongman et al. (1988) suggests a number of methods for relating
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unconstrained ordinations to environmental variables. Another useful alternative is to 

first carry out an unconstrained analysis and compare it to a constrained one as is the 

case herev\Here I compared DCA to CCA, though there has been the criticism that 

DCA should only be compared to DCCA, presumably on the basis that both are 

detrended. Detrending is a remedial tool for fixing the ‘arch effect’ in ordinations 

(Jongman et al, 1988). It was not necessary to apply it to the C C ^  here. A dataset 

which produces an arch effect when processed by unconstrained ordination does not 

necessarily do so when the ordination is constrained (Jongman et al 1988). That was 

the case here. The arch effect occurs for two fundamentally different reasons in CA 

and CCA. In CCA diagrams it is usually caused by the inclusion of too many 

environmental variables whereas in CA it a mathematical artifact caused by the 

structure of the species by samples data set. Although detrending alters the position of 

points in an ordination, their relative positions to one another should remain relatively 

constant making it feasible to compare between ordinations.

River Etive

The length of the environmental gradient as determined by DCA was long (Axis 1 = 

4.135 s.d ), so a unimodal based analysis was used i.e. CCA. The best four explanatory 

variables were chosen using forward selection. The variables % bed rock (1 sample) , 

% fine gravel (6 samples) and % sand (1 sample) were not used in the analysis as all 

occurred in very few samples. They were included as passive variables only. The taxon 

Oxythira was used passively after demonstrating a much stronger relationship with axis 

1 & 2 than all the other species.
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Duneaton Water

The length of the environmental gradient as determined by DCA for the larger data set 

was between 3 and 4 s.d. (Axis 1 =3.05 s.d.), the cut off point for selecting either a 

linear or a unimodal based analysis. In this instance either a unimodal or linear method 

is applicable, CCA was chosen. Log transformation of the species data reduced the 

variance in the species data explained by the first two ordination axes to 11.4% and the 

explained variance in the fitted species data from 78.7% and was not applied in the 

final analysis. Extreme values were detected for 7 samples, but all ‘really belong to the 

population’ (ter Braak & Smilauer 1998, pi 18) so these outliers remained in the 

analysis. Of the possible variables used in the analysis, both % composition of boulder 

and % composition o f fine gravel were excluded as both substrate types were found 

very infrequently (n = 2 and n = 6 samples respectively) causing them to appear to be 

collinear with the variable % composition of sand. None of the remaining variables had 

a variance inflation factor >20 indicating that they all had a unique contribution to the 

canonical ordination.

Blane

A DCA of the Blane Water species data set (40 useable samples) showed the gradient 

length to be less than 3 s.d. (2.505) suggesting a linear as opposed to a unimodal 

model was most applicable e.g. redundancy analysis (RDA). RDA analysis was not 

significant for all canonical axes taken together (Monto Carlo test full model p = 

0.085) although the first axis was significant (Monto Carlo test p = 0.015). 

Constraining the ordination with environmental variables was not significant, so the 

species data are presented in an indirect gradient analysis ordination, Principal 

Components Analysis (PCA). Four samples had extreme values for some of the
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environmental variables but did not reflect any detectable mistakes in data collection so 

they were not removed from the analysis.

3.3 Results

3.3.1 Suitability o f data sets

For all sites, the data subsets containing variables derived from velocity profiles 

produced ordinations with no significant canonical axes (Monto Carlo Permutation test 

p > 0.05), see table 3.1.

Table 3-1, Eigenvalues and their significance from ordinations performed using 
parameters derived from velocity profiles as environmental variables. For the 
Duneaton Water and River Etive the ordinations were CCA, for the Blane Water 
the ordination was an RDA. Permutation tests were Monto Carlo tests carried
out using 199 randomly seeded runs.______________________________________
River Axis 1 All

canonical

Axis

Eigenvalue F-ratio P-value Sum of all F-ratio P-value

eigenvalues

Blane 0.134 3.875 0.91 0.185 0.566 0.88

Water

Duneaton 0.141 1.951 0.665 0.539 0.997 0.435

Water

River Etive 0.133 2.003 0.33 0.45 1.056 0.345
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3.3.2 River Etive

The DCA scatter plot (figure 3-1) shows two major groups as split by TWINSPAN on 

its first iteration (TWINSPAN eigenvalue = 0.705). Further iterations produced splits 

which had low eigenvalues and were not used (0.350 or less).

Monto Carlo tests of the first canonical axis o f the CCA and all the canonical axes 

together were significant (p = 0.005, F-ratio 3.516 and 2.361 respectively). The biplot 

(Figure 3-2) based on the first two canonical axes explains 11.3% of the variance in the 

species data and 67 .4% of the variance in the fitted species data.

Sim
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0 . 5 + 5 . 5

Figure 3-1 Etive DCA. TWINSPAN group A is enclosed by the polygon, all other taxa are in 
Group B. See chapter 2 tables 2-6, 2-7 for a key to the species codes.
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Axis 1 (eigenvalue 0.38) can be interpreted as a microhabitat gradient from erosional 

to depositional conditions. Velocity and % cover of cobble are most strongly 

correlated with Axis 1 ( weighted correlation 0.69 and 0.41 respectively). Depth and % 

cover of boulders are both negatively correlated with Axis 1. Axis 2 (eigenvalue 0.24) 

is most strongly correlated with % cover of boulder and cobble. The coarser material, 

boulder, is unusually associated with slow flows, in reality boulders were found 

throughout both sections but only in the deeper, slower areas, where they remained 

submerged, and available to invertebrates. Only submerged boulders were sampled.

The smaller TWINSPAN group members are scattered throughout the right hand side 

of the CCA diagram. Mayfly and stonefly species occur almost exclusively on the right 

hand side of the CCA diagram as does the riffle beetle larvae Limnius volckmari. To 

the right of the centre o f the diagram are Trichoptera larvae which require stable 

substrates on which they can construct their filter nets. The left hand side of the CCA 

plot is dominated by detritivorous Chironominae, Tanypodinae, Tipulidae and 

Oligochaeta and the tiny Trichopteran genera Hydroptila and Oxyethira. These taxa 

have known preferences for depositional areas, either for feeding or case building 

material (Hynes 1972; Wallace et al. 1990). The presence of Orthocladiinae larvae in 

samples with higher percentages o f cobble reflects a general trend within the 

Chironomidae. Orthocladiinae prefer large substrate elements to the Chironominae and 

Tanypodinae (Williams & Feltmate 1994). The Simuliidae were present at extremely 

high velocities. Representatives o f both TWINSPAN groups occurred in each stretch, 

with only two OTUs showed a strong preference for either deep or shallow stretches. 

Scattered throughout the diagram are predators. The only cased caddis present were 

members of the Hydroplilidae which are extremely small. Larger sized cased caddis
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species were notable by their absence. Hence, the CCA ordination showed that the 

observed differences in invertebrate occurrence could potentially be functionally 

related to differences in habitat conditions which were paralleled in the literature.

o
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Figure 3-2, CCA species-environment biplot for the R. Etive data. Variance 
added (A,k) for environmental variables: Velocity 0.32 (P = 0.005), Boulder 0.25(P 
= 0.005), Cobble 0.19(P = 0.015), Depth 0.15(P = 0.045), Gravel was not 
significant and was eliminated from the ordination. Only OTUs with an 
occurrence greater than 5 were used in the analysis. OTU codes are give in table 
1-6 with the exception of the Chironomidae which were amalgamated in to 
subfamilies: Chironominae (Chir), Orthocladiinae (Orth), Tanypodinae (Tany) 
and Diamesinae (Diam).
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3.3.3 Duneaton Water

The DCA scatter plot below (Figure 3-3) shows two major groups as split by 

TWINSPAN (TWINSPAN eigenvalue = 0.784). Further splits by TWINSPAN had 

low eigenvalues and were not used (0.345 or less).

For the final CCA, Monto Carlo tests of the first canonical axis and all the canonical 

axis together were significant (p = 0.005, F-ratio = 7.373, 3.080 respectively). The 

analysis used 5 environmental variables and orientated 28 species which occurred 353 

times in the data set. The variance in the species data explained by the first two 

ordination axes was 19.4% and the explained variance in the fitted species data from 

was 67.7%.
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Figure 3-3, Duneaton Water DCA with TWINSPAN groups overlaid. Group A is enclosed in the 
polygon, group B includes all other taxa. See table 1-6 for OTU codes.
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As can be seen from Table 3-4, velocity is strongly positively correlated with cobble, 

the larger more stable substrate element at the site, and is negatively correlated with 

sand. Depth is not strongly negatively correlated with velocity as it often is at other 

sites. Axis 1 (eigenvalue 0.404) is strongly positively correlated with the % sand in 

samples and strongly negatively correlated with both mean velocity and % cobble. 

Axis 2 (eigenvalue 0.175) is most strongly correlated with % gravel (negative) and 

positively correlated with % cobble and mean velocity. The use of biplot scaling with 

the focus on inter-species distances as used in the analysis of the Etive data resulted in 

the species points clustering in the diagram centre making interpretation difficult and 

the scaling was altered to inter-species scaling using Hill’s scaling (ter Braak & 

Smilauer 1998). The species are grouped along axis 1 and to the left of axis 2 . The 

Ephemeroptera and Plecoptera occur exclusively on the left hand side of the origin, the 

other orders are scattered across the diagram depending on the preferences of their 

composite genera.

TWINSPAN group A members, plotted in the Duneaton Water DCA remain 

associated with one another in the CCA plot (Figure 3-4). Some group A members are 

strongly associated with high percentages of sand and independent o f other variables 

and can be found to the right of the diagram; Succinea, Hydrocarina, Chironomidae 

and Ouliminius tuberculatus. Closer to the origin, and occurring in samples where 

velocity and the percentage of cobble would be low, is Leptistoma hiratum and 

Hirundinae. Closer to the origin where the mean of all variables occur are the 

Oligochaeta and Gammarus pulex (which is a group B member). This suggests these 

two taxa have a either a preference for the mean of all condition measured or are
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Figure 3-4, Duneaton Water CCA. Group C enclosed by the box includes E. 
ignita, B. Scambus, L. volkmari and A. fluviatilis. Variance added by the 
environmental variables listed in order of their inclusion in the model; variance 
(A.A) values in brackets are the amount of additional variance explained by the 
inclusion of each variable sand (0.39 p = 0.005), cobble (0.14 p = 0.005), depth 
(0.09 p = 0.045), gravel (0.06 p = 0.205) and mean water column (mwc) velocity 
(0.06 p = 0.315).

ubiquitous in their presence. Anabolia nervosa, one of only two group A members not 

closely associated with other group A members in the CCA shows a preference for 

high % gravel and deep water. The other vagrant is Oulimnius troglodytes which has a 

preference for high % cobble and fast water.

The taxa of group B show a more varied series of interactions with flow variables. At 

the top left of axis 2 are two taxa, the Simuliidae and Rhyacophila dorsalis with a 

strong affinity for high % of cobble and fast water. The Hydropsyche also have a
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strong preference for fast water but their preference for high % of cobble is less. These 

3 taxa can be found close together in the DCA plot. To the left of the origin there is a 

group with no strong affinity for either velocity or depth. This grouping does prefer 

samples with less sand and more of the other substrate types, it includes; 

Glossomatidae (possibly Agapelus), Leuctra sp., Baetis rhodani, Baetis scam bus, 

Ephemerella ignita, Ancylus fluviatilis and the Tipulidae. It is the largest of all the 

groups. Strongly associated with deep water are the Lumbricidae, Agraylea 

multipunctata and Esolus parallelepipedus.

3.3.4 Blane Water

The data used in the PCA covers 19 taxa which occurred, cumulatively 254 times in 40 

samples. The variance inflation factors for all environmental variables were low (all < 

2) suggesting that the variables are not highly correlated with one another which 

agrees with their product moment correlations in Table 3-4, all o f which were less 

than 0.5. Depth is positively correlated with both velocity and high percentages of 

cobble. Velocity is not strongly positively correlated with % cobble as was expected 

although it is relatively strongly and negatively correlated with % sand.
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Figure 3-5, Blane PCA correlation biplot with environmental variables imposed over the 
ordination. Solid arrows = environmental variables, dashed lines = taxa. Scaling focuses on 
intcrspccies distances and the ordination diagram displays standardised species data (by 
dividing by their standard deviation) post transformation, and correlations. The values that can 
be inferred by the biplot rules are thus correlation coefficients(ter Braak 1997,1998)

The biplot in Figure 3-5 can be interpreted using the rules given by Jongman et al 

(1987: p i27). The arrow for each taxon indicates a vector increasing in the direction of 

increasing abundance for each species, arrows pointing in the same direction are 

positively correlated, perpendicular arrows reflect a lack of correlation between the 

variables represented by the vectors.

The species are scattered throughout the diagram with little grouping apparent. The 

distribution of Limnius volckmari and Elmis aenea are closely correlated as are 

Ancylus fluviatilis and Agapetus fuscipes. Glossoma boltoni increases in the same
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direction as gravel, as does Rhyacophila dorsalis with mean velocity. A group of 3 

species with similar distributions are Baetis rhodani, Hydropsyche siltalai and 

Gammarus pulex. Potamopyrgus jenkinsi and Ephemerella danica are also similar in 

distribution.

3.4 Discussion
The constrained ordinations shows that clustering of the invertebrate data was limited 

to two major groups at the Duneaton water and the R. Etive sites. The flow variables 

in these constrained ordinations showed strong relationships between some taxa and 

flow variables. The often observed selective occurrence of macroinvertebrates at either 

erosional or depositional conditions were also observed here although, as found by 

Barmuta (1989) community structure appeared more continuous in nature and 

confirms the view of earlier researchers that the use o f substrate as a basis for 

delimitation bottom fauna may be limited (Thorup 1966). These selective occurrences 

reflected the preferences of most taxa for slow or fast reaches as observed in the 

previous chapter.

The implications for IFIM based studies are profound. Although some taxa showed 

similar responses to flow variables in the different rivers e.g. Rhyacophila dorsalis 

others were inconsistent. This reinforces the argument that data collected at one site 

should not be used to build a model for other locations. It also highlights that there 

can be considerable variation in the response of a taxon to flow variables.

Improvements to sampling strategy for future work in this area are suggested and the 

implications for how we should view the patchy nature of the stream bed are discussed. 

Clustering of the taxa data from the Duneaton Water and R. Etive with TWINSPAN 

split both site communities into two main groups. For each site the composition of the 

two groups produced was very different, probably reflecting site specific factors. The
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smaller Duneaton Water group preferred deposition conditions whereas for the R. 

Etive the smaller group was erosional in nature. One possible criticism of these results 

is that as both groups contained a mixture of functional feeding groups (Group A from 

the R. Etive contains Simulliidae and Baetis rhodani, respectively a sedentary filter 

feeder and a swimming deposit feeder (Williams & Feltmate 1994)), it would be 

expected that such groups would be separated by a cluster analysis on data with 

sufficient habit resolution.

The limited success of TWINSPAN at splitting the communities into a greater number 

of intelligible groups could be for one of two main reasons, either the communities are 

relatively homogenous in composition and spatial distribution or alternatively 

individual quadrats covered a sufficient range of underlying microhabits that 

heterogeneity was disguised. Either way this is good news for those using quadrat 

sampling as a representative measure of invertebrate community structure at a 

particular site. In future work a sampling program based on smaller quadrat sizes 

would be expected to yield clearer results as it has been frequently shown that the 

distributions of benthic invertebrates are aggregated (Elliot 1977).

The data from the Blane Water proved more difficult to analyse and interpret probably 

because of the more homogenous nature of the sampling points in this site. The range 

of depths was less than at the other sites and the substrate was always mainly gravel, 

see Chapter 2, Figures 2-7, 2-10. As the DCA examination showed the taxa appeared 

to follow a linear rather than a unimodal response to the environmental variables 

measured supporting the reasoning above.

Constraining ordinations with flow variables illuminated the individual taxon’s 

preferences. Although the amount o f variance explained by the direct gradient 

ordinations (CCAs) was low, suggested that the variables used are important
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influences on the spatial distribution of benthic invertebrates in Scottish rivers and 

elsewhere. A gradient between erosional and depositional conditions was displayed in 

both constrained ordinations along which some of the taxa exhibited preferences 

consistent with previously published data.

The small amount of variance in the species data explained by the ordination diagrams 

suggests that the variables selected are only one of many factors influencing the 

distribution of benthic invertebrates in the data set. That the multivariate environment 

of stream benthos is complex has frequently been recognised and its potential for 

limiting the success of such studies noted e.g. Williams & Smith (1996) endorses the 

sentiments of (Hart 1992):

“that meaningful models o f lotic community structure will only arise if  researchers 

acknowledge the multifactorial organisation and dynamic nature o f these 

communities ”.

It has been pointed out previously that species abundance data are frequently very 

noisy leading to a small percentage of the variance in the data being explained (ter 

Braak & Smilauer 1998: p i21). But it has also been stated that an ordination diagram 

that explains a low percentage of the data can be quite informative (Gauch 1982) e.g. 

the use of CA on benthic invertebrates data with comparable eigenvalues to the data 

presented here showed clear patterns in distribution in Italian river systems (Rossaro & 

Pietrangelo 1993).

There is another possible reason for the low amount of variance explained by the 

environmental variables, that is they were not measured on a physical or temporal scale 

suitable to easily detect invertebrate preferences. Downes has repeatedly shown that 

finer scale measurements o f environmental variables yields illuminating results 

(Downes & Jordan 1993; Downes et al. 1995) as have others (Whetmore et al. 1990).
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Unfortunately these papers have concentrated their fine scale measurements on larger 

substrate elements to the exclusion of other substrate types (sand, fine gravel) and 

therefore were not applicable here. Others have suggested that invertebrate distribution 

is a function of flow events that have preceded the current conditions (Clausen & 

Biggs 1997) or that conditions directly upstream can affect spatial distribution (Quinn 

et al. 1996). Although this is a persuasive argument, when one thinks o f the 

disturbance caused by flooding it is not wholly convincing particularly in light of the 

rapid ability of invertebrates to recolonise the stream bed post disturbance (Brooks & 

Boulton 1991). This rapid response is somewhat dependent on the slope and bed 

structure o f the river (Armitage & Gunn 1996). A final possibility is that different 

instars or species within a taxon had different habitat preferences but when 

amalgamated together under their taxon name these habitat preferences were hidden. It 

has been shown that small nymphs and large nymphs o f Ecdyonurus species, a taxa 

occurring in this study exhibit preferences for different bed roughness (Buffagni et al. 

1995).

There are many other possible reasons for the small amount of variation explained but 

they are not related to flow variables, e.g. predation or periphyton availability 

(Dudgeon & Chan 1992; Lancaster et al. 1990). It is not possible to discuss these 

factors in detail because no measurements of such interactions are recorded. Finally the 

possibility exists that the animals are not strongly influenced by the environmental 

variables measured.

That no additional variation in the data was explained by variables derived from 

velocity profiles was disappointing. Although others have successfully incorporated 

such measures into multivariate analysis of similar data (Quinn & Hickey 1994) I 

conclude that estimates of near-bed flow conditions derived from one velocity profile,
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measured over one spot on a river bed in a standard 25 x 25 cm quadrat are not 

applicable to the whole of that quadrat. The complex range of near-bed flow patterns 

that can occur in one quadrat would be the cause. The more traditional use of mean 

water column velocity and depth are more likely to be indicative of the incident flow 

arriving over a qaudrat and is applicable to the whole quadrat because it is not hugely 

effected by the bed form directly below. Measures of substrate type are important to 

complete the picture. The advent o f new technology (acoustic doppler velocimeter) has 

allowed the rapid measurement of turbulence in 3 dimensions above the stream bed and 

has been shown as an important variable in the distribution of invertebrates (Bouckaert 

& Davis 1998). Although heeding the advice of Pringle et al. (1988): advise cited in 

the introduction (chapter 1) one imagines the incorporation of measures o f turbulence 

into future sampling plans would be highly illuminating. Interestingly, test ordinations 

of the velocity profile variables showed the R2 values for the profiles explained 

additional variation in the distribution of invertebrates (data not shown). As the R2 

value can be interpreted as a measure o f the deviation o f the flow structure above the 

bed from the a standard log-normal relationship it can be seen as a measure of gross 

turbulence (which would not be reflected in Re) and may provide a useful additional 

measure of habitat complexity.

3.5 Conclusions
• Unconstrained ordinations did not produce clear aggregations of taxa, mirroring 

some other studies.

• Constrained ordinations did show a gradient of erosional to depositional conditions 

with some taxa showing preferences for these conditions.

• Responses of some taxa varied between rivers as did the relationships between 

physical parameters measured, implying that models produced for one river are
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likely to be site specific, limiting the use of IFIM based PHABSIM studies in river 

management o f invertebrate habitat 

• A re-evaluation of the importance of flow parameters is necessary with the 

inclusion of turbulence measurements, spatial scales tailored to individual species 

and more emphasis on alternative effects o f flow parameters, e.g. spatial 

redistribution of invertebrates, conditions for periphyton growth etc.
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Chapter 4: Individual responses to hydraulic parameters

4.1 Introduction

This chapter concentrates on the responses of individual taxa to the environmental 

variables measured in Chapter 2. The multivariate techniques used in Chapter 3 are 

based on the assumption that species respond to environmental gradients either in a 

linear or a unimodal manner. As the methods used are robust enough to deal with 

noisy data (Jongman et al. 1988) few users actually publish the underlying response 

curves of the species o f interest. This pragmatic approach has left significant gaps in 

our knowledge. As mentioned in the previous chapter, management tools such as 

PHABSIM make a number of assumptions about the responses o f animals, including a 

constant or fixed response curve to flow (Milhous et al. 1984).

Finding information to support these assumptions is very difficult simply because there 

is such a small amount of published data on species responses to individual flow 

variables. Only three references were found (Jowett et al 1991; Lancaster1999; 

Fjellheim 1996) which give response plots of invertebrates to flow variables in the field 

using measures of abundance. Based on presence absence data others have provided 

logistic (or logit) regression analysis curves, plotting the probability of gammarid 

species occurring along various environmental gradients (Peeters & Gardeniers 1998) 

including water velocity. The technique has also been successfully applied to the 

distribution of water beetles, although the interest here, was mainly in lentic species 

(Eyre et al. 1992; Eyre et al. 1993).

There have been a large number of papers examining the flow preferences of 

freshwater benthic invertebrates in the field. Some older studies do look at individual 

variables but the results tend to be descriptive only (Jones et al. 1977). Of the more 

recent works few look at variables singly instead, analysis tends to be multivariate
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(Downes et al. 1995; Hawkins et al. 1997; Puckridge et al. 1998). This makes sense 

when one is dealing with a large number of variables and species, especially as many of 

the variables may have synergistic effects. However examination of responses of 

individual species or taxa allow us to ask some important questions.

The first question is whether or not the animals actually respond to the variables at all 

and if they do, do they conform to our views of niche occupation. In attempts to show 

taxon preferences, abundance can be plotted against an environmental variable and a 

curve fitted.

If the environmental variable data was collected using a randomised sampling regime 

any curve fitted to the data is highly dependent on the distribution of the 

environmental variable. For example a taxon may prefer a velocity of 0.5 ms"1 but 0.2 

ms"1 is the most common velocity sampled and lies within the taxon’s velocity 

tolerance range. Then the taxon’s maximum abundance could occur at 0.2 ms'1. A 

fitted curve describing this type of response represents the taxon's compromise 

distribution.

Data collected in this manner has been used to produce in-stream flow-habitat 

suitability curves for benthic invertebrates (Jowett et al. 1991). So the possibility exists 

that the invertebrate’s actual preferences are not being identified and the models are 

based on incorrect assumptions. This is more likely to happen if the species have a 

broad tolerance for the environmental variables in question and also covers the 

available range of the environmental variable. Unfortunately these studies do not 

report the distribution of the environmental variables of interest so it is impossible to 

judge the quality of their results.

Here abundance of individual taxa is plotted against depth, velocity and substrate type 

with frequency histograms of these environmental variables also present. The
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relationship between the environmental variables and taxon abundance was tested in 

two ways for each taxon.

Where possible the following hypotheses were tested:

H'0: That the animals were responding to individual flow variables in a gaussian 

manner, this response includes both linear and unimiodal response types.

H20:That the observed responses were not artifacts of the sampling program and did 

indicate an actual response by the invertebrates.

It was not possible to test the second hypothesis conclusively. But it was believed that 

if the maximum abundance of a taxon in individual samples (dependent variable) was 

correlated to the uneven sampling of the environmental (independent) variable that this 

might indicate any relationship was a sampling artifact.

By this I mean that variables such as velocity, if recorded at random sampling points in 

a stream will show a strongly schewed distribution, e.g. some velocities are being 

recorded more frequently, their ‘abundance’ is higher. If velocity does not have a large 

influence on the distribution of a particular species it may still show a positive 

correlation with the more common velocities simply because these represent more 

frequently sampled points on the river bed and with each sample ones chances of 

recording the animals at high densities increases. Therefore I predict that a given taxon 

will reach its maximum abundance in samples in which the environmental variable also 

reaches its maximum abundance e.g. if the most frequent velocity was 0.25 ms'1 then 

the species of interest would reach its maximum abundance in areas of the river where 

that velocity occurred.

To ecologists there is an obvious alternative reason why a species would occur at the 

most frequently available point along an environmental gradient and that is because it 

is highly adapted to it! However some of the variables measured, such as depth and
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velocity alter on a daily or even hourly basis in rivers so it would be odd that the 

animals were exactly adapted to the conditions on the day, but not on the previous day 

for example. It was not possible to exclude this possibility from the analysis but it is 

hoped that by presenting the responses o f the animals at each site separately, 

comparisons of responses at the different rivers would aid the evaluation o f this 

possibility.

4.2 Methods

4.2.1 Data

The data collection methods are given in Section 2.2 of Chapter 2. Not all taxa 

sampled were used in model fitting. Those excluded had low occurrences. The samples 

taken were quantitative and are represented as numbers of individuals per sample in all 

cases. Actual number of animals recorded is used in the response plots, so the reader 

can clearly see the number o f individuals each plot is based upon.

4.2.2 Statistical Analysis

To test the two hypotheses each environmental variable was divided into a number of 

intervals and the frequency of each interval calculated (frequency = no. of samples in 

which that interval occurred). The intervals for each variable, at the three rivers are 

given in tables 4-1, 4-2 and 4-3. Intervals were chosen using a pragmatic approach 

which attempted to assign the same number of intervals to the same variable at all 

sites, which was not always possible due to the distribution o f the variables. It is 

possible that by increasing the number of intervals I increased n and the possibility of 

getting a significant correlation but if I had given the same number of intervals to all 

variables their occurrence would have been too low in all categories to show any 

responses. The maximum sample abundance of each taxon for each interval was 

identified using an excel pivot table. By maximum sample abundance for a particular
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interval I mean the density of individuals occurring within a sample which has the 

highest density o f individuals for all samples whose environmental variable measures 

fall within that interval. Least squares regression was performed with the frequency of 

a given variable's intervals as the independent variable and the maximum density of 

individuals per interval as the response variable. This analysis was repeated for each 

taxon at each river. The results of this analysis are presented in a general review of 

taxon responses to environmental variables which also includes non - significant 

responses. The totalled abundances were also examined to test the second 

hypothesis and represent the summed abundance for a particular interval.
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Table 4-1, Velocity (mean water column velocity) intervals used in regression 

analysis.

R. Etive

Intervals

ms' 1
Frequency

Duneaton
Water

Intervals
ms' 1

Frequency

Blane Water

Intervals
ms

Frequency

0-0.05 7 0-0.05 14 0-0.1 6
0.05-0.1 8 0.05-0.1 4 0.1 - 0.2 4
0.1-0.15 7 0.1-0.15 6 0 .2-0 .3 4
0.15-0.2 6 0.15-0.2 5 0.3 -0.4 10
0.2 - 0.25 2 0.2 - 0.25 6 0.4-0.5 2
0.25-0.3 5 0.25 - 0.3 1

oo'io

4
0 .3-0.35 2 0.3-0.35 6 0.6 -0.7 4
0.35-0 .4 2 0.35-0.4 1

0©o'1r-o' 1
0.4 - 0.45 3 0.4 - 0.45 2 0.8-0 .9 1
0.55-0.6 2 0.5-0.55 1 0.9-1.0 2
0.6-0.65 2 0.55-0.6 1 > 1.0 2
0.65-0.7 3 0.6-0.65 2 X

>0.7 2 0.65-0.7 2 X
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Table 4-2, Depth intervals used in regression analysis.

R. Etive Duneaton Water Blane Water
Interval Frequency Interval Frequency Interval Frequency

m m m
0-0.05 3 0-0.05 6 0-0.05 6
0.05-0.1 3 0.05-0.1 9 0.05-0.1 11
0.1-0.15 6 0.1-0.15 8 0.1-0.15 6
0.15-0.2 10 0.15-0.2 7 0.15-0.2 7
0.2 - 0.25 7 0.2 - 0.25 9 0.2-0.25 6
0.25-0.3 3 0.25 - 0.3 4 0.25-0.3 1
0.3-0.35 4 0.3-0.35 3 0.3-0.35 2
0.35-0.4 4 0.35-0.4 3 >0.5 1
0.4 - 0.45 1 0.4 - 0.45 3
0.5-0.55 4 0.45-0.5 1
0.55-0.6 1
0.6-0.65 1
0.65-0.7 1
>0.7 3
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Table 4-3, Substrate intervals used in regression analysis. Percentage 
composition of standard substrate units, cobble, gravel etc., were transformed to 
average length measures in mm by taking the mean length of each substrate 
category and using it to get the weighted average for each sample._______________

R. Etive Duneaton
Water

Blane
Water

Interval Frequency Interval Frequency Interval Frequency
mm mm mm

0-50 11 0-20 12 0-10 1
50-100 11 20-40 13 10-20 2
100-150 4 40-60 6 20-30 7
100-200 5 60-80 5 30-40 12
200-250 7 80-100 9 40-50 10
250-300 12 100-120 1 50-60 1

>120 7 >60 5

I attempted to fit Gaussian curves to the abundance data directly using a version of the 

method suggested by (Jongman et al. 1987): c.f. Section 3.4 ‘Regression for

abundance data with many zero values'. They advocate the use of log-linear regression 

where the Gaussian curve takes the form: 

log(y) = b0 + bjx -+ b2 x2 

where b2 <0. As the term b0 + bix + b2 x2 is a linear predictor it allows the use of 

multiple regression applications in statistical packages where x and x2 can be entered 

as separate variables (Lancaster, J. Edinburgh University pers comm ). This was the 

method used here. There is an alternative form of the equation which has some 

attraction for biologists this is:

log(y) = a -0.5(x - u)2 / t 2 

such that ii is the optimum position of the species along the environmental gradient 

(value of x where the maximum abundance occurs), t is its tolerance (a measure of 

ecological amplitude) and a is the log of the species maximum abundance (c) (ter 

Braak & Prentice 1988).
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It is possible to estimate these parameters using the following conversions:

the optimum, u = - b,/(2b2)

the tolerance, t = 1 / ^(~2b2)

the maximum, c = exp(b0 + bjx + b2 x2)

4.3 Results

The results are divided into three main sections; one for each environmental variable. 

These sections are subdivided by river and at the end of each section, comments on 

taxa which occur in more than a single river are made. Presentation o f information as 

basic scatter plots of individual taxa against environmental variables aids interpretation 

of the statistical analyses. An introductory review of these analyses is followed by the 

presentation of the results by variable and by taxon.

4.3.1 Curve Fitting

Attempts to fit Gaussian curves to the data produced mainly non-significant results, in 

spite o f the apparent unimodal responses suggested by many of the scatter plots o f 

abundance against environmental gradients, see Appendix V. Of the cases where 

curves fitted were significant see Figure 4-1.

4.3.2 Relationships o f totalled maximum abundance to the frequency o f variable 

intervals

For the majority of taxa which did show a significant response, the correlations were 

moderate; for 26 out of the 31 significant correlation’s, the R 2a<ij value was less than 

0.75, figs 4-2a, 4-2b, and 4-3. Of the 3 variables examined, substrate had the fewest 

significant correlations (6), all o f which were for the Blane Water. Depth intervals 

were most frequently correlated (14) and velocity intervals were the second most
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Figure 4-1. Plots of log abundance against depth or velocity for animals 
exhibiting statistically significant gaussian relationships.
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frequently correlated (11). The R. Etive had the fewest significant conditions, 

reflecting the limited number o f taxa which occurred in sufficient abundance to be 

assessed. The Duneaton Water had fewer significant relationships than the Blane 

Water.

4.3.3 Relationships between maximum sample abundance to the frequency of 

variable intervals

Significant relationships were limited to a small number of the taxa. With the exception 

of substrate, which had 7 significant correlations, the number of correlations was fewer 

than for the relationships between totalled abundance and the environmental variables 

depth (7) and velocity (4): Table 4-4.

There were no significant correlations for velocity at the Blane Water which was 

represented among the sites with significant relationships for the other two variables. It 

had the fewest significant relationships o f all sites with 4 in total while the R. Etive had 

5 and the Duneaton Water had 9.
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4.3.4 Velocity 

River Etive

The majority of the taxa (6 out o f 8) assessed were most abundant in samples where 

velocity was 0 - 0.2ms'1, the most frequent velocity class, Fig 4-4. Of these 

Oligochaeta, Tanypodinae and Tipulidae showed a decreasing maximum sample 

abundance which is coincident with a decrease in occurrence o f velocity, Fig 4-1. The 

totalled abundance of Hydroptila spp., Tanypodinae, Tipulidae and E. ignita were also 

significantly correlated with the frequency intervals, Table 4-2. Baetis rhodani, 

Hydroptila spp. and Ephemerella ignita appear to have a broader tolerance than the 

other three taxa, occurring in relatively high numbers up to 0.5ms'1 or 0.7ms'1 in the 

case of B. rhodani, Fig 4-4. The Orthocladiinae show maximum abundance in samples 

of higher velocity 0.3-0.4 ms'1. Of all the taxa, Ephemerella ignita and the Hydroptila 

spp. were the only taxa which have their maximal abundance correlated to frequency 

of velocity intervals.

Duneaton Water

The frequency distribution of velocity at the Duneaton Water was log-normal and 

similar to that at the R. Etive, Fig 4-5a, b. Few taxa exhibit the same pattern of 

maximum sample abundance coincident with the commonest velocity observed at the 

R. Etive. Only the maximum sample abundance of the Oligochaeta and Chironomidae 

showed a significant correlation with the frequency of velocity intervals, Fig 4-1. The 

totalled abundance of both these taxa were also significantly correlated with velocity 

intervals, as are those of the Tipulidae and Oulimnius troglodytes, Table 4-4.

The maximum for E. ignita was near 0.25 ms'1 (excluding the outlier at 0.7 ms'1) 

somewhat higher than at the R. Etive although it again exhibited a wide tolerance. 

Baetis sp. Ancylus fluviatilis, Hydropsyche sp. and Limnius volckmari all have a
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maximum abundance between 0.3 - 0.4 ms’1 which was higher than that at the most 

abundant velocities. L. volckmari also appeared to have a wide tolerance. The 

remaining taxon, Ecdyonurus spp. had its highest abundance at 0.2 ms’1.

Blane Water

The distribution of velocity is unimodal, skewed to the right and different from the 

other two rivers, Fig 4-6 a,b. The most abundant velocity here was higher than at the 

other two sites being between 0.2 and 0.4 ms'1. Here only Ecdyonurus spp. appeared 

to follow the distribution o f velocities but, like all other taxa at the site, its maximum 

sample abundance did not show a statistically significant correlation with frequency of 

velocity. Its totalled abundance was significantly correlated with depth intervals as was 

that of E. ignita, Oulimnius and Leuctra spp, Table 4-4.

The most frequent velocity interval was around 0.6 - 0.7 ms’1. The majority of the taxa 

appeared to have their maximum sample abundance at slightly higher velocities than 

this interval; included in this list are Elmis aenea, Glossoma boltoni, Leuctra spp., 

Oulimnius spp. Agapetus fuscipes, Ancylus fluviatilis and Baetis rhodani, Fig 4-6 a,b. 

L. volckmari had an even higher maximum sample abundance at 1.0 ms’1.

Cross site comparisons 

Taxa occurring at all sites 

E. ignita

At the Blane Water and the Duneaton Water, E. ignita occurred in high numbers in 

samples at all available velocities. At the R. Etive there was a sharp decrease in 

occurrence around 0.5 ms’1. . At the other two sites where it was more abundant, it 

occurs at higher velocities, 0.7 ms'1 in the Duneaton Water and 1 ms’1 in the Blane 

Water. The low abundance at these velocities in the R. Etive would appear to be a
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function of the very low abundance of E. igttita in the upland river as opposed to 

reflecting any particular velocity preference.

So although significant correlations between maximum sample abundance of E. ignita 

and velocity were recorded for the R. Etive data, the response to velocity should be 

viewed cautiously. The Blane Water had the widest range of velocities and high 

abundances of the animal and should give a truer reflection of the animals preferences. 

Here the totalled abundance of animals was only correlated with velocity intervals. 

Baetis spp.

At both the Duneaton and Blane the taxon showed maximum abundance in samples 

with velocities just higher (0.4 and 0.5 ms'1 respectively) than the most available 

velocities; 0.1-0.2 ms'1 and 0.2-0.4 ms'1 respectively. It was not correlated with 

velocity in any of the rivers.

Taxa occurring in the R. Etive and Duneaton Water

At both sites the Chironomidae showed a preference for low velocities although there 

is one outlier at 0.7 ms'1 at the Duneaton Water. At both sites, totalled abundance was 

significantly correlated with depth intervals as was sample maximum at the Duneaton 

Water. Abundance of Oligochaeta at both sites was low and decreased with increasing 

velocity in a linear manner. At the Duneaton Water it showed significant relationships 

with available velocity intervals. The Tipulidae exhibited a wide tolerance for all 

velocities encountered.

Taxa occurring in the Duneaton Water and Blane Water

Leuctra spp. occurred at high abundances across all velocities with the animal 

exhibiting a wider range in the Blane.
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River Etive

Of the three sites the R. Etive had the deepest sampling points extending down to 0.9 

m, Fig 4-7a,b. Unfortunately because species occurred at very low abundances at the 

site, with some exceptions (Hydroptila spp. and Chironomidae), caution must be 

exercised in interpreting taxon responses. The majority of taxa (7 o f 9) occurred in the 

highest numbers in samples which had the most frequently occurring depths, Fig 4-7 

a,b. These taxa also tend to decrease in number mirroring the decrease in the 

availability of depths. Taxa exhibiting this type of response include, Hydroptila, Baetis 

rhodani, the Oligochaeta, Orthocladiinae and the Tipulidae. The maximum sample 

abundance of Hydroptila and Orthocladiinae were significantly correlated with 

available depths (Fig 4-2) while the totalled abundance of B. rhodani, Orthocladiinae 

and Tipulidae were also significantly correlated, Table 4-4. Both the Tanypodinae and 

the Chironomidae appeared to exhibit a preference for depths (0.4 m) just slightly 

greater than the most abundant ones. Both taxa were present in low numbers and 

caution should be exercised in interpreting these results.

Duneaton Water

The range of depths in the Duneaton Water was more limited than in the R. Etive 

extending to 0.5 m, only Fig 4-8 a,b. All taxa followed the distribution of available 

depths occurring at maximum densities at samples which had the most frequent depths, 

of these Baetis spp., Limnius volckmari, Oulimnius troglodytes and the Tipulidae was 

the only taxon whose maximum sample abundance was significantly correlated with 

the frequency of depth classes Fig 4-2. However the totalled abundance of 

Chironomidae, E.ignita, the Oligochaeta, Oulimnius tuberculatus and the Tipulidae 

were correlated with available depths Table 4-4. Ancylus fluviatilis, Anabolia nervosa 

and Hydropsyche sp. were not statistically assessed as they were deemed to have too
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few occurrences. A. nervosa was the only taxon not to show a preference for deeper 

water, but, again this species occurred in low numbers so the result should be 

interpreted with caution.

Blane Water

Depth range at this site was even more limited than at the other two sites getting no 

deeper than 0.35 m, Fig 4-9a,b. The totalled abundance o f Ecdyonurus, E. Ignita, L. 

volckmari, Leuctra and Oulimnius were all significantly correlated with available 

depths, Table 4-4. The maximum abundance of few taxa follow the available depths 

directly in the manner of those at the Duneaton Water. The only taxa exhibiting this 

kind of response are Ecdyonurus spp., Elmis aenea and Oulimnius spp. Of these the 

maximum sample abundance of Oidimnius was the only one significantly correlated 

with depths, Fig 4-2.

The majority (7 of 10) of the other taxa did exhibit a similar response occurring in the 

greatest numbers in samples of depths between 0.15 - 0.20 m which are very common 

depths in this data set, but just higher than the most abundant depths of 0.05-0.1 m. 

Taxa exhibiting this kind of response include E. ignita, G. boltoni, L. volckmari, A. 

fuscipes, A. fluviatilis and B. rhodani. Of these, E. ignita showed a preference for the 

deeper sections. Leuctra is the only taxon to show a definite preference for the deeper 

sections reaching maximum numbers at 0.35 m.

Cross-site comparisons 

Taxa occurring at all sites

E. ignita sample abundance showed no significant relation to the frequency of depth 

intervals at any site, but its totalled abundance did at the Duneaton Water. In both the 

Duneaton Water and the R. Blane the animal appeared to follow the available depths
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although at the R. Etive it showed a preference for deeper water. Once again numbers 

in the R. Etive are low and were therefore not subject to statistical analysis.

Limnius spp. at the Duneaton Water its maximum sample abundance was correlated 

with depth intervals, but its totalled abundance was not. This situation was reversed at 

the Blane Water.

Baetis spp. sample maximum was correlated with depth intervals at the R. Etive and 

the Blane Water and totalled abundance was correlated with depth intervals at the R. 

Etive too.

Duneaton Water and the R. Etive

Only at the Duneaton Water did Oligochaeta totalled abundance correlate with depth. 

A similar response pattern occurs at the R.Etive but was not significant.

At both the R. Etive and the Duneaton Water the totalled abundance of Tipulidae was 

significantly correlated with depth. Maximum sample abundance was also correlated 

with depth at the Duneaton Water.
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4.3.6 Substrate 

River Etive

The distribution of substrate in the R. Etive was bimodal reflecting the high proportion 

of both fine substrates and, at the other end of the scale, boulders and bed rock, Fig 4- 

10a,b. Only the maximum sample abundance of Hydroptila spp. was significantly 

correlated with substrate intervals at this site, Fig 4-3. The highest abundances of other 

taxa are predominantly at the lower end of the substrate size scale. The Orthocladiinae 

were the only exception having two samples with relatively high abundances in 

samples dominated by larger substrate elements. The totalled abundance of none of the 

taxa present showed a significant correlation to substrate intervals.

Duneaton Water

Availability of substrate lengths decreased with increasing length of substrate elements, 

Fig 4-11 a,b. The maximum sample abundance of three taxa was correlated with the 

distribution of substrate intervals; Chironomidae, Oligochaeta and Tipulidae. For the 

last taxon the relationship was very strong, Fig 4-3. The other taxa show a range of 

responses; the maximum abundance of Leuctra spp. for example appeared to be 

inversely related to average substrate length, but this relationship was not significant. 

Oulimnius tuberculatus occurred predominantly in finer substrates while Baetis spp., 

Ancylus fluviatilis, Limnius volckmari, Ephemerella ignita and Hydropsyche larvae all 

appeared most abundant at around an average substrate length o f 100 to 120 mm. The 

totalled abundance of none of the taxa present showed a significant correlation to 

substrate intervals.

Blane Water

The distribution of substrate was unimodal and therefore different from that at the 

other two sites, Fig 4-12 a,b. The range of average substrate lengths was much less
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here reaching only 90 mm. A high proportion of the taxa exhibited unimodal type 

responses but only the maximum sample abundance of Leuctra spp., Limnius 

volckmari and Oulimnius spp. were significantly correlated with the availability of 

substrate intervals, Fig 4-3. These 3 taxa plus B. rhodani and E. ignita had their 

totalled abundance related to the distribution of substrate intervals, Fig 4-4.

4.4 Discussion

Despite the limited success of fitting Gaussian response curves to the data it is clear 

that many of the taxa exhibit unimodal or linear responses to the data. Where curve 

fitting was possible some of the taxa exhibited what appears to be bimodal 

distributions. This is likely to be a sampling artifact as the lower velocities and depths 

were sampled more frequently than the higher velocities / deeper depths, increasing the 

chances of animals being sampled there. Given that the higher velocities and deeper 

depths are less frequent and these taxa occur in relatively large numbers at these points 

suggests that these areas are actively sought out, e.g. it is likely that Oulmnius 

tuberculatus has a preference for faster waters.

When the taxa exhibit a maximum density in relation to a flow variable they frequently 

occur at lower densities at the same measure of that variable, i.e. in the Blane Water 

Limnius volckmari has a maximum density of 18 at a depth of 15 cm but it also occurs 

at a density of 1 at that depth. This factor would have reduced the correlation 

coefficients of the regressions.

As others have used alternative measures of abundance, including biomass (Makipaa 

1999) or even using presence/absence in combination with logit regression (Saetersdal 

& Birks 1997) for other groups suggest a certain flexibility in approach. I would 

therefore advocate the use of maximal or summed abundance values, depending on the 

question being asked, as possible alternative values.
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The responses o f individual species indicate a close correlation with the distribution of 

the environmental variables measured. What is clear from the results is that often when 

an animal is dependent on the distribution of the environmental variable its maximum 

sample abundance is too. This suggests that the taxon is either adapted to the ambient 

conditions at the time of sampling or there is a statistical relationship between the 

chance of getting a sample with a high number of individuals in it and the number of 

samples at a particular point along the environmental gradient. Given the dynamic 

nature of the variables measured, particularly velocity and depth it would seem 

unlikely that the animals are that specifically adapted to the ambient conditions at the 

time of sampling. That most of the taxa have a broad tolerance for depth and mean 

water column velocity would seem most likely. Given that some of the same taxa 

exhibit this kind of response at different sites to different variables over different 

sections of the gradient supports the case for a statistical artefact. This is particularly 

obvious at the R. Etive where abundance was low compared to the other sites. The 

maximum sample abundance of some taxa showed strong correlations to the 

distribution of velocity intervals. When compared to the other river where the species 

occurred (the Blane) it was clear that the animals were within their natural tolerance 

range and could reach much higher abundance.

It would seem advisable in future work to have a non-random sampling strategy and 

take equal numbers of samples along the environmental gradient in question. Where a 

stratified sampling regime has been used it was more successful at identifying 

microdistributions of Hydrobiosidae larvae than the results shown here (Collier et al. 

1995). The stratified sampling regime had been based on obtaining combinations o f 

velocity and depths in the range of 0.1 - 1.5 ms'1 and 0.1 - 1.5 m respectively, using 

five increments. Unfortunately some combinations o f velocity and depth were difficult
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to obtain leading to ‘over sampling’ of some combinations. This is a situation likely to 

occur in Scotland too. However, retaining the use of maximum sample values and 

relating them to intervals of the environmental gradient would help to control for any 

bias in the sampling.

This chapter is not meant to suggest that general survey work should not be carried or 

that it cannot be used to identify species-habitat relationships, rather that care should 

be taken in interpreting the results of such survey work in a quantitative manner, e.g. 

CCA analysis has the capacity to identify relationships between organisms and 

environmental variables even with this type of data. This is particularly the case for 

PHABSIM studies were the results can be used to control discharge from reservoirs. 

There is not only the chance that the incorrect ecological flows will be released but 

that by releasing too much water the reservoir managers will lose money; water is 

money.

One alternative option for survey work is to concentrate on a single or few species. 

This type of study can be very successful at identifying the spatial distribution of 

benthic invertebrates and related flow preferences (Cudney & Wallace 1980; Waringer 

1987).

4.5 Conclusions

• Data collected using Instream Flow Incremental Methodology on benthic 

invertebrates should not be used to model available hydraulic habitat.

• Structured sampling regimes need to be used if species flow preference curves are 

to be recorded correctly.
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Chapter 5; Flume experiments; entrainment velocities of benthic

invertebrates

5.1 Introduction

The expression of an animal's tolerance of an environmental variable as being bounded 

by a minimum, optimum and maximum is not only intrinsically satisfying but also 

useful in the field o f water quality management and restoration projects (Peeters & 

Gardeniers 1998). Water movement is a fundamental environmental variable in lotic 

systems and can be viewed as the main engineer of the system habitats (Petts et al. 

1995). Of the various aspects o f water movement velocity is the most temporally 

variable. The aim of the work reported in this chapter was to accurately measure the 

capacity of different invertebrates to resist entrainment. The point at which this occurs 

can be viewed as the animal’s upper tolerance limit for velocity.

Of the three measures, the upper tolerance was chosen as the most useful. Managers 

controlling regulated rivers frequently need to release water from dams for 

maintenance and water level control behind the dam wall. These releases presumably 

exceed the upper flow tolerances o f macrobenthos because they are known to cause 

considerable disturbance of community structure in the receiving channel (Dejalon & 

Sanchez 1994). The lower tolerances o f the animals are likely to be provided by the 

release of Q90 or Q95 flows, a SEPA requirement requested during the planning 

process for the discharge below dams in Scotland (Town and Countryside Act 1997). 

Determining the optimum velocity for stream benthos, although attractive, is difficult 

to measure in the field and artificial channels, particularly for the more mobile taxa.

The capacity of benthic invertebrates to withstand high velocities has repeatedly 

intrigued researchers. Some very early work had excellent observations on the 

importance of shape and behaviour of aquatic insects in withstanding entrainment



Flume experiments

(Dodds & Hisaw 1924; Dodds & Hisaw 1925). When the upper velocity tolerances of 

individuals were actually measured, variations in results between workers were 

considerable (Dittmar 1955; Dorier & Vaillant 1955) leading Hynes (1972) to observe 

that laboratory experiments were not particularly informative, probably due to the 

unnatural conditions to which the animals were exposed. There are probably many 

reasons for the inconsistencies observed, the most obvious being that the velocities 

measured were not recorded in front of the animals, but further up in the water column 

(Dittmar 1955; Dorier & Vaillant 1955). Other complicating factors include the fact 

that the animals were on different substrates. Neither of Dittmar’s studies reported the 

depth at which velocity measurements were made so it was impossible to calculate 

Reynolds number (which would have allowed more direct comparisons). Although 

some studies did calculate the force of water incident to the animals, the measurements 

were not taken from in front of the animals. To compound the difficulty with 

interpreting these results, some o f the experiments were carried out in circular flumes 

where vortex forces apply (Bournaud 1963). The accuracy of the results is therefore 

questionable.

An increased awareness of invertebrate drift stimulated large numbers of flume and 

field experiments which began to accumulate the lengthy list of factors which can 

influence drifting. Velocity and substrate are included among these factors 

(Ciborowski 1983; Holomuzki 1996). The majority of flume experiments avoided 

studying the responses of individuals looking at groups on animals instead, but did 

report on the importance o f density; drift does increase with density. (Borchardt & 

Statzner 1990; Ciborowski 1983; Ciborowski 1987)

Some experiments looked at drift under extreme flow conditions in flumes, but again 

the interest was not in individual capabilities (Lancaster 1992). Rather, the interest was
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in the importance of disturbance events. Whilst it was clear that both natural and 

human simulated spates had the capacity to cause animals to drift (Matthaei et al. 

1997; Matthaei et al. 1996), it was not until later that it could be shown that animals 

could avoid being washed out of the system by accumulating in refugia (Lancaster & 

Hildrew 1993 a). Both active movement and passive drifting were observed (Lancaster 

1999) which contributed to no net loss in animals from spate channels and control 

channels if refugia were present. This capacity helps to explain the exceptionally fast 

rates o f recolonisation that are observed post spates (Death 1996). The circumstantial 

evidence was mounting that animals were not only being entrained passively, but 

would actively enter the drift. Supporting evidence already existed since it had been 

shown that baetids drifted in response to the distribution of food resources within 

experimental areas in artificial channels (Kohler 1985).

An animal can choose where it is going but, by drifting, the animal would appear to 

forfeit control of its choice. This view is repeatedly seen in the work that does 

concentrate on individual animal responses to extreme flow conditions.

Laser Doppler Anemometry (Statzner & Holm 1982) proved that a laminar sub-layer 

would be too thin to afford protection to invertebrates from turbulent flow, which was 

contrary to the long held understanding that they could (Ambuhl 1959). It was 

necessary, in light of this discovery, to explain how animals resisted entrainment. 

Reviews prior to Statzner’s discovery concentrated on the anchoring equipment and 

streamlining of animals (Hynes 1972). Now the concept of drag was introduced 

(Statzner 1988). As Vogel (1994) states 'it is easy to define drag as the removal o f 

momentum from a moving body by an immersed body' but 'where in it does shape 

enter?'. Some animals are streamlined, others flattened, in attempts to reduce drag but 

it has been pointed out that such adaptations can have counter-intuitive implications
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i.e. flattening can cause positive rather than negative lift which has the potential to lift 

the animal off the substrate (Vogel 1994). As drag and lift are not the only factors 

affecting the animals it became clear that any animal shape is a compromise (Statzner 

& Holm 1989) and the need to acquire food also can conflict with the demand to 

reduce drag (Hart 1991). Even the different instars have different ideal drag-reducing 

shapes because they live at different Reynolds numbers (Statzner 1988). The need to 

compromise means that either structural anchors (claws or suckers) and muscle power 

must be used to avoid entrainment. Ecdyonurus can achieve negative lift as its legs act 

to produce a downward force, but it is likely that it must remain static to achieve this 

because any movement would mean altering the angle o f the legs presented to the on 

coming water (Weissenberger et al. 1991). Any movement from that location would 

require energy to be expended, unless the animal was to actively drift out of this 

position. The attachment mechanism of water pennies does allow movement across 

rocks exposed to high velocities with potentially limited effort, but this is likely to be a 

rather exceptional case as this taxon spends most o f its time on the underside of stones 

(McShaffrey & McCafferty 1987, Smith & Dartnall 1980).

A simple measure of the energy required to resist entrainment was calculated by 

subtracting the animals' passive resistance to drift (when dead) from its active (live) 

resistance (Waringer 1989b; Waringer 1993). This approach was not new: Walton 

(1978) had also compared dead and live animals. This was achieved by accurately 

measuring the animals’ frontal area exposed to oncoming flow and calculating the 

velocity to which it was exposed across this area at entrainment. The relative 

importance of the animals’ shape and muscle power were not assessed. However the 

results of the analysis did predict the distribution of some of the animals in the field 

(Bacher & Waringer 1996; Waringer 1989a). Waringer’s field data suggested
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Allogamus auricollis Pictet should never occur outwith areas where it could resist 

flow passively, although this was not the case for other Trichoptera. This suggested 

that the situation was complex and that apparently similar species could behave rather 

differently in real systems.

I decided to attempt this experimental approach. It not only gathers data on the upper 

velocity tolerance of the individual animal, but gives some idea of the energy it must 

expend to avoid entrainment. This is done by calculating the force exerted on the 

frontal area of the animal by the moving water. I wished to extend the observations to 

groups other than the Trichoptera. In reality, my success was limited for a number of  

reasons. The principal difficulty was in obtaining accurate measures of velocity 

incident to the frontal area of the experimental animals. However some potentially 

useful data were obtained, and are presented here.

The experiments presented here tried to repeat Waringer’s work, but use 

Ephemeroptera, Crustacea and Diptera, the aim being the same to determine the 

amount of effort the animals put into maintaining position and to find the highest 

velocity to which they are tolerant. The morphometric measurements were made on 

the animals, but are reported here for only one of the animals; Ecdyonurus because 

problems with the methodology prevented the study being extended to other species, 

(see section 5.2.1).

Due to difficulties measuring accurately the upper velocity tolerance limit, and the 

animals’ apparent ability to drift over a range of velocities, a different approach using 

logistic regression, was adopted to show the range of drifting velocities for the 

animals. This formed the second aim of the chapter. Logisitic regression shows, in 

graphical form, the probability of the animals drifting over a range of velocities, and
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was the method adopted here. The hypothesis being that with increased water velocity 

the chances of the animals becoming entrained increases.

So to conclude the real aim of this chapter is to present some results salvaged from 

attempts to replicate Waringer’s experiments. Morphometric relationships between 

head width and head frontal area are presented for Ecdyonurus. Observations on the 

behaviour of benthic invertebrates exposed to high water velocity made during the 

experiments are presented. Some data is presented on the phototrophic responses of 

the study animals (light was to be used as a non-invasive stimulus during the 

experiments). Finally logistic response curves of Gammarus pulex and Tipulidae to 

water velocity and the influence o f body weight on this response, for the Tipulidae.

5.2 Materials

5.2.1 Flumes

52.1.1 Waringer's Flume

A bench top flume designed and described by Waringer (1989b) was built but a 

number of difficulties were encountered in accurately calculating velocity. Firstly, it 

proved impossible to use conventional flow measuring techniques because water 

depth was limited to < 0.05 m in most areas. The flow measurement technique used by 

Waringer corrected surface velocity, measured with a piece o f floating polystyrene, to 

velocity deeper in the water column i.e. in front of the animals.

To use this method at higher velocities a video camera was mounted above the flume 

which recorded the movement of the polystyrene ball over a fixed distance marked on 

the flume floor. On play back, the number of frames could be counted and since the 

time length of each frame was already known, velocity could be calculated.
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To correct surface velocity to that occurring directly in front o f experimental animals 

Waringer used diagrams relating water depth to velocity in Dingman (1984), not the 

equations quoted in the paper (Waringer pers comm). These equations can only be 

applied if the Reynolds number (Re) for a point in the flume can be calculated and this 

is not possible from the data. Waringer calculated Re using the diagrams given by 

Dingman (1984). However one cannot apply these diagrams unless the Re is known: 

the argument seems uncomfortably circular. Secondly the diagrams can only be applied 

to areas of steady flow. Steady flow describes flow where velocity at a point is 

constant or varies in a predictable manner, all fluctuation in flow is at a molecular level 

(Walker 1995). Flow in the flume constructed at Glasgow proved to be unsteady, due 

to the creation of a hydraulic jump near the start of the channel. This led me to 

reappraise the flow-measuring techniques used above. Flow was also unsteady because 

the flume widens toward its end, so depth and velocity vary constantly. Alternative 

methods of measuring flow including the use of dyes did not prove successful. An 

alternative flume was required which had the capacity to produce velocities o f >1.5 

ms'1, and permit the use o f standard electromagnetic velocity meters Such a flume is 

described below.
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5.2.1.2 Rowardennan Flume

Most of the experiments were carried out in a narrow flume 0.1 m wide, (Figure 5-1). 

The water circulatory system is closed. Water was aerated by falling from the 

experimental channel into the main reservoir. This process was sufficient to keep the 

water saturated with oxygen during all operations; dissolved oxygen was measured 

using a field probe (Hanna Dissolved Oxygen meter 1997 model). The flume was 

housed in an unheated shed at the University field Station loch lomondside, under low 

light intensities, and at ambient temperature. Water was supplied from Loch Lomond 

(pumped from c. 10 m below the surface and 200 m from the shore). The water was 

untreated, but was filtered through a phytoplankton net before use. The operation of 

the pump could increase temperature by 1-2°C per hour and, when this occurred, the 

water was replaced.

Discharge to the experimental channel was produced by a pump working at 12 Is'1 and 

controlled by a gate valve. This allowed a very fast increase in discharge if required. 

The slope of the channel could be altered by adjusting its height. Flow was 

homogenised through a bed of marbles placed in the small reservoir. Depth in the 

channel was controlled by means o f 0.02 m high perspex blocks which could be slotted 

into the end. A zooplankton net was placed over the mouth of the main reservoir to 

collect any animals swept out of the channel during experiments.

5.2.2 Flow Structure in the Flume

Flow in the channel varied gradually along its length, which was too short for steady 

uniform flow to develop (i.e. flow was not full developed: the boundary layer did not 

extend to the surface, but only partially through the water column, e.g. to a depth of 3 

cm above the floor near the end of the flume). Estimation of velocity at different 

heights above the bed using velocity profiles required the identification of the height of
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the boundary layer. In the boundary layer, the log-normal relationship between 

velocity and depth applies and can be used to estimate velocity at different depths, i.e. 

in front of an animal. Above the boundary layer velocity, does not vary with depth so 

no estimation process is necessary.

To calculate the force o f water acting on the surface of the animals we can apply 

equation 6.32 from (Dingman 1984).

Where u is the velocity at depth y (See Appendix I for definitions of terms)

This equation applies to hydraulically smooth flow, as is the situation when contact is 

made with the substrate. It was developed for wide channels rather than the narrow 

flow and channel used in the present experiments. As a result, their assumptions for

This replaces Sf for S0, where S0 = Channel slope tangent.

Manning’s n was estimated as 0.01 for flume with Perspex sides.

Equation 6-33 in Dingman (1984) can be applied for rough flow but ks would have to 

be calculated.

v

calculating U* are not valid. Instead, U* in gradually varying flow is

n = Mannings n for the channel

Sf = Slope of the energy line

U' = -JgRSf
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Both equations 6-32, and 6-33 in Dingman (1984) are for fully-developed flow but can 

be applied to the case in question here since we are only interested in the region of  

developed flow at the bottom of the water column (D.A. Ervine, Glasgow University 

pers comm).

5.2.3 Animals

All o f the species used are common in Scotland and are sufficiently abundant in rivers 

to provide numbers for experimental analysis. The mayfly taxa Baetis rhodani and, 

Ecdyonurus, the dipteran Tipulidae, and two crustacean species Gammarus pulex, 

and Asellus aquaticus were all used. It was not possible to identify the Ecdyonurus 

larvae to species but they were either E. torrentis or E. dispar, both of which were 

present at the site. During some of the later work adults emerged: all were E. 

torrentis. The Tipulidae were all of one species as yet not identified as no keys are 

available to identify this larvae to species. Specimens have been retained and it is 

hoped to rear some larvae of the same species to adulthood this year. Keys do exist for 

identifying adults. All animals were collected from the Blane Water (site description, 

Chapter 2 Section 2). Animals were collected by a number of means, usually stones 

were turned over by hand and the animals allowed to float downstream into a pond 

net. Where animals remained on rocks they were gently removed either with the finger 

or an artist's paint brush to prevent damage to their cerci and other appendages. 

Animals were transported to the field station in containers of river water which were 

aerated using a portable air pump. On arrival, they were immediately transferred to 

communal tanks (0.3 x 0.2 x 0.15 m), one tank per taxon in the shed housing the 

experimental flume, which were also constantly aerated. Water was changed in the 

tanks every 2 -3 days. Animals were not fed during their captivity but none were kept 

longer than a week. Mortalities were infrequent.
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5.3 Methods

5.3.1 Weighing and Morphometric Measurements

Animals were removed from their holding tanks, carefully dried on absorbent paper 

then weighed. Subsequently they were observed under a binocular dissecting 

microscope and the head width measured using an eye piece micrometer. Animals 

were then transferred to individually numbered plastic cups and remained in the flume 

shed until they were used in the experiments. Tipulidae lasted in this type of 

confinement without any reduction in observable health for up to a week, Gammarus 

pulex and Baetis rhodani remained in good condition for approximately 4-5 days.

For Ecdyonurus, head width was related to the frontal area that would be exposed to 

the current. After measurements of head width had been made, the animals were then 

killed and mounted on to pieces o f card which were covered in nail varnish. Animals 

were posed on the card in a position assumed by Ecdynonurus when resisting 

entrainment, as observed by Weissenberger et al. (1991). Animals were placed facing a 

binocular microscope lens to which a video camera was attached which was, in turn, 

linked to a computer, Figure (5-2).
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To
computer

Figure 5-2, Measurement of Ecdyonurus frontal area. Binocular dissecting microscope. A, Cast 
iron right angle mount for specimens with built in spirit level; B Video camera linked to 
computer.

An image of the animal was recorded using a frame grabbing video card and then 

analysed using Sigma Plot software. The image of the animal was outlined by hand and 

then filled: the irregular filled area could then be measured using the computer
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program. Pixels. Counts were transformed into SI units using a calibration based on 

measurements taken with a slide micrometer.

5.3.2 Experimental design and Statistical Analysis

In all the experiments carried out, randomisation of treatment order and allocation of 

individuals to treatment was used to avoid any experimental bias. Hurlbert (1984) has 

suggested that randomisation procedures can inadvertently create patterns in the 

designation of experimental subjects to particular exposures thereby creating a bias 

that they were trying to avoid. After each randomisation procedure I checked to make 

sure no aggregations occurred. The main factor of concern was particular exposures 

aggregating at particular times of the day. All experiments were carried out in daylight 

hours and stopped before the onset o f dusk.

Phototaxis:

All experimental taxa were first screened to determine their response to light. During 

some of the experiments which follow, a quantifiable stimulus was given to the animals 

to move upstream. Light was the only stimulus which would not interfere with water 

velocity around the animal and could be applied to specific areas of the flume. To 

determine the animals’ responses under non-flowing conditions, the experimental 

channel was dammed at both ends and flooded to capacity. This exposure acted as a 

control for later experiments. A board was placed over the top of the flume, 0.3 m 

from its end and extended 0.5 m along the flume. Underneath this area the walls were 

blocked with card. A bench lamp with a 60 W bulb was then placed on top of the 

plank and shone toward the downstream end of the tank. This created a sharp border 

between the light and dark zones of the flume. As mentioned earlier, the flume hut had 

low background light levels. From groups of about twenty animals (depending on 

availability) individuals were placed singularly in the flume, on the border line and
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exposed for 3 minutes to moving water, or, in the case of the control, still water. 

Exposures were randomised as described above. Animals were placed parallel to the 

border line facing neither into the light nor the shade. Head width and weight of all 

animals was recorded. A non-parametric Mann Whitney U test was performed on the 

data for the B. rhodani groups responding preferentially to either light or shade. 

Statistical comparison between light and shade preferences under flowing water 

conditions were not performed. When exposed to running water the vast majority of 

the animals sought in the illuminated zone. Only a limited number of animals remained 

in the dark zone. It was clear that light was of secondary importance to remaining in 

the channel.

Rheotaxis and suimming

The initial aim of this work was not solely to observe the animals’ behavioural 

responses to high water flow rates, rather it was to measure the upper velocity 

tolerance of the various taxa. Animals were placed in the flume individually on the 

border between the light and dark areas with the channel flooded and the water still. 

They were allowed to settle for five minutes and then some of the barrier at the end of 

the experimental channel was carefully removed in sections to prevent any surging 

motion in the water upstream which would inadvertently entrain the animal. The 

pump was then started and the gate valve, which had been kept completely shut, was 

slowly opened which allowed water to begin flowing gently. Velocity was increased 

slowly over 3 to 4 minutes by opening the gate valve further. When required, the 

experimental channel was also angled upward to increase velocity. This was necessary 

only in exceptional cases to achieve velocities over 1.2 ms'1 for ecdyonurids. When the 

animal became entrained it was recovered from the end of the flume and, at the point 

where entrainment occurred a velocity profile was measured at 10 positions through
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the water column, by taking 15s averages at each point. It soon became clear that the 

animals had an impressive capacity to find areas o f the flume where velocity was low 

(near the walls) as refuges and that these locations were also inaccessible to the 

velocity meter. They also showed a willingness to drift over a range of velocities and 

appeared unwilling to expend energy withstanding entrainment. For this reason it was 

felt that measuring an upper velocity tolerance limit in this manner was not informative 

and only the animals’ behavioural responses are reported.

Logistic response curves

The previous experiment determined the range of velocities at which the different taxa 

normally drifted and this allowed a new experiment to be designed which 

concentrated on determining the probability of animals drifting at different velocities. 

The velocity range of animals had been determined in the previous experiment. From 

the range a number of velocity ‘exposures’ were chosen (see Table 5-1). Animals were 

collected, weighed and measured as described above. They were then assigned to each 

exposure in a random manner, 5 animals to each exposure. Each animal was treated to 

its velocity exposure individually for a period of 3 minutes and then its behaviour was 

scored using the list of behavioural categories presented in Table 5-2. The order in 

which each exposure was made was completely randomised.

Frontal area to head width

To predict the frontal area of Ecdyonurus exposed to flow from its head width a 

simple linear model was used. Animals were chosen to cover the maximum range of 

head widths available.
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Table 5-1 The velocity to which the three taxa were exposed.

Taxa Number of exposures Exposures ms'1

Tipulidae 7 0, 0.04, 0.06, 0.08, 0.1,0.12

Gammarus pulex 5 0, 0.10, 0.15, 0.20, 0.30

Baetis rhodani 4 0, 0.3, 0.5, 1.10

Table 5-2, Definitions of behaviour scored during exposures to velocity. Given in Table 5-1.

Behaviour Definition

Entrained Any movement downstream
Resisting flow Struggling to remain in situ or moving to flume edge
Active Moving upstream or lateral movement without any downstream

movement
Inactive Remaining still

Effect o f weight on entrainment o f Tipulidae

Animals were collected in the field as previously described. Animals were ranked in 

order of their weight. Of these, 30 animals were chosen covering the range of weights 

available. This equated to 1 individual representing every 0.01 g increment in weight. 

Each individual was exposed in a similar manner to a series of velocities: 0.04, 0.06, 

0.07, 0.08, 0.10, and 0.12 ms'1. The order in which the animals were selected for the 

experiments was randomised and the order an individual was exposed to the velocity 

intervals was also randomised. Animals would frequently become entrained at 

velocities below their upper velocity tolerance. The lowest and highest velocity at 

which an animal was entrained were recorded to take account of this behaviour.
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5.4 Results

5.4.1 Head width to frontal area ratios

There was a positive significant relationship between head width squared and frontal 

area of Ecdyonurus (p < 0.0001, F (1, 73) = 144.5, R2adj =0.65). Although the 

relationship was significant, there was fairly substantial degree o f individual variation. 

Frontal area = - 0.40 + 0.409(Head width)2.
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Figure 5-3, The relationship between head width and frontal area of Ecdyonurus.

5.4.2 Phototaxis

All the taxa tested except Baetis rhodani showed a strong preference for the shaded 

area, Table 5-3. The almost 50-50 response to either light or shade would indicate that 

Baetis rhodani has no preference. There was no significant difference in the weights of 

B. rhodani individuals which preferred shade to those that preferred light.

When the animals were exposed to the same conditions with moving water they all 

initially moved upstream into the shaded zone, including B. rhodani. However as 

velocity increased, they moved into the lit zone where they would still resist 

entrainment.
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Table 5-3, Percentage of animals preferring the shaded area over the lit area.

Taxa
Ecdyonurus Baetis

rhodani
Gammarus

pulex
Asellus

aquaticus
Tipulidae

Mean 
Weight g

0.015 0.005 0.045 0.011 0.191

Standard
deviation

0.009 0.003 0.062 0.006 0.088

n 20 19 20 20 20
Shade 

% of animals
90 52 95 85 80

5.4.3 Rheotaxis and swimming

Ecdyonurus

This species, like B. rhodani, swam in short bursts . The length o f the bursts decreased 

with increasing velocity (personal observation only). It remained close to the substrate 

for the majority of the time but on occasion would swim further up into the water 

column. When velocity increased B. rhodani would either enter the drift or, if the 

water velocity was not sufficient to wash the animal out of the experimental channel, it 

would frequently alight on the floor and then enter the drift again. There was a marked 

decrease in an individual’s upper velocity tolerance with repeated exposure making it 

impossible to use the same animal for two consecutive runs. This was only attempted 

if there had been a problem during the first run. On a number of occasions individuals 

would resist entrainment until the velocity was very high >1.5 m s1. When this 

occurred they assumed a flattened position with their body pressed closely to the floor. 

This posture was taken up as velocity increased although only infrequently did the 

animals persevere until velocities were very high (>1.5 ms'1). On other occasions the 

animals would move to the flume edge as velocity increased, presumably gaining 

advantage from the reduced water velocity at these locations.
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Baetis rhodani

When moving upstream or downstream, the animal swam in bursts coming back down 

onto the floor periodically. Above a certain velocity the animal would not swim 

downstream: instead it appeared to drift. After leaving the substrate it would move up 

through the water column rather than drift near the floor. It was not clear whether this 

action was voluntary or passive. Once in the water column the animal assumed a 

posture where its abdomen was arched upward and its cerci aimed forward over its 

head. After travelling in this manner the animal would float down through the water 

column and grasp the floor with its claws. If the animal had not travelled far enough 

(assuming the animal is making the decision about what distance to travel), while still 

suspended it would flick its abdomen when descending which stopped the descent and 

allowed further travel downstream. Some individuals would also move to the side of 

the flume where they could resist entrainment more easily. It was clear that an 

individual would choose whether or not to enter the drift, although there was always a 

point at which velocity was sufficiently high that they could no longer remain in 

contact with the substratum.

Gammarus pitlex

Like the previous two taxa, this species showed a range of responses to high 

velocities. Unlike the other taxa, G. pulex would quickly move upstream once 

introduced into the flume. It also differed in its use of the whole water column while 

swimming, something only B. rhodani did as frequently. As velocity increased G. 

pidex would either get washed out of the experimental channel or alternatively would 

move down onto the flume floor. There it would hold on with its frontal appendages, 

from either thoracic or head sections, while facing upstream. This animal would 

frequently tilt its body upwards to the rear, from its point of anchorage, at an angle of

152



Flume experiments

as much as 45° or more. Depending on the individual and the exposure velocity, three 

related responses were observed. Firstly individuals would release their hold and drift 

downstream (after moving up into the water column), alternatively they would release 

and move downstream pushed by the flow, but would remain close to the floor and 

periodically re-attach and then get swept down again, sometimes simultaneously 

moving to the flume wall. Their capacity to perform this action was extraordinary; they 

could on occasion move at right angles to the direction o f flow, although more 

normally there was some downstream drift involved also. This movement at right 

angles could occur even at quite high velocities.

Asellus aquaticus

Animal availability in the wild decreased shortly after the initial phototaxtic test and no 

behavioural observations could be made in running water.

Tipulidae

When moving upstream or against the current, the animals appeared to bite the 

substrate with their mandibles and while so anchored would draw their abdomen 

further forward. This activity was accompanied by moving the head from side to side. 

If the current proved too strong the animal would release its grip and roll downstream 

angling its body so it ended up at the flume wall. This process was completed in stages 

with the animal holding on, reorienting, and then releasing until it reached its 

destination. Once it reached the flume wall it expanded its body into the comer 

between floor and wall. Here velocity was not measurable, but was noticeably less 

than in the centre of the channel.

The increase in discharge necessary to dislodge a tipulid from this refuge was 

substantial. If the water velocity was too fast and the animal could not reach the flume 

edge it would release its grip and drift downstream, usually rolling over the flume
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bottom. Like the other taxa, Tipulidae that were repeatedly placed in the flume 

showed an increased readiness to drift and the velocity at which they drifted decreased 

over the duration of the experiment. One individual appeared to attach by means of 

silk thread, to the flume floor during high flow. This left the animal floating above the 

substrate (circa 1 cm) and gave it the capacity to remain in position at much higher 

velocities than other Tipulidae. Some Tipulidae do spin silk from labial glands 

although this capacity is limited to the aquatic and semi-aquatic forms, (G. Hancock, 

Glasgow University pers comm.).

5.4.4 Entrainment logistic curves 

Tipulidae

There was no significant difference in the mean weight of the groups assigned to each 

velocity (ANOVA), see Table 5-4 and Figure 5-4. The change from active behaviour 

to either resistance to entrainment or to be actually entrained, occurred over a short 

velocity range (Figure 5-5). Few animals showed resistance behaviour and all were 

entrained when water velocity had reached 0.12 ms'1.

Table 5-4 Tipulidae mean and standard deviation of weight for each experimental exposure to
velocity, n = 5.

Exposure
ms’1

0 0.04 0.06 0.08 0.1 0.12

Mean g 0.230 0.202 0.152 0.189 0.160 0.221
Standard
deviation

0.089 0.080 0.030 0.092 0.051 0.070
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Figure 5-4, Weight distribution of Tipulidae used in logistic regression experiments.
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Figure 5-6, Weight distribution of Gammaruspulex used in logistic regression experiments.

Velocity m
Figure 5-7, Logistic regression analysis of Gammarus pulex  behaviour showing the probability of 
the animal exhibiting either resistance to entrainment or the animal actually being entrained. 
Equation of the line is y = exp(-5.12 +(45.6)*x)/(l+exp(-5.12 +(45.6 )*x)), Chi - square = 20.58
,p<0.0001.

Gammants pulex

T here  w as no significant difference in the w eights o f  anim als assigned to  each 

exposu re  (A N O V A ), see Table 5-5 and Figure 5-6. The range o f  responses to  velocity 

w as g rea te r for G. pulex  than for the T ipulidae, F igure 5-7
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Table 5-5, Gammarus pulex mean and standard deviation of weight for each experimental 
exposure to velocity.

Exposure ms'1 0 0.1 0.15. 0.2 0.3

n 5 4 5 5 4
Mean g 0.027 0.029 0.023 0.027 0.027

Standard deviation 0.013 0.018 0.007 0.012 0.012

5.4.5 Effect o f weight on entrainment o f Tipulidae

All animals were entrained in a short band of velocities. There were significant positive 

correlations between weight and the lowest and highest velocity at which animals 

became entrained. One o f the individuals used was very large (0.763 g) and considered 

an outlier. Removal of the outlier did not affect the significance of the relationship 

between velocity and the lower velocity o f entrainment. The relationship between the 

highest velocity of entrainment and velocity did become non-significant on its removal.
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Figure 5-8, The lowest velocity of entrainment exhibited by the Tipulidae against body weight. 
Spearman rank correlation, R = 0.56, p<0.005, n= 29. Equation of the line; y = 0.052+0.044*x.
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Spearman rank correlation, R = 0.40, p<0.05, n= 29. Equation of the line; y = 0.06+0.053*x.

5.5 Discussion

The observed responses of the benthic invertebrates are consistent with the hypothesis 

that animals frequently choose to enter the drift. Similar behaviour to that observed 

here has been interpreted as a reluctance to drift (Lancaster 1999) and this is not 

contradicted, rather it is suggested that a choice is being made and that the animals can 

become more willing to enter the drift if stressed. In none of the exposures made 

during the present study were the animals given any refugia. Their capacity to find the 

edge of the flume where velocity was low, highlights a highly developed rheosensory 

capability, across all taxa examined. This capacity together with the ability to alter the 

length of drift - by either rolling (tipulids) or flicking the body (Baetis rhodani) up 

into the water column - may help explain the capacity of invertebrates to choose 

substrate type directly from drifting (Walton Jr 1978).

The negative phototactic response of all subject animals, excluding B. rhodani 

supports the use of substrate as shelter. Where the river is not shaded by vegetation 

the substratum is the only place which is dark. By seeking such a location
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macroinvertebrates are choosing an area in which is presumably difficult for visual 

predators to operate. Areas which are dark are likely to be deep in the substrate matrix 

and should have lower shear stresses than substrate elements close to the bed surface, 

however the hyporheic refuge theory has only been supported in part by field 

experiments (Palmer et al. 1993b) but the question here is more concerned with 

animals sheltering not from serious floods but from ‘normal’ flow conditions. Animals 

in the substratum would require less energy to maintain position.

However both G. pulex and E. ignita have been shown to use woody debris as shelter 

when velocity is increased, although G. pulex made more efficient use of the refuge 

(Borchardt 1993). Although no light measurements were reported from amongst the 

woody debris it is clear from their size that they would have had some shaded areas. 

From the evidence presented here it is possible that the two stimuli, both light and 

current could work in concert or independently. Further work which identifies which 

stimulus is dominant would give a possible insight into the relative importance of  

predator avoidance versus entrainment.

That no response to light was observed in B. rhodani also fits with our knowledge of 

the animal as a good swimmer and suggests that it is more flexible in its response to 

negative stimuli than the other taxa, e.g. predators. The situation is not simple though 

as both B. rhodani and heptageniids nymphs are known to seek shelter among the 

substrata; in this case it was suggested that they are avoiding predators (Huhta et al. 

1995). Baetis species are known to show strong diel periodicity in drifting (Poff & 

Ward 1991; Tikkanen et al. 1994), but it is not clear if this is regulated by light levels 

or circadian rhythms. In this instance, if B. rhodani was shown to drift at night, the 

lack of preference for light or dark conditions would be indirect evidence for an 

internal clock. As drifting in Baetis can be very seasonal and local drift records are few
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so no direct conclusions on this subject can be made (Rincon & LobonCervia 1997), 

but the possibility for future work exists. 1

The Tipulidae occur at higher velocities in the field than those at which they were 

entrained in the flume (see Chapter 4 Section 4.3). This could be for two reasons. 

Firstly the flume substrate afforded less grip than the substratum in the field, or, 

second, the animal remains below the surface of the river bed for the majority o f the 

time. As the tipulids could withstand only very low velocities, lower than those 

expected near the river bed, they must avoid the substratum surface. This highlights 

the fact that these organisms are exploiting the habitat in very different ways and 

suggests that niche differentiation is occurring along these physical gradients.

The increased ability of larger Tipulidae to withstand entrainment is a situation 

observed in other taxa. For some Trichoptera it has been suggested, that because of 

this relationship the chances o f accidental dislodgement decrease with size (Otto 

1976). That the surface area to volume ratio of a small object is much greater than 

that of a similarly shaped large object is often quoted in texts on thermo-regulation. It 

is well established that the surface area to volume ratio of a small object is much 

greater than that o f a similar shaped large object (Schmidt-Nielson 1990). If we 

assume that weight will increase in a linear manner with increasing volume, ignoring 

for the moment the stepped size increases exhibited by insect instars, then the ratio of 

frontal area to weight o f a small tipulid will be relatively greater than that of a larger 

specimen. Therefore, there would be relatively less force exerted on a larger animal 

per unit weight. In theory, therefore, a larger animal would need to expend less energy 

to withstand entrainment. This should be applicable to other taxa also: the only limit

1 Some 24 hr drift samples were taken from the Blane Water but the sample size was small and the 
results inconclusive. Directly upstream of the drift nets was a very large population of Hydropsyche
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would be the individual's height increase. As the animal’s height increases it could 

project too high into the boundary layer subjecting the animal to relatively higher 

velocities. This would be dependent on the increase in velocity with depth which, in 

shallow riffles, can be steep. This would provide one explanation for the ability of 

large tipulids to withstand higher velocities since the relative increase in volume 

equates to increased muscle. Whether resistance is a physical act or passive inertia 

needs to be clarified. From the observations of the animals’ behaviour it seems likely 

to be a combination of both.

The velocities at which the Tipulidae and G. pulex drifted will have been influenced by 

the substrate in the flume bottom. It seems likely that this type of work will increase 

where it is necessary to get exact measurements of the flow preferences of 

invertebrates. It would appear likely, therefore, that further studies of this type are 

required during which exact measurements of the flow preferences of different species 

of invertebrates could be made. Standard substrates would be used to allow 

comparisons with both field conditions and other experimental studies.

Giller & Malmquist (1998) have suggested that a pluralist approach to understanding 

community structure is necessary; it is no longer sufficient to only argue about the 

relative importance of biotic versus abiotic factors. Drift by benthic invertebrates 

appears to be a general response to both types of factors (Brittain & Eikeland 1988; 

Collier & Wakelin 1992; Kratz 1996). The data presented in this chapter add weight to 

the argument that individuals actively choose to drift and that this response is plastic at 

the level of the individual. Individual plasticity is therefore a useful measure of the 

relative importance of the various factors affecting community structure.

  ---------------------
larvae which could also have significantly altered the composition of the drift (Georgian & Thorp 
1992).
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The process of drifting is likely to reduce the fitness of the animal. By this I mean the 

actual drift itself not the process which is actually beneficial e.g. drifting from one food 

patch to another is consuming time which could be spent feeding, but the process may 

be necessary if food is to be found at all (Kohler 1985). So if the drifting behaviour of 

an animal is altered its fitness, as measured by fecundity, is likely to be altered too.

5.6 Conclusions

• Negative phototactic responses o f benthic invertebrates agree with their known use 

of substrate as a shelter.

• Benthic invertebrates have strong rheosensory responses.

• Entrance into the drift is a matter o f choice below certain upper velocity limits. 

These limits are species-specific.

• There is a positive relationship between body size and the capacity of a tipulid 

larvae to withstand entrainment.
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Chapter 6: Invertebrate hydraulic microhabitat and community structure in 
Callitriche stagnalis Scop, patches

6.1 Introduction

When macrophytes are included in rehabilitation schemes for channelled rivers they 

can potentially provide a diverse habitat for invertebrates by interacting with local flow 

conditions (Marshall & Westlake 1990; Newbury & Gaboury 1993). For practical 

management purposes it is useful to know how much additional invertebrate diversity 

and biomass may be supported by utilising macrophytes as part of an individual river 

rehabilitation scheme, under specific flow conditions. I use the term diversity of 

invertebrates to encompass taxon richness, abundance and evenness (the relative 

number o f individuals o f each taxa). Previous work e.g. (Gregg & Rose 1982) has 

demonstrated the extent to which macrophytes can alter the stream flow 

microenvironment. Large-scale studies (e.g. Jenkins et al. 1984; Ormerod 1988) have 

demonstrated how this increased habitat diversity in turn influences the occurrence of 

invertebrate assemblages in vegetated and unvegetated parts of the river environment. 

Sand-Jensen & Mebus (1996) showed that a range of flow conditions were present in 

patches of the submerged macrophyte Callitriche cophocarpa. Other studies (Wright

1992); Jeppesen et al. (1984) found that invertebrate communities present in 

macrophyte patches (including Callitriche) could differ substantially from those 

occurring in unvegetated patches of river bed, having higher taxon richness, numerical 

abundance and specifically high numbers of Chironomidae and Simuliidae. Woody 

debris has been show to have increased species richness if its complexity is increased in 

streams, suggesting increased habitat complexity as the mechanism behind high species 

richness and abundance in plant patches too (O'Connor 1991).
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The Blane Water is a small unregulated stream which supports a Callitriche- 

dominated macrophyte flora typical of many small British rivers in which rehabilitation 

schemes are being considered or implemented. The relationship between flow 

conditions and invertebrate community structure within different parts of submerged 

beds of Callitriche stagnalis Scop., and in adjacent unvegetated patches of river 

substrate in the Blane Water was investigated. The results are considered in relation to 

the value added to river rehabilitation schemes by the inclusion of macrophytes, in 

terms o f increased invertebrate diversity support capacity.

The aims of the chapter are to show that different sections of Callitriche instagnalis 

support different assemblages o f benthic invertebrates and that this may in part be 

related to the flow conditions in and around the plants. Specifically that the outside of 

the plants is an extreme environment for benthic invertebrate suitable for a limited 

number of specialist taxa only.

6.2 Methods

6.2.1 Source o f Plants

Plants and substrate were collected from riffle sections o f the Blane Water, a gravel 

bed river, at Blane Bridge (UK National Grid reference NS507852) in Scotland during 

June 1998. The site is down stream from a trout fishery and is classified as organically 

enriched by the Scottish Environmental Protection Agency, although water quality is 

classified as high (Doughty & Maitland 1994). The only noticeable effects of 

enrichment are higher numbers o f chironomids and annelids than would otherwise be 

expected. Channel width in the sampling area ranged from 8-13 m, depth from 7-22 

cm and velocity from 0 to 0.35 ms'1.
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6.2.2 Measurements

Ten Callitriche stagnalis stands were chosen at random within a c.100 m stretch of  

river. Water velocity and depth were measured in front, above, in the middle and at the 

bottom of each stand using an electromagnetic velocity meter (SENSA). At the mid 

channel side of each plant, velocity and depth were measured and substrate type was 

visually estimated (% scale) using the following particle size scale: sand (0.06 mm-2 

mm nominal diameter), fine gravel (2-10 mm), gravel (10-64 mm) and cobble (64-256 

mm). A reference scale was carried in the field to confirm particle size when necessary. 

Mean water column velocity measurements taken outwith the stands were measured at 

0.4 depth from the river bed (Smith 1975) as 50 second averages.

The total area of bed occupied by each stand was estimated using a quadrat with 25 

cm2 squares. Invertebrate samples were taken separately from the outer, middle and 

root sections of the plants by placing a net downstream and trimming the desired 

section of the stand with scissors and letting it float into the net. Sections were defined 

using stand length and depth as follows; outer = outer 20%, mid = all other material 

above substrate, root = material within the bed. When removing the roots all the 

substrate which had been underneath the stand was disturbed and the invertebrates 

collected into the net placed downstream. A Surber sample was then taken from the 

mid channel point where substrate type had been assessed, 10 surber samples in total. I 

estimated the near bed velocities at the Surber samples by using values which were 

10% of those at 0.4 depth from bed, as suggested by Carling (1992).These samples, 

and the sections of stands, were immediately placed in 70% alcohol to preserve the 

invertebrates. All samples were sorted on white trays and animals identified to the 

following taxonomic levels: Annelida to subclass; Diptera to family or genus and all
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other taxa to genus or species. Other studies show larvae and adults of Coleoptera 

have differing hydraulic habitat preferences (Degani et al. 1993) and so are treated 

separately here.

6.2.3 Data manipulation

To compare densities of invertebrates between stand sections, abundance values were 

standardised to estimated wet weight of stands. Because of the necessity of 

immediately preserving invertebrate samples in alcohol, in the field, the plant material 

in the samples could only be weighed after a storage period in 70% alcohol. It was 

necessary to see if samples o f different weights were affected equally. The relationship 

between dry weight post storage with wet weight prior to storage was linear for log- 

log data as determined by regressing the wet weight of 24 control stand samples 

against their dry weight.

LnWet weight = 2.59+0.92(Ln Dry weight), (R2 = 0.978)

This equation was used to transform dry weight values to wet weight for the 

experimental plants.

6.2.4 Statistical analysis

Where direct comparisons between samples were made the Wilcoxon Matched-Pairs 

Signed-Ranks Test was used, which allows comparison between related samples 

(Sidney 1956). As either different sections of stands are compared or stands and 

adjacent sections of substrate (Surber samples) it was considered that they represented 

related, non-independent samples and that this test was the most applicable. Benthic 

invertebrates can have clumped distributions and it is possible that this could occur 

around some of the Callitriche stands; see Elliot (1977) for a comprehensive 

assessment of the possible spatial dispersions of benthic invertebrates. It was believed
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this could further influence the relatedness of spatially close samples and enhanced the 

applicability of the Wilcoxon Matched-Pairs Signed-Ranks Test
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6.3 Results

6.3.1 Taxa abundance and richness compared between plant and surber samples 

Although composed of many individual plant fronds, all stands had a similar growth 

form, being wider at the upstream end and tapering downstream, similar to a classic 

streamlined strut as described by Vogel (1994) but wider at the upstream end and 

generally more ragged. The area of stream bed occupied by stands was on average 

467cm2 (s.d.+/- 290cm2). Substrate in the Surber samples was dominated by gravel (% 

composition of gravel always >90%). The substrate underneath the Callitriche 

stagnalis stands was mainly sand (% composition of sand always > 80%). Callitriche 

stands had higher, and significantly different total taxa abundance (no. o f individuals of 

all taxa) and taxa richness than neighbouring substrate samples (Wilcoxon Matched- 

Pairs test p<0.01, N=10. Values standardised for sample area: the area of bed 

occupied by each stand. P value is for both cases, see Table 6-1 for abundance and 

richness data per sample). A list of taxa occurring in the Surber samples and plant 

stands is given in Table 6-2 with abundance (no. o f individuals per sample) and 

frequency of occurrence (no. of samples a taxon occurs in).

6.3.2 Taxa abundance and richness compared between plant sections

Taxa richness was significantly different between outer and root sections of the stands. 

From the box plot in Figure 6-1 it is clear that the outer section supports the lowest 

taxa richness. Total taxon abundance was significantly different between outer and 

mid sections and outer and root sections. The box plot shows that the outer section of 

the stand supported the greatest abundance, see Figure 6-2, Table 6-1 for abundance 

and richness data per sample.
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Invertebrate community structure in Callitriche stagnalis patches

6.3.3 Community structure

Samples taken from the outer, mid and root sections of the stands and surber samples 

were separated by Detrended Correspondence Analysis (DCA) (Jongman et al. 1987) 

using their macroinvertebrate communities, see Figure 6-3. Root section and Surber 

samples were not separated by the DCA, but 3 species did show a preference for the 

Surber samples over the root sections, see Table 6-3.

Table 6-3. Taxa with a significant preference for Surber samples over root sections 
(Wilcoxon matched pairs test, N = 10).

Taxon z P
value

Baetis rhodani 2.80 0.01
Rhyacophila 2.20 0.05
Limnius
volckmari

2.20 0.05

_ i_  Min-Max 
1 I 25%-75%

OUTER MID ROOT D Median value

Figure 6-1 Number of invertebrate taxa no./g fresh weight. Outer was 
significantly different from root, Wilcoxon Matched-Pairs test: p<0.05, n=10. 
Values standardised for section weight.
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H I  Min-Max 
d j  25%-75%

OUTER MID ROOT D Median value

Figure 6-2 Relative abundance of invertebrates no./g fresh weight. Outer was 
significantly different from mid and root, Wilcoxon Matched-Pairs test: p<0.05, 
n=10. Values standardised for section weight.

To standardise between Surber and stand samples, sample area was used, but section 

weight was not taken into account. Other analyse showed that the same separation 

occurred if section weight was also used but separation of sites was not so clear. 

Samples from the outer section were most dissimilar to the Surber sample, the root 

section was most similar. The outer section was dominated by the filter feeding 

Simuliidae while in all other plant sections Ephemerella ignita dominates. In the 

Surber samples Baetis rhodani was the most abundant invertebrate. Community 

structure also differed between sections, see Figure 6-4. All three stand sections 

supported invertebrate communities which followed the broken stick model (Gray 

1987). The outer section, which is exposed to the highest velocities, was the least 

equitable with the steepest gradient at the start and is the closest to a geometric series. 

Such a series is found in communities poor in species at the earliest successional stage 

after colonisation or when exposed to extreme conditions (Gray 1987). The middle 

section is more equitable and the root section is the most equitable having the largest
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Figure 6-3 Detrended Correspondence Analysis Site by species biplot, 
(eigenvalues: axis 1 = 0.6, axis 2 = 0.136) Plant section and Surber symbols: 
Outer +, Mid ■ , Root 0 and Surber O. The location of each taxa is marked with 
♦  and a taxa code. Taxa codes: Caenis rivulorum (caeriv), Baetis rhodani 
(baerho), Ephemerella ignita (ephign), Ecdyonurus (ecd), Hydropsyche siltalai 
(hydsil), Athripsodes (ath), Brachycentrus subnubilus (brasub), Rhyacophila sp. 
(rhy), Glossosoma boltoni (globol), Asellus aquatic us (aseaqu), Gammarus pulex 
(gampul), Ancylus fluviatilis (ancflu), Pisidium sp. (psi), Limnius volckmari larva 
(limvla), Limnius volckmari adult (limvad), Elmis aenea larva (elmaen), Elmis 
aenea adult (elmad), Oulimnius tuberculatus adult (oultuad), Oulimnius 
tuberculatus larva (oultula), Esolus parat/e/pipedus (esopar), Leuctra fusca group 
(leufus), Tipulinae (tip), Limoniinae (lim), Simulidae (sim), Chironomidae (chi), 
Hirudidae (hir), Oligochaeta (oli).
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number of species which share the resource more evenly, in terms of producing 

individuals.

6.3.4 Prevalent flow conditions

It is suggested that stand structure and velocity combine to create a range of stability 

conditions, forming a series o f microhabitats, in, on and outwith the plant beds. 

Velocity was significantly different and noted to be lower over the top of the stands 

than directly in front o f the stands or in the adjacent Surber samples (Wilcoxon 

Matched Pairs p<0.05, n = 10). It is suggested that the shape of the stand is deflecting 

water to either side and creating flow conditions which are similar to sheet flow over 

the top of the stand; that is turbulent but uniform in direction o f flow. The velocity at 

the top of the stand (0.25 ms'1) was higher and significantly different (Wilcoxon 

Matched Pairs p<0.05, n= 6) than that in the middle (0.046 ms'1) but velocity at the 

bottom (0.040m/s) of the stand was not significantly different from that in the middle. 

The near bed velocities at the Surber sample points (0.042 ms'1), (estimated by 

adjusting velocity measured at 0 .4 of depth from the bed) are not significantly different 

to those found in the mid and root sections of the stand. Estimates o f near bed velocity 

over substrate were an order of magnitude lower than those measured on the outside 

of the plant stands. An estimate of the required velocity at 0.4 of depth above 

substrate flowing over unvegetated substrate that would produce a near bed velocity 

similar to the velocity experienced by the outer section of the stands would equate to 

2.5ms'1, or near spate condition, see Figure 6-5. This figure was derived from using 

Carling's (1992) estimate procedure in reverse starting with the flow over the outer 

section of the stands (0.25 m/s).
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6.4 Discussion

The presence of Callitriche stagnalis stands in the Blane Water increases the diversity 

of invertebrate habitat within the river. Taxa which occurred in the plant stands also 

occurred on the substrate, but some were present in higher numbers, on and within 

macrophyte beds. The stands extend the available substrate for invertebrate 

colonisation up through the water column, providing a continuum of conditions from
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high to low velocity. Adjacent benthic substrate does not provide the high velocities 

present on the outside of the plant stand in a sustained manner, that is only under near 

spate conditions would these high velocities be achieved. In addition the external 

surface of the stands greatly increases the area of high-flow substrate available for 

colonisation by invertebrates adapted to high flow conditions, especially Simuliidae 

(Hart & Latta 1986). Their habitat requirements include the need for fast flowing 

water through their labral fans but they avoid areas o f maximum shear stress (Craig & 

Chance 1981; Lacoursiere 1991) and it is likely that the correct complex of hydraulic 

conditions are available on the surface of the plants.

Although taxon richness and abundance were not significantly different between the 

mid and root sections o f the plants they were separable using DCA. The rank 

abundance plots demonstrated that the root section was more equitable than the mid 

section in resource distribution, hence the separation in the DCA biplot. This would 

suggest that conditions were more extreme in the mid section than the root section, 

which could be a product o f longer term conditions than those measured in this study. 

The conditions present in these two sections allowed E.ignita to dominate where B. 

rhodani dominated in the Surber samples.

It has been suggested by (Sand-Jensen & Madsen 1992) that Callitriche cophocarpa 

"patches form a mutually protecting structure against high flows“ and “may, 

therefore... increase nutrient supply from sedimentation fine-grained particles". He 

later found that the sediment under stands often has high levels of organic matter 

(Sand-Jensen 1998) which could provide food for detritivores. In this study, despite 

finding that the substrate under our stands was more fine grained than that in 

unvegetated areas we found that no detrivore showed a preference for the root
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section, compared to the adjacent unvegetated sediment. I did not measure the amount 

of organic matter in the sediment.

The net result o f the presence o f the plants is to increase the invertebrate abundance 

and diversity present in the Blane Water. The assemblages present can be related to 

the structure o f the stands, and how this influences the flow conditions experienced by 

the animals. The complexity of invertebrate community supported appears to be 

functionally related to position within the stand, with extreme conditions (on the 

external surface) supporting fewer species than within the bed. The total diversity 

supported is however a function of the total available set o f conditions present in the 

river: on, in and between the stands.

From a management point o f view it is clear that the presence of the stands 

substantially increases the invertebrate diversity and abundance supported by the river, 

particularly by increasing the habitat available for organisms (e.g. Simuliidae) which 

would otherwise find only a limited space for colonisation in their preferred high-flow 

conditions.

Callitriche stagnalis is a common species in British rivers, and elsewhere in Europe, 

with a high tolerance of disturbance (Sabbatini & Murphy 1996). Inclusion o f  

transplanted material as part of rehabilitation schemes in the small gravel-bed rivers 

which are well-suited to this species would be likely to make a useful contribution to 

improving invertebrate support function of the river.

6.5 Conclusions

• The macrophyte stands supported a greater abundance of benthic macro
invertebrates than bare substrate.

• Higher velocities were recorded on the surface of the macrophyte stands than on 
the bare substrate.
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• The invertebrate community occurring on the outside of the stands was dominated 
by Simuliidae and was less equitable than the community living on the interface 
between the plant stands and the substrate.

• By diversifying the habitat for benthic invertebrates, macrophyte stands are a 
potentially useful tool in river rehabilitation.

180



General Discussion

Chapter 7: General Discussion

7.1 Review of results

The original aim of this study was to provide data on flow preferences of benthic 

invertebrates which could contribute both to our ecological understanding of these 

organisms, and assist in construction of river management tools. In Chapter 2 ,1 attempted 

to define deep and shallow river sections as riffles, pools and runs, using a range of 

criteria, and came to the conclusion that visual observation, coupled with depth and 

velocity measurements was necessary. Despite the minimal differences in benthic 

invertebrate community between the deep and shallow reaches of rivers used in this study 

it is likely that, indirectly at least, deep and shallow reaches do form important habitat 

units for the benthos. Predatory fish, salmonids, have a direct effect on the benthic 

community by catching animals drifting out of riffles into pools (Ade 1989); they also use 

riffle areas as spawning grounds. It has also been suggested that riffles provide more 

refugia and are less disturbed than pools (Scarsbrook & Townsend 1993).

In Chapter 3, I demonstrated both the relative homogeneity of the invertebrate community 

within each river, and also the existence of gradients between erosional and depositional 

conditions, with taxa occurring along these gradients: a situation found in similar studies in 

Australia (Barmuta 1989). The results of the analysis presented in Chapter 4 suggest that 

data collected using a randomised sampling strategy on instream habitat is not suitable for 

precise quantification of invertebrate flow preferences. The methods are sufficient to 

identify habitat preferences in a general manner - whether the animal prefers fast or slow 

conditions - but not quantitatively. This type of study does inform us of the relative 

importance of the environmental variables and how they interact with one another.
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Laboratory flume experiments as carried out in Chapter 5 were also necessary to confirm 

findings made in the field. The approach taken in Chapter 5 allows for some measure of 

the plasticity in species responses to adverse flow conditions but does not offer a velocity 

gradient to the animals (which would be the most useful approach). The results also 

showed that the taxa had very different tolerance ranges for velocity and that behavioural 

control of drift may be possible. The final results chapter (Chapter 6) looked at a natural 

gradient of flow conditions in an aquatic macrophyte stand. The results presented in this 

chapter suggested that the higher velocities found on the outside of plant stands are not 

preferred by some species but were by others, e.g. Simulium. Whether this was due to 

velocity or some other another factor such as the presence of predators is difficult to 

elucidate from the present study and requires more work. Exposing the animals in a flume 

to a velocity gradient which covers the range found in the macrophyte patch under 

controlled conditions would go some way to testing the theory that water velocity 

preference is one of the main factors influencing benthic invertebrate occurrence.

7.2 Future Work

Identifying flow preferences of benthic invertebrates remains as a major aim necessary for 

the ecology and management of lotic freshwater systems. A refined version of the 

approach taken in this thesis could supply the information required.

A potential approach to elucidating the instream distribution of invertebrates involves both 

increasing and decreasing the spatial scale examined. To demonstrate clearer differences in 

invertebrate community structure one would need to examine a wider range of conditions 

e.g. in the rivers used in my study the deepest pool section was 1.5 m but a deeper range 

would be more informative, see Chapter 2, section 2.3. Large scale studies as suggested
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here have previously identified habitat units at the start of the study and based their 

sampling round these; edge, riffle, pool etc. A greater emphasis on covering wide ranges 

of parameters of interest, such as velocity, depth, substrate type and periphyton cover is an 

alternative approach advocated here. Reducing the scale of sample area and thereby 

making velocity measurements more accurate is also necessary and would seem sensible. 

Which spatial scale is correct for this type of procedure could be determined by a nested 

sampling design where the spatial scale is reduced at a number of levels. This type of study 

has been done at large physical scale, between rivers and reaches but not for instream 

habitat. Elliot (1977) gives a number of methods for determining whether benthic 

invertebrate distribution is aggregated or not and these could be applied to such data. It is 

likely that different taxa will exhibit clumping at different spatial scales and that a single 

taxon can also clump at different scales, e.g. in Chapter 2.3.6, p47, B. rhodani showed a 

preference for run sections in the Duneaton Water and Blane Water which is possibly 

caused by the presence of suitable, smaller habitat units: rocks with periphyton, which if 

examined at this scale the animals would also show a preference. This type o f study could 

potentially use some of the new sampling methodology available such as stereo 

photography which allow fine scale measures of invertebrate distribution (Evans & Norris 

1997). Direct measures of turbulence were not included in this study and it is proposed 

that any future work would include small scale localised measures of turbulence, which 

given the potential of turbulent water to surprise invertebrates and entrain them must mean 

areas of high turbulence are avoided. By turbulence here I do not simply mean non-laminar 

flow but gross, random motion of water at scales larger than the molecular.

183



General Discussion

By concentrating on individual species and recording their velocity and depth tolerances 

under controlled laboratory conditions we could begin to determine the importance of 

biotic and abiotic factors in their distribution. The lack o f this type of basic knowledge 

hampers our interpretation of large survey work as carried out in this study. Based in the 

laboratory the work could proceed faster than trying to make accurate measurements of 

single species distributions in relation to velocity in the field, as suggested in the previous 

paragraph, which requires painstaking and time consuming methods, e.g. Hart et al. 

(1996). Field based measurements can only be applied to animals while they are on the 

surface o f the substrate and, as many species spend large portions o f time among the 

substrate matrix, a second series of experiments would be necessary to identify the 

proportion of time spent in both locations.

The spatial complexity o f instream habitat has been linked to invertebrates’ ability to 

withstand disturbance events (Lancaster & Hildrew 1993b). It is possible that streams of 

different retention capacity support invertebrates with different life history strategies. The 

homogeneity of instream habitat in channelled rivers could therefore cause the strategies 

of these organisms to be altered and could exert a selective pressure on the animals. The 

implications this has for the genetic variability or life history strategies of these animals has 

yet to be addressed. New work is required to look at this question which must incorporate 

studies o f both juveniles and adults.

7.3 Management recommendations

This study aimed at a very specific question of river management: how to improve 

instream habitat for benthic macroinvertebrates. There are three major impacts on this
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habitat type in small Scottish streams; river channelisation and alteration of channel 

discharge either by damming, changes in catchment land use or water abstraction, often 

for fish farms. Management solutions applied in Scotland include the maintenance of 

minimum discharges (Q90 and Q95) from reservoirs and in streams from which water is 

abstracted, as imposed by SEP A (Marsden, M., SEP A pers comm) and the physical 

rehabilitation of channelised systems (Gilvear & Bradley 1997).

To date management guidelines suggested by public bodies (SNH and SEP A) and Non 

Governmental Bodies (e.g. RSPB) have mainly concentrated on physical habitat 

improvement for taxa other than macroinvertebrates, usually fish, birds and vegetation 

(Hoey et al. 1998). With the forthcoming EU Water Framework Directive which 

emphasises the ecological and physical naturalness of surface waters there will be a 

growing need to improve instream rehabilitation for invertebrates.

The importance of aquatic macrophytes as a useful tool in the conservation of 

macroinvertebrates has been previously highlighted (Wright et al. 1995). The results of 

Chapter 6 emphases this fact and illustrate the need for more basic research in this area if 

we are to manage aquatic vegetation for the benefit o f macroinvertebrates without 

compromising the capacity of channels to deal with high flows; a problem which has a 

number of potential solutions (Fox & Murphy 1990a; Fox & Murphy 1990b). The density 

of macrophytes can even be incorporated into PHABSIM models if one wished (Hearne et 

al. 1994)! If used correctly macrophytes could potential mitigate the impacts of 

disturbance caused by rising discharge in a similar manner to woody debris (Borchardt

1993) and potentially increase the number of macrophyte species too (Hey et al. 1994).
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Structural rehabilitation schemes are usually very successful in improving the diversity and 

productivity o f the altered reaches (Swales & O'Hara 1980). The process of community 

alteration resulting from structural alterations to channels as part of habitat enhancement 

schemes can be difficult to judge in detail (Lynch & Murray 1994). If we wish to advance 

the science of this process and its usefulness as a management tool studies such a those 

advocated in section 7.2 will be necessary to improve their design.

PHABSIM is one of the few models which is now used to predict the amount of useable 

habitat for invertebrates at different discharges. In Chapters 3 and 4 I identified a number 

of problems with the data on which this model is based which need to be addressed if the 

model is to more accurately predict useable habitat for invertebrates. The previous section 

on further research suggests the type of projects necessary to collect this data.

There is a more fundamental problem associated with using this type of model and that is 

that its aim is only to make sure there is suitable habitat available for the animals. It does 

not take into account the dynamic nature of lotic systems which fuel the natural evolution 

of the invertebrate community e.g. it is quite possible for the same Q90 to be realised daily 

without variation. As ecologists our advice to managers should be to keep the physical 

system as natural as possible and the invertebrates will adapt to it. For the present it may 

be more suitable to use models based on historical flows or the flows implied by the rivers 

geomorphology, (see Jowett (1997) for a review of approaches). Geomorphologists have 

a more developed understanding of how any particular river should look and act than 

ecologists have of how animals interact with the habitat provided by the river (Werritty et 

al. 1994). Given the present state of knowledge in both disciplines ecologists should
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support the work o f managers where they try and recreate the natural geomorphology of 

rivers.

Frequently this approach is too simplistic as it can be impossible to recreate a river’s 

‘natural’ geomorphology given the small sections of rivers that can be worked on and the 

numerous impacts presently outwith the control of managers, e.g. climate change and 

catchment land use (Langan et al. 1997). There is also the possibility that by increasing 

flow variability one could decrease available benthic invertebrate habitat (Englund & 

Malmquist 1996). This emphasises the need for an improved understanding of the 

interaction between benthic invertebrates and the physical habitat of rivers is necessary.

The approach taken in this thesis utilised a direct assessment of the habitat usage by 

invertebrate organisms: to develop suitable management models indirect interactions also 

need to be understood. The key to this understanding is the role of natural disturbance 

(flood events), interactions with riparian ecotones and instream habitat patchiness. Recent 

research which has started to describe the mechanisms underpinning these interactions was 

discussed at the start o f this thesis (Chapter 1, section 1.1): it appears that much more 

work is required in this field.

Recent papers on the state of freshwater ecology and the management of freshwaters 

emphasises the need for ecologists to champion the relevance of their work and to review 

the paradigms of aquatic ecology (Reynolds 1998). This work also emphasises the need 

for 'quantitative bench marks and empiricised strategies to be set'. Reynolds (1998), similar 

to the approach take in the restoration of the Danube fish populations, (Keckeis & 

Schiemer 1992; Schiemer & Wieser 1992; Tockner & Schiemer 1997). This promotion of 

systems ecology has been heeded by UNESCO which now has a work program which is
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developing the tools and the paradigm of 'Ecohydrology'. Among the many UNESCO 

projects are those that look at the interactions of river flow instream and in the wider 

context of the catchment.

In summary the advice given to managers of aquatic ecosystems is not new and is that 

more basic scientific research is needed (Welcomme 1992). That UNESCO considers an 

ecologically balanced and soft engineering approaches to river management o f importance 

emphasises the need for both more research and sensitive management.
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Appendix I

Appendix I: Definitions of flow units and parameters

Symbol Definition

D Water depth (m)
Fr Froude number

g Acceleration due to gravity 9.8m2s'1

ks Nikuradse’s roughness
Re Reynolds number
Re* Reynolds roughness number
U Water velocity measured at 0.4D from the substrate. It equates to depth 

averaged velocity in a full developed boundary layer.
u* Shear velocity (ms'1)

Zo Characteristic Roughness length (m)

6 Thickness of the laminar sublayer (mm)

V kinematic viscosity (= 1 X 10'6 m V 1 at 20 °C)

To Boundary shear stress (Nm'2)
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Appendix II: Log plotting of velocity profiles 

Introduction

Plots of velocity against natural log of depth, show a linear relationship from which a 

number of hydraulic variables can be estimated. Variables generated from this 

relationship and presented in this thesis were produced using a Microsoft Excel 

template file designed by Dr. Trevor Hoey of Glasgow University Department of 

Geography and Topographic Sciences. A large number o f these files were generated 

during analysis, River Etive (49), Duneaton Water (52) and Blane Water (42), see 

appendix III. An example from one river is given showing the generation of derived 

variables from raw data. For all other regressions summaries of the variables generated 

are presented. Velocity profiles were chosen to be used in further analysis if their 

regression lines were statistically significant. I checked for patterns in the data that 

may bias further analysis.

Methods

When the velocity profile is plotted on a lognormal co-ordinate shear velocity (u*) and 

equivalent bed hydraulic roughness (k s ) can be calculated.

Shear velocity is inversely proportional to the gradient o f the velocity profile and 

z 0 (characteristic roughness length) can be calculated by extrapolating the regression 

line to zero velocity. The variable z 0 can be taken as an estimate of k s . These

variables are useful in classifying near bed flow. Reynolds roughness number (Re*) 

can be calculated from these two variables.

Re* = u+ks / v
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Critical values of Re* delineate flow as to the presence of the laminar sublayer of the 

boundary layer. Where the laminar sublayer is present its thickness ( J )  can be 

estimated as follows:

S = 11.6v / m*

Working Example: Sample point Blane Water Section A, Transect 1, Sample A. 

(BLAT1SA)

Height above bed 
(m)

In (ht. Above 
bed)

Velocity
(m/s)

0.01 -4.61 0.26
0.012 -4.42 0.28
0.014 -4.27 0.30
0.018 -4.02 0.21
0.02 -3.91 0.37
0.04 -3.22 0.41
0.06 -2.81 0.46
0.08 -2.53 0.49
0.1 -2.30 0.52
0.12 -2.12 0.51

The plot of log depth against velocity is visually checked for a linear relationship 

between the two variables, Figure ii-1. In this case the left most point is an obvious 

outlier and does not follow the line described by the other points but it is not removed 

from the analysis. The linear relationship between In depth and velocity in fully 

developed boundary layers is a well described in the literature and is an accepted fact 

by both physicists, hydrologists and geomorphologists hence it is acceptable to remove 

rogue points at this stage that deviate from a clear pattern. It has been suggested that 

the estimation of bed shear stress from velocity profiles in a shallow river environment 

can be improved by using only the section of the profile from close to the bed (Biron 

etal. 1998).
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In a number of cases (R.Etive 14, Duneaton Water 2, Blane Water 0) I did remove 

points which did not follow the log-linear relationship. This was exclusively where 

points high up in a profile failed to follow the log-linear relationship, Figure ii-2. In the 

example plotted in Figure ii-2 the removal of the top 4 points of the plot improved the 

fit from R2 = 0.31 to R2 = 0.87.

There are a number of situations were velocity profiles of this type are likely to 

happen, ' ...non-logarithmic layers may occur in strongly accelerating or de- 

accelerating flow such as occurs in river reaches which narrow or widen rapidly. The 

logarithmic profile may be distorted by spatial variation in the mixture o f roughness 

types on the bed, or by extreme bed roughness such as occurs over dunes and over

large rocks. ..... However even in these circumstances it is possible to obtain near

log-normal distributions o f velocity, from close to the bed, which can be used to 

estimate the local bed shear stress ' from (Carling 1992). The second instance where 

bed roughness is the important factor would occur at the 3 rivers examined in this 

study.

0.00 -|

T3<]> -1.00 -
<u
& -2.00 -
cd

43
OX) -3.00 -
(D

43
e -4.00 -

-5.00 -

0.00 0.10 0.20 0.30 0.40 0.50 0.60

Velocity (m /s)

Figure ii-1 Velocity (u) measured at a number of depths above a single point on 
the stream bed plotted against In depth (D).
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•§> -3.00

0.00 0.05 0.10 0.15 0.20

Velocity (m /s)

0.25 0.30

Figure ii-2 Plot from River Etive data, section A, Transect 4, sample c showing 
the breakdown of log linear relationship between depth and velocity higher up 
the water column.

Results

Estimates of the variables generated for our working example are given in table ii-2:

Table ii-2, Estimates of flow parameters from log normal plot of velocity against 
depth for River Etive sample A4C.

Variable Estimate

rA2 0.87
Gradient 0.11
Intercept 0.77

zo 0.001136
u* 0.0454

tau 2.06

s.e. grad 1.67E-02

s.e. tau 6.07E-01
Umax 0.53

U profile 0.42
U real 0.42
U at 0.37 depth 0.42
Fr 0.38

The R-squared value for each line was checked for its significance by looking up 

standard statistical tables. There was a clear relationship between the significance of 

profiles and mean water column velocity. The ranked plots showing the distribution of
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significant velocity profiles to mean water column velocity show the majority of non

significant profiles occurred in slow water in the Blane water and the Duneaton water 

Figures ii-3-5. This pattern was also evident in the River Etive but here there was also 

a strong scatter o f non-significant profiles over the entire range of velocities sampled.

Blane

1.6 T

1.4 -

+  P 0.01 
QN/s0.8

♦ ♦ ♦0.6 -

0.4 -

0.2

20 25 30 35

Samples

Figure ii-3 Rank order of Blane Water samples (velocity profiles) by increasing 
velocity mean water column velocity. Diamonds = statistically significant velocity 
profiles, squares = non significant velocity profiles.

Duneaton

0.7 T

0.6
e>
i  0.5

o 0.4om
>  0.3
cra
®  0.2 -

0 10 20 30 40 50 60

Samples

Figure ii-4 Rank order of Duneaton Water samples (velocity profiles) by 
increasing velocity mean water column velocity. Diamonds = statistically 
significant velocity profiles, squares = non significant velocity profiles.
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E tive

0.8 T

0.7 -

2* 0.5 u
•2 0.4

30

Samples

Figure ii-5 Rank order of River Etive samples (velocity profiles) by increasing 
velocity mean water column velocity. Diamonds = statistically significant velocity 
profiles, squares = non significant velocity profiles.

Discussion

The method worked well. The observed bias o f non significant velocity profiles 

occurring in low velocity areas agrees with field observations. The most difficult 

velocity profiles to measure were in the slow shallows but also in the deeper water 

when slow. This often occurred behind large substrate elements where one would 

expect low flows. In the R. Etive large boulders frequently acted as weirs causing 

areas o f both decelerating and accelerating water. The data presented here in 

combination with substrate measures can be used to identify the qualitative flow 

categories of skimming, wake interference and isolated roughness flows, but this 

aspect was not carried out (Davis & Barmuta 1989; Nowell & Church 1979).

211



<n
'in
roc(0
co
in<n
o>k.
U)0)k.

■Oc(0
<Q*-«
C0

T3
S(0k.

<n0)

o*_a
>

o
0  
a>>

== c— ox *;
1  =
I  ?a.
< -E

cc3hj
03

T3

03(_
CD

G
H

jd
g
o3

G
£o

03
G
45

G
o
03

w

tH
ou,
Oh
03
<L>

G
03

J 5
3

<dUh
45

G
£

C
'oCLh
00
G

3 ,
S
o3
(Z)

3

<2
CA
JJ2
3
ot_
O h

o
o
45>
45

G

c
o3H->
o
oo

3
3
a
<L>
O h
O h
c3
ca

3
H

V
P h

o
cc3
o

t o
O.00

"55
+-»
O
C

CA

3

b
G-t-j
'5
<d
V-H
cc3
ca
a>

3>
Ph

H—>
a
o

3>

C
"3
oo
03

45
G
45
>
o

G
o3
+-•
00

"5

O h
45

T3
00
O

t+H
o

3
g
03
c
o

45
Uh00
45Uh
t-H

3
175
o

03H-<
CA

45
GH-J
G-*->
' ?
T3
(O
h->
C
<0
ca
(OUh
O h

G
O
o'
II
V
P h
COkn
CO

G
£

T3
s

O
O
O
O
V
P h

oo
o'
V
P h

o
o

«Ak.
45kH
k*

0 s
■̂ t

CA• pk
G

45 kk

O 45kk
H-* CD ’vi

■M
CA
kt

H-S
u

Vi

G
e
45

45
CA
G

kH
kk66

kn 66
« t
<u 45

■o £
O *■* 
45 00

■5 .1
S *cd a
“ i4/ «00 <*> 
A  »kn jjj

5 s
■Q
C C
O WD 
o  *£
V 4)
CA

.9 ««ID k.
45 £
k. S
ce a>

4)
G

c
V

G66

5o
ua

45
J3

>
45
>66

JC
k*
O
G

“g I sw  k -  - O
. ca

• P4
u_  450 G

13  ~>  -a 
c

-o  C6 
4/ H-»G u4/a/ vs 
G c 
k- e6

> *  
5  “
G -S 
66 **
W5 2  H-» ^
G ««
.op ^
aj

k.
£  *-m aj
66 £

1  i
j=  ®
a  >e
4/ +*

Q

£  o
a  _, 

73
k- g  
v  o

CJ
^  «5
05 cnc *-
«  b  
pa c

-  «

.
a  S

i  =

« G 
G  «« 
k. V  
G G 
45 ^
t :  b
45 *"  

&

x  45
CD 2  

. ? 66

45

G 45

I I
G Hk 
00 O 

' GCA
CA

- S  4fH **
■G 

i uHH *2M  "5hH k -
45 J '
G -G66 “
H  II

G 
O  
G

£  .^ 1
45 45
*  3
CA 454̂5 >
ts b 
o  7 :  
J- Ga   ̂

£
45 45
O G
45 •£

k. 
G 
45 
45 
Ot :

£  ^  
o 13 
tS 3G (A 
O G

03
"&A
Ph

(O
D

1 3>
PP

cr
CA

P h
_CA
G 'O’ 
O 03
CAWh
o3<o

P h

Ph
O

CO

1
G

JO
'O h
6
oJ

CD

o
<N

o
*Y~)

or- o
to

o
o(N

o ’ o ’ o o' o

OO o<N
cr>

o*rs o00
CO

o  00 r—H
O o ’ O o ’ o ’

O00
O

oOS■̂r
O<Nr-H

o00
to

oto
<N

oGr-
o

O o ’ o ’ o ’ o ’ o o'

OVO
o

oNO o
Os
O

o<N
to

o<N
CN

o
r-

oo

o' o o' o' o ’ o o'

o
o

o o
NO
o

o
ro

o o o
G
O

o' o o' o ’ o' o o'

o<N
o

or-
m

o<N
o

00oo
o

o<NT—4
oG
G

o(N
o

o' O o' o’ o' o' o’

00
o

<N
<N

00
o r̂o

or"
o

oo
oo
o

o' o’ o' o’ o’ o o’

■̂r
o

Os
OS
<N

r̂
o

CO

o
OO

O
00
G

r̂
o

o o' o' o' o' o' o’

<N
O

Ooo<N
(N
r* 4
o

NO
CO
o o

(N <N
O

o' o o' o' o' o' o'

o
o

t-h
G<N

o
O

^r
o

<N
o

G
O o

o
o' o’ o' o’ o’ o' o’

D
ep

th
V

el
oc

ity
D

ep
th

V
el

oc
ity

D
ep

th
V

el
oc

ity
D

ep
th

o o o
o 00 o o
(—s G G

G <N Tj-H/ <N (N

* * * ** * * ** * * *

r-~ 00 G
00 Os Os Os
o' o' o’ o'

ON

oJ

rtt
G

03
G

00

o

o3
G

03
CA

(N
c3

G

Ve
lo

cit
y 

0.1
34

 
0.1

83
 

0.2
35

 
0.2

49
 

0.2
84

 
0.4

00
 

0.4
50

 
0.5

70
 

0.5
90

 
0.

53
0



o
ON
r -H

o
O n
d -

o
04
m

o
00
vo

o
O n
04

o
04
O '

o
ro

o
m
CO

o
O '
o

o
VO
c o

o
ON
o

ON
00
O

o
c n
0 4

o
o
CO

o
vo

o
oo
d -

o
m

o
VO
CO

o
r -H

0 4
o o o ’ o ’ o ’ d o ’ d o ’ o ’ o ’ d d o ’ o ’ o ’ d d o ’

o
oo

o
04
in

O
O
c o

o
o
O '

o
OO
0 4

VO
VO
O '

o
o

r -H

ON
04

o
vo
o

CO
CO
04

o
oo
o

OO
O n
O

o
OO

o
0 4
d -

O
0 4

o
VO
d*

o
04

o
vo
d-

o
00

o ' o ’ d o ’ o ’ o ’ o ’ o ’ o ’ d o ’ d o ’ d d o ’ d o ’ o ’

o
d -
r -H

o
o-
d -

o
m
04

o
O n
VO

o
m
04

o
vo
O '

o
m
o

ON
d"
04

oin
o

04
d-

o
vo
o

ON
0 0
o

o
0 4
1—H

o
VO
CO

o
oo
o

o
0 4
d "

o
o
r -H

o
vo
CO

o
d -
1—H

o ' o ’ o ’ d o ’ o ’ d d o ’ d o ’ d d d d d o ’ d d

O
o
T—H

o
ON
c o

O
O '
f—H

O

VO

o
VO
^ H

o
vo
VO

o
0 4
o

d -
oo o

d -
o

ONj—i o
d -
o

0 4oo
o

o
vo
o

00
O '
0 4

o
d -
o

O n
O n
0 4

o
OO
o

o
d -
CO

o
o

o o ’ d o ’ d d d o ’ o ’ d o ’ d d o ’ o ’ d d o ’ d

o
VO
O

O
04
co

o
o

o
O '
d -

o
O n
O

o
O '
m

m

o
vo
O '

04
04
o

m
o

o
0 4
o

vo
O '
o

o
0 4
o

c n
ONT—H

o
0 4
o

vo
c n
0 4

o
d -
o

ON
0 0
04

o
vo
o

o ’ O o ’ d O o ’ o ’ d o ’ d d o ’ o ’ d d d o ’ d d

o
0 4
o

r H

c o
(N

o
04
O

04
04
ON

O
0 4
O

o
CO

d -

o
m
O '
1—H

o
0 4
o

04
m

0 0

o
d -
O '
o

00

o
00
O n

0 0

o
f—H

0 4

o
0 4
O

O '
oo
04

o
0 4
O

o o ’ o ’ o ’ o ' o ’ d o ’ o ’ o ' o ’ d o o ’ d o ’ o ’ o ' o ’

OOT—<
o

in
i n
04

00

o
c o
O '
04

0 0

O

o
m
CO

CO

o
00
CO
^ H

00

o
o
m
04

vo
o

m
VO
O

VO

o
O n
vo

vo
o

O '

0 4

00

o
00
00
04

00

o
o ' o ’ d o ’ o ' o ’ d o ’ o ’ d o ’ o ’ o ’ d o ’ d o ’ o ’ o ’

d -
1—H

o
o-
04

d -
T“ H

o
c n
m
04

d -
^ -H

o
0 0
ON
0 4

0 4

o
oo
CO

d -

o
ON
CO

"sf

o
0 0
O '
o

d-
o

0 0
VO

d -
r -H

o
ON
0 4
0 4

d "

o
r - '
04

d"
r -H

O
o ' o ’ d o ’ o ’ o ’ d o ’ o ’ d o ’ d o ’ o ’ o ’ o ’ o ’ d d

04

o
co
ON

04

o
i n
ON
04

0 4

o
O n
o
CO o

I— <

CO
04

o
ON

0 4

o
r —1*

VO
o

04

o
04
CO
1 -H

0 4

o
d "  00 
r H

04

o
04
O -
0 4

04

O
o ’ d o ’ d o ' d o ’ o ’ o ’ o ‘ d o ’ o ’ d o ’ d d o ’ d

o
r  H

o
00
o

o
o

00
d -
» 4

o
o

0 4
OO

o
o

oo
d-

o
r -H

o
CO
o

o
o

o
vo
o

o
r—1
o

o
o
o

04
O n
r —H

o
t—H

o
o
00
04

o
o

o ’ d d d d o ’ d d d d d d d o ’ d d d o ’ d

D
ep

th

V
el

oc
ity

D
ep

th

V
el

oc
ity

D
ep

th

V
el

oc
ity

D
ep

th

V
el

oc
ity

D
ep

th

V
el

oc
ity

D
ep

th

V
el

oc
ity

D
ep

th

V
el

oc
ity

D
ep

th

V
el

oc
ity

D
ep

th

V
el

oc
ity

D
ep

th

o
Vi
-t-*ed -*—>Vi
H-I

<u

>
P h

cr
C/3

P4
J /3

"S ^O edViWh
Cd
<U

«4Ho
u,
<U

E
3

£

<D
3
Eedc/o

oo
in
o>

in
ON

edVim
cd

-O

O
O
ON

■d-

oo
ON

o
o
TTvo
en

O'
ON

oo
oo
o
04

VO
ON

VOVO
rvj

VO

o'

d -vo
oi
d -

0400

ooo
ON
o
0 4

VO
On

O
O
0 4
VO
m

o«
On

ONin
oo

VO
VO

J=>Vi
c n
~cd
IS

oVico
ed

J=>

edVi
d"
ed
IS

-OVi
d --4->
cd

3

cdVi
in
ed

3

-O
C/3
in
td
3

o
t/3in
ed
3

cdVi
VO
cd

X>

O
O
O
(N
0 4

VO
ON

X)Vi
VO
•4—>cd
3

Ve
lo

cit
y 

0.1
32

 
0.1

44
 

0.1
62

 
0.1

65
 

0.1
49

 
0.2

86
 

0.3
50

 
0.4

00
 

0.4
30

 
0.

38
0 

bl
at

6s
c 

9 
0.9

6 
**

* 
18

2.0
0 

De
pt

h 
0.0

10
 

0.0
12

 
0.0

14
 

0.0
18

 
0.0

20
 

0.0
50

 
0.1

00
 

0.1
50

 
0.

20
0



Sa
m

pl
e 

Nu
m

be
r 

of 
Pe

ar
so

n'
s 

Rs
q 

P 
va

lu
e 

F 
st

at
ist

ic
 

po
in

ts 
ad

j

Ve
lo

cit
y 

0.0
95

 
0.1

04
 

0.1
30

 
0.1

37
 

0.
17

1 
0.1

95
 

0.2
46

 
0.2

68
 

0.
26

1 
bl

at
7s

a 
9 

0.8
9 

**
* 

62
.57

 
De

pt
h 

0.0
10

 
0.0

12
 

0.0
14

 
0.0

16
 

0.0
18

 
0.0

20
 

0.0
30

 
0.0

40
 

0.
05

0

o o o o o X o o o X o o o o o
n - T—1 1—1 CO X X CO 0 0 CO F " CO CN 00 ■sj- Ob
r - H CO CN "St r -H CN CN CO CO CN o CO r -H X r H

o ’ o ' o ' o o ’ o ’ o ' o o ’ o ’ o ’ o ’ o o ’ o

CN o o o o o oo o o o CO oo O o o o
X 1— I ^ H X CN CN CO r - X X X CN "St r - CO X
’—1 I— I ^ t 1 CN r  H CO CN CN o CO ^ H X I— I

O o o o o o ’ o ' o ' o ' o o o ’ o ’ o ’ o ’ o ’

o o CO o o o X O o o o X p ^ o o oX oo r~- CN Ob 00 I—I CN CO c - r - CN 00 CN CO o
I— I o CN 1—1 CO o CN i— i CO ■—i ■—i o CN i—| X I— I

o ’ o ’ o ’ o ’ o ’ o ' o ’ O o ’ o ’ o ' o ’ o ’ o ’ o ’ o ’

r - o o 's t o Ob o o o ■'sf 'S t Ob o o o
■st x o r - o X O r - C" Ob CO CN oo X -St X
y—* o cn o CO o CN o CN o I— I O CN o X o
o ' o ' o ' o ' o ’ o ’ o ’ o ’ o ' o ' o ’ o ’ o ’ o ’ o ’ o ’

c o o X o r - o 00 o X o CO o X o o o
c o <N 00 CN X CN o CN ■St CN r - H CN 1— 1 CN X CN
r - H o I—I o (N o CN o y—> o i—' o CO o X o
o ' o o ’ o o ’ o ’ o ' o o ' o ' o ’ o ’ o o o ’ o ’

00 Ob 00 X 00 00 00 oo o 00 o 00 o oo1—1 i— i r - ^ h X r* H 1-H 1—1 Ob 1-̂ o r - H ■St r -H CN 1—1
I— I1 o ^ h o I— I1 o CN o I— I o ^ H o CN o X o
o ’ o ' o ' o ’ o ’ o ' o ' o ' o ’ o ’ o o ’ o ’ o ’ o ’ o ’

o X -St X X X CN X r - X X X X o XI—1 r - H r - f—H CN I—1 00 1—1 X I— I CO i—i o 1— 1 r - 1— 1

i— ' o y—> o (N o r - H o y—> o i—| o CN o 'S t o
o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ' o ’ o ’

x CO 'vt CN ^ r X ■st Ob ^ r Ob 'S t t-" ■St o ■St
O r “H X 1—H O i—i 00 I—1 X i—i CO i—i 'St I—I 1— 1 I—I
t “H o i— ' o CN o i—' o I—I1 o I—I o CN o 'S t o
o ’ o ' o ' o ' O o ' o ' o o ’ o o o ’ o ’ o ’ o ’ o ’

X CN X CN CN CN CO CN o CN X CN oo CN o CN
Ob 1— 1 ^ r r— i—t i— i X r - H CN i—i 00 i-^ CO 1— 1 oo 1 - ^

o o •—1■ o CN o I—I o o o o CN o CO o
o ’ o ' o ’ o ' o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o o ’ o ’ o

■St o X o ■st o o 00 o o r-- o o o
o 1— 1 X 1—1 o l—l X r - H 1—1 1—1 o I— I CN 1—1 Ob 1—1
I— I o ■—11 o CN o I— I o •—I o ^ H o CN o CO o
o ’ o ’ o ’ o ' o ’ o ' o ' o ’ o ’ o ' o ’ o ’ o ’ o ’ o ’ o ’

.ts  43 .ts  -C .t i  43 .tJ  ^3 .t i  ^5 .t i  -C .t iOJD
(L>
>

^  O<D
Q £

o. g<Da g
o. o<D J Z
Q ^  >

O- oo Jx
Q g  >

a. g<D
Q >̂

O h<D
Q

CN
CO
x>
Ob

Ob
oo
r-
Ob

o o
Ob
CO
o
CO

o
Ob
r -
CN

o
x

o-st
bd

o
o

Ob
o'

Ob
o '

t-"f"- r-
Ob

tor- obD COVO Ob

xtr>r-
tg
15

ocot"-+->eg
X

edco00
tg
3

Xco
OO-*->
eg

3

o
CO00
eg

3
x
x

x
3

Ve
lo

cit
y 

0.3
50

 
0.4

30
 

0.5
10

 
0.4

90
 

0.4
40

 
0.4

90
 

0.7
00

 
0.7

90
 

0.9
10

 
0.

95
0

bl
bt

2s
a 

10 
-0

.1
1 

n/s
 

0.0
8 

De
pt

h 
0.0

10
 

0.0
12

 
0.0

14
 

0.0
16

 
0.0

18
 

0.0
20

 
0.0

40
 

0.0
60

 
0.0

80
 

0.
10

0
Ve

lo
cit

y 
0.0

27
 

0.0
27

 
0.0

36
 

0.0
87

 
0.0

68
 

0.1
32

 
0.0

68
 

0.1
15

 
0.

06
1 

0.
01

8



CN
c o
o

in
c o

o
CN

o o
VO
O

o
vo

o
c n

o
o

o
VO
r — I

o
o

^ r
m
o

VO
m
o

o
m
o

CM

1—H

o
" s f

o
o
00

o
i n
o

o
r-~
c n

o
VO
o

o
CM

o
VO

o ’ o o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ' o ’ o

o
CO
O

o
CN

o
o

o
o

o
m
o

o
i n
m

o
o
r c

o
o

o
cn
T“H

o
vo
o

CM
c n
O

CM o
-3-
o

r -
o

o
CM

o
vo
oo

o
o

o
O

o
m
o

o
CN•̂ r

o

o ’ o ’ o ’ o ’ o ’ o ’ o o ’ o ’ o ' o ’ o ' o ’ o ’ o ’ o ’ o ' o ’

0 0
CN
o

O s
0 0

o
0 0
o

o
o

o
■'vl'
o

o o
t " -
o

o
o s

o
o

o
,!d -
o

0 0
CM
o

oo
m

o
c n
o

vo
i n
o

o
O s
O

o
00
r"-

m
c n
O

o
0 0
c n

o
"xf-
o

o
r -H

c n

o
o

o ’ o ’ o ’ o ’ o o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o o ’ o ' o ’ o ’ o ’

CN
o

T— 4 
00

o
r r
o

o
r foo

o
c n
o

o
r -
^ r

o
^ r
o

o
c n
oo

o
vo
o

o
c n
o

VO
CM
O

CM
00

m
CN
o

O s
VO
O

o
VO
O

o
cn
t " -

O
c n
O

o
vo
c n

o
c n
o

O s
CN

o
vo
o

o ’ o ’ o ’ o ’ o ’ o o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o o ’ o ’ o ’ o ’ o ’

o
<N
o

o
CN
CN

o
CN
o

o
VO
00

o
CN
o

o
r -
c n

o
CM
O

o
o
VO

o
CN
o

o
CN
OO

o
CN
o

c n
oo
r -H

o
CN
o

"d-
o

O
CM
O

o
VO
m

O
CN
o

vo
CN
c n

o
CN
o

r f
O s
CN

o
CN
o

C5 o ’ o ’ o o ’ o ' o ’ o o ’ o c> O o ' o o o ' o ’ o ’ o o ’ o ’

00 
T H

o
CO
O s

00
o

o
o

00
o

o
o
c n

00
o

o
00
m

00
o

o
00

00
o

vo
CM

oo
o

o
m
o

00
o

o
00

00
o

o
O
c n

00
o

T—H

O s
CN

00
o

o ’ o ’ o ’ o ' o ’ o ’ o ’ o ’ o ’ o o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ O o ’

VO
I 1 4
O

O
S O

vo
o

o
vo

vo
r —*
o

CM
oo
CN

vo
o

oId"
VO

vo
o

o
00r-

vo
o

OOT-H
vo
o

c n
c n
o

VO

o
o
oo
’d -

vo
o

C-
O s
CN

vo
o

o
c n

vo
o

o ’ O o ’ o ’ o ’ o ’ o ’ o ’ o ’ o o ’ o ’ o ' o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’

r̂
o

m 'If»—H
o

o
i nC- o

c n
vo
CM o

o
00
m

r̂
o

o
vo
r - o

VO-̂ r
o

c n
o

o
o
O s
i n

r̂
o

or̂
c n

r—<
o

O s
oo
CM

^ r

o
o ’ o ’ o ’ o o ’ o ’ o ’ o ’ o ’ o ' o ' o o ’ o ’ o ’ o ' o ’ o ’ o ’ o ’ o ’

CN

o
O s
r**H

CN

o
o
OO
vo

CN

o
o
c n

CMf 1
O

o
m
in

CM

o
o
o
VO

CN
r -H

o
O s
^ r

CM

o
c n
■d-
o

CN

O

o
c n
CM

CM

o
vo
c -
CM

CM

o
c n
00
CM

CM

O
o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ' o ’ o ’ o ’ o ’ o ' o ’ o ’ o ' o ’ o ’ o ’ o ’ o '

o
o

m o
o

o
vo

oT“H
o

CN
m
CN

o
o

o
i n

o
o

o
c n

o
r -H

o
m
o

o
o

c -
VO
o

O

O

o o
o

r -
i n
CN

o1—H
O

O s
VO

o
o

o ’ o ’ o ’ o ’ o o ’ o ’ o ’ o ’ o ’ o ' o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’

D
ep

th
V

el
oc

ity
D

ep
th

V
el

oc
ity

D
ep

th
V

el
oc

ity
D

ep
th

V
el

oc
ity

D
ep

th
V

el
oc

ity
D

ep
th

V
el

oc
ity

D
ep

th
V

el
oc

ity
D

ep
th

V
el

oc
ity

D
ep

th
V

el
oc

ity
D

ep
th

V
el

oc
ity

D
ep

th

o
t/3
o3
on

Hh

CT
C/3

P^
J /3

"g -o*O «J
C/5

c5
<DPm

Cm
o
v-i <«<u £  

. S
6 g.3  CM

£

JJ
CM
6

CO

o
c n
rr

r -
CM
o

• g
CM-«->
£
x>

o
o
TT
o

CM
O s

O
^ r
vo’
m

VO
OO

o
o
00
VO
CM

r -ON

o
■̂ r
CM
CM

O
r "

o
vo
CM

C/5

'tS

ITS
o '

o
c n

r -

o
C"
rt-
c o

O s

o
CM
O
CN

oo
VO

o
C/3

CN
-t-i
£
3

cci
C/3

CO-t—' 
£  
3

X>
C/3

CO■«->
-O
3

o
C/3

CO
£
IB

ctf
C/3

jO
3

-O
c/3
-+-*

3

o
C/3

^ r-»—>jg
3

cti
C/3

■*->jO
3

C/3vn+->
3

vo

VO

r'-~
oo

oc/3m■<->
3



Sa
m

pl
e 

Nu
m

be
r 

of 
Pe

ar
so

n'
s 

Rs
q 

P 
va

lu
e 

F 
st

at
ist

ic
 

po
in

ts 
ad

j
Ve

lo
cit

y 
0.1

89
 

0.2
02

 
0.2

54
 

0.2
33

 
0.2

39
 

0.
25

1 
0.4

10
 

0.4
00

 
0.4

10
 

0.
37

0
bl

bt
6s

a 
10 

0.8
2 

** 
42

.70
 

De
pt

h 
0.0

10
 

0.0
12

 
0.0

14
 

0.0
16

 
0.0

18
 

0.0
20

 
0.0

30
 

0.0
50

 
0.0

70
 

0.
09

0
Ve

lo
cit

y 
0.2

69
 

0.3
60

 
0.2

64
 

0.2
78

 
0.

25
1 

0.3
40

 
0.4

60
 

0.4
60

 
0.5

30
 

0.
58

0 o o o o o c n o o o o
X oo O n CN X ON o c n CN
o X O oo o CN t- h X o O n

o o ' o ' o ' o o ' o ’ o o ' o ’

o o O o o CN o o oo o
X O n r - ON ON oo CN X
o X o 00 o CN o X o 00
o o ' o ' o ’ o o o ’ o ' o ' o

o O o o o X o o X o
<N X CN c n CN X c n CN O n

o X o I"- o CN o X o r ^ -

o ' o ’ o ’ o ' o ’ o ' o ’ o ’ o o

o o X o X T“ H o o o
c n 00 c n X CN o r - CNo i n o X o CN o ^ r o X
o ' o ' o ' o ' o ’ o ’ o ’ o o ' o '

o o o o o " c r o o o o
CN X CN X CN c n CN 00 CN
O i n o r r o CN o CN o C "
o o o ' o ’ o o ’ o ’ o ' o o ’

00 o 00 o 00 CN 00 o 00 o
r -H c n r —H X r -H oo r -H I— I X
o i n o X o CN o c n o C "
o ' o ' o ' o ’ o o ' o ' o ’ o ’ o '

X o X o X c n X o X o
i— i c n I— 1 c n I— I 1— 1 ^ r I— I r -H

o i n o X o CN o CN o r -
o ' o ' o ' o ’ o o ’ o ’ o ' o ’ o

r3- o ^ r o TT I"- c n o
I— 1 CN 1— 1 o I— I c n X r -H oo
o i n o X o CN o CN o X
o o ' o ' o ’ o ' o ' o ' o ' o ' o ’

CN o CN o CN o CN CN CN o
I—H 00 I— I CN I— I CN I— I X 1— 1 r— 1

o X o 'v f o CN o r -H o X
o ' o ' o ’ o o ’ o ' o ' o ' o ’ o '

o o o o o r - o CN o o
I— I 1— 1 X I— I ON 1— 1 ’'nT I— I O n
o o o o CN o 1— 1 o T f
o ' o ' o o ’ o ' o ’ o ' o ' o ’ o

js  .t i  x  .t i  j :  .t ;  . s  a : .t i
ex<D
a

oo
1 3
>

cx<D
Q

oo
13
>

c x
<L>
Q

oo
1 3
>

cx
(L)
O

oo
1 3
>

c x<u
Q

oo
<d
>

o
X
K
c n

ooo
On
CN

CN
c n
o '

o

oo
o

ON
C "

O n
CN

cn
'a

o00
o ’

NO
r -

00
o CN

ON
NOr-

x>cn
NO
+->jO
3

ocn
NO
-t-*X
3

aScnr-
x
3

xcnr"
x
3

o
r-
+-»x
3

21
6



o
£ 4-S J S4-* u 4>4

+->VI
©
cn ?

U 3
G ed 3

u 054J 4-1 1C
fiS o> 3
cn JC 4^

4^ cn4J
"3 (3D
O 3 tE
ej O
4> 3 u

c .
3 <u

E 3 , 4-4
ed E ’E

C/5
tm
03

• cn "Ecn
© >
(31) -C ©
A 4^
u 4) a
9 i j *
> 3
«

■ o
3
(3D

4^
O
33 s® —© © s«-> ^  -a

£ » -on f c ,45© £  IT) C
45 £

a

* 1

Cd I —W B«W5 fc« I ^
^ *S? ® *-£  *•» « ej

*  s
*5 "  © ■©
©  5^  CB■M_: u "O «
45 cn

•© 3
a j Cd
Js i

> *
© nsa

u 
_  «£ 
•SP s

<u us
« I_ 3

s sw  45
JB 5

US
o  *-M 0 
CQ

* g
■o .2L ■*•*
45 ©^ Oi
cd 89

e  a>0 s
* J8
c T?s  .is 
Q -c
CN (U

1 --

45 £

a  ©
£ "3a jccn cn 
© 45
« -O 2 *- 
«® s45 •"
t£ 45

>  ̂
p  ~
4- -®
js *DD o
W I  
a  73W oa cC•— cn 3 «
.2° ^

os
ai u
45
£cnJD
COL.

J£ U3  ©4-»ed 4-»
H ii

u
3  > 
i.
45
cd
£
© u

0 -5
£> * 
*5 "o
© £ v u 
>  3

© «
4  °
£>=* £  ed
IS ©el- «« —* 3© ©+- .2 
2 -fi©  4->

C©* ©NT -M O •■cn
S . 2
^  - 3
c *■* © t!lV A
A 2
CUD 45

W €

O NO o m o CN o d - o d - o CN o m o
00 O 00 CN CN r - NO On CN CN ON 00 in NO
o o CN O CN o c n i—i o o o c n r - H CN
o ' o ' o ' o ' o ' o ' o ’ O o ' o ' o ’ o ' o ’ o ’ o '

o o o NO o ON O 00 o NO o ON o r-~ oNO CN t - oo NO 00 o ON CN 00 o o d " o
o o CN o I—1 o CN CN o o o o c n 1—1 CN
o ' o ' o ’ o ’ o ’ o ' o ’ o ' o ’ o ' o ’ o ' o o o '

o NO o 'd - o "d- o in o c n o NO o CN o
in CN in r- •"d- r - o o o r - CN NO I— I o in o
o o •-11 o i— 11 o CN r H o o o o CN I— I 1—H

o ' o o ' o o ' o ' o ' o ' o ’ o ' o ' o ' o ' o ' o '

o m o CN o o o CN o CN o NO o in oN- c n o 00 00 m o CN d - CN d - o o CN i n
o o I— 1 o o o >—1 I ( o o o o I— I I— I o
o ' o ' o c > o ’ o ’ o ’ o ’ o o ’ o ' o ’ o ' o o

o r- o NO o NO o m o 00 o NO o d - o
CN y—( CN m CN c n CN CN 1-H CN CN CN CN CN
o o o o o O o o o o o o o I— I o
o ' o ' o ’ o ’ o ' o ’ o ' o ' o ' o ’ o ’ o ’ o ' o ' o '

00 r- 00 NO o o n - 00 d - 00 o 00 o 00 oo 00y—l o I—1 c - 1 - ^ ■'d- 1— t 1— 1 CN 1 - ^ 1— 1 t*h o 1— 1

o o o o o o o o o o o o I— I o
o o ' o ’ o ’ o ’ o o ’ o ' o ’ o ’ o ’ o ’ o ' o ’ o '

NO ^ r NO c n NO r - NO CN NO r - NO NO NO r~" NO
T— ( o T“ H in 1— 1 c n 1— t i— i 1— 1 1— 1 o T-h 00 T-H

o o o o o o o r— • o o o o o o o
o ' o ’ o ' o ' o o ' o ’ o ' o ' o ’ o ' o ’ o ' o ’ o '

TJ- r- ■'d- ON "d- CN 'd - CN d " c n d " On d " ON d -
1—H o in CN 1— t O i— i CN 1— 1 o 1 ( ON 1— 1

O o o O o O o o o o o o o o
o o ' o o ’ o ' o ' o ' o ' o ’ o ’ o ’ o ' o ' o ' o '

CN , — 1 CN o CN ON CN NO CN 1— 1 CN CN CN CN CN-̂H 1—H 1—H CN T—̂ On c n r -H ^ H 00 r H

O o O c n o o o O 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 in o m o CN o CN o c n o NO o
f— I o 1— 1 CN 1— 1 CN 1— 1 On i— i o 1— 1 H 1— 1 r- r -H

o o o O o o o O o o o o o o o
o ' o ' o ' o ' o ' o ' o ’ o ' o ' o ' c > o ' o ’ o ' o '

Pn Pn Pn
-C 4 -> yG, 4-> J p 4 -* -3 4 -> -3 4-> JS 4-> -3 _4—> -34-> "o 4 -» o 4—* o 4-> o 4-» ’o 4-> " o 4 -* 'o 4->
c x o c x c x CX JD CX o c x c x c x
0) <L> CD <D CD CD © CD

Q ©
> Q > Q ’flD

> Q CD

> Q > Q > Q 1 3

> Q

cd-t->cn
(-X

CD

3>

3 T3 O cd
1/5 — H

ed cn 
©

CfH
ou.©

*1

©
3 ,
£ed

C/D

On
O n

«3

cd

cd3'O

ON
m

cn

3

OO
CN
TT00

CN
ON
»ri-d-

C/N
NO

o m o c n C "
c n o ON oo o
o ' o ’1 o ’ o ’ o '

o
o

c3

mCN

ocn

■'d"
oo

o

ed3d3
<d
3T3

cdcnCN
td
3TD

J=>cnCN
"S
3T3

<N
3T3

edcnm
td
3d3

r-in

m
o
o'

cnro
td
3TO

Ve
lo

cit
y 

0.0
19

 
0.0

05
 

0.0
10

 
0.0

20
 

0.0
14

 
0.0

31
 

0.0
14

 
0.0

13
 

0.0
19

 
0.

02
4 

du
at

3s
c 

10 
-0

.03
 

n/s
 

0.7
5 

De
pt

h 
0.0

10
 

0.0
12

 
0.0

14
 

0.0
16

 
0.0

18
 

0.0
20

 
0.0

40
 

0.0
60

 
0.0

80
 

0.
09

0



Sa
m

pl
e 

Nu
m

be
r 

of 
Pe

ar
so

n'
s 

P 
va

lu
e 

F 
st

at
ist

ic
 

po
in

ts 
Rs

q 
ad

j

Ve
lo

cit
y 

0.0
05

 
0.0

08
 

0.0
14

 
0.0

28
 

0.0
28

 
0.0

19
 

0.0
15

 
0.0

14
 

0.0
06

 
0.

00
6 

du
at

4s
a 

10 
0.8

0 
** 

36
.97

 
De

pt
h 

0.0
10

 
0.0

12
 

0.0
14

 
0.0

16
 

0.0
18

 
0.0

20
 

0.1
00

 
0.2

00
 

0.3
00

 
0.

42
0

Ve
lo

cit
y 

0.0
86

 
0.0

77
 

0.0
60

 
0.0

68
 

0.0
82

 
0.0

88
 

0.0
87

 
0.

13
1 

0.1
62

 
0.

17
7 o c n o oo o CN o c n O CN o n r o n r o Ov

I— I T-H nT CN t—i nT I -H nT n r c n 0 0 o v/n o vo OV
nT CN CN o c n o CN O n r I— I n r c n i—i o CN CN
o ' o ’ o ’ o ' o ' o ' o ’ o ' o ' o ' o ’ o o ’ o ' o ' o ’
o c n o vo o I— 1 o CN o v/n o c n o n r o Ov
o o 0 0 c n CN c n v/n vn o ov o ^H CN o o r~-
c n <N 1—1 O CN O i— i o c n o nT m i—| o CN CN
o ' o ' o ' o ' o ’ o ' o ’ o ' o ' o ’ o ' o ' o ’ o ’ o ' o ’
o VO o o o o 0 0 vo Ov o VO o n r o r_H o OV
o o CN c n v/n v/n o n r CN c n o o o r - oo r ^ n r c n
CN C N r c O T— 1 o I— I o o o CN I— I c n CN o o I— I CN
o ' o ' o ’ o ' o ’ o ’ o ’ o ' o ' o ’ o ' o ' o ' o o ’ o ' o ’ o ’
o 0 0 o OV o r -H o o c n c n o CN O v/n o c n o c no r - VO CN oo CN v/n cn CN T“H o v/n v/n r -H n r 1 -H nT vo
I—1 i— 1 o o o O o O O o I— I r -H ^H CN o o o r  H

o ’ o o ’ o ' o ' o ' o ' o ' o ’ o ’ o ’ o ' o ’ o ’ o ' o ' o ' o ’
o Ov o o o o nT o c n o c - o vo o c - o CN o o o
<N i— i CN c n CN o CN r H CN o CN n r CN T— 1 CN I— I CN CNo i— 1 o O o o o O o o o o o I— I O o o ^H
o ' o o ' o o ' o ' o ' o ' o ' o ' o ' o ' o o ' o ' o ' o ' o ’
oo r - 0 0 c n 0 0 r - 0 0 v/n o o n r 0 0 Ov 0 0 VO 0 0 c n 0 0 nT
r*H nT r -H CN I -H I -H r -H CN I - H vo r -H r - I -H c n I - H 1-H T—H v/n
o O o O O o o o o o o o o t—h o o o I— I

o ' o ' o ' o ' o ’ o ’ o ’ o ' o ' o ' o ' o ' o ’ o ' o ' o ’ o ' o '
VO CN VO n r VO un vo 0 0 vo o vo CN vo o VO o vo o
r -H i— i i— i CN t- h o I—1 I -H 1— 1 T-H I— I r - 1 -H 0 0 I -H I - H T“ H CNo i—1 o o o o o o o o o o o o o o o r -H

o ’ o ' o ' o ' o ' o o o ' o ’ o ’ o c l o ’ o o ’ o ’ o ' o '
n r VO n r nT n r n r nT cn n r r - n r n r nT nT Ov n r o
I-H Ov I— 1 CN f—H i—i I-H I^H t- h o I -H 0 0 I -H o I -H o 1 -H nTo O o o o o o O o o o o o r -H o o o
o ' o ’ o ' o ' o ' o ' o ' o ' o ' o ' o ' o ’ o ’ o ’ o ' o ' o ' o '
CN Ov CN r*H CN Ov CN c n CN vo CN n r CN VO CN vo CN t - H
r -H VO I -H m ^ H t- h I -H ^ H ^ H o I -H r ~ - I -H OO I -H o r*H CNo O o o O o o O o o o o o o o o o
o ' o ’ o ’ o ' o ' o ' o ' o ’ o ’ o ' o ' o ' o ' o ' o ’ o ’ o ' o ’
o c n o oo o n r o oo o CN o n r o c n o r ^ o 0 0
t- h vo I -H n r I -H o I -H o I -H o r*H nT r -H O r -H o p H r -H

o o o ^ H o o o o o o o o o o o o t- h

o ' o ' o ' o ’ o ' o ’ o ' o ' o ' o ' o ’ o ’ o ’ o ’ o ' o ’ o ' o '
>% >>

-C p p -C Jp •*-» rP ,P H—> , p H—< rP •/-> rP •£2
o -4-» o •*-» "o H-* o 'o H—* o H—» o H—* o + -» o

c x j d c x o c x c x c x j o c x o c x o c x o c x J OCD CD a> CD CD CD CD CD 0)
Q > Q

*o3
> Q

'aS
> Q

’a3
> Q

CD

> Q > Q
’a3
> Q

*a3
> Q >

VO
OO
r-
VO

OO00

cn
Ov

VOOO
o ’
(N

o
o ’

Ov
VO

VO
O n

OO
VO

0000

00 o
cn

cd
P

TD

cd
p

TD

cd

cd
P

TD

cd
P

TD

O
O

00

O cn VO
td
P

TD

OVO

00O
cn<N

vo
OV

OO
o

o
o'

CNcn
cn
oo

vo
OV

cdcd
VO
cd
PTD

ed

ed
P

TD

cd
P

TD

ed
c/500
cd
P

TD



Sa
m

pl
e 

Nu
m

be
r 

of 
Pe

ar
so

n'
s 

P 
va

lu
e 

F 
st

at
ist

ic
 

po
in

ts 
Rs

q 
ad

j
du

at
9s

a 
10 

0.1
9 

n/s
 

3.1
6 

De
pt

h 
0.0

10
 

0.0
12

 
0.0

14
 

0.0
16

 
0.0

18
 

0.0
20

 
0.0

70
 

0.1
50

 
0.2

30
 

0.
30

0
Ve

lo
cit

y 
0.0

13
 

0.0
31

 
0.0

21
 

0.
02

1 
0.0

30
 

0.0
35

 
0.0

37
 

0.0
38

 
0.

03
1 

0.
02

9 
du

at
9s

b 
10 

0.9
5 

**
* 

17
4.3

0 
De

pt
h 

0.0
10

 
0.0

12
 

0.0
14

 
0.0

16
 

0.0
18

 
0.0

20
 

0.0
50

 
0.1

00
 

0.1
50

 
0.

20
0 o o O o in

oo SO CN 00 nrcn 1—*1 nT o CN
o ' o ’ o ’ o ’ o ’
"sf o o o o m oooc CN Os cn cn CO CNCN 1 cn >—i1 nr O CN
o ’ o ’ o ’ o ’ o ’ o ’ o '
Oc o O o o O nrin oo T—l OC o m Os
CM o cn o nr o I—I
o ' o ’ o ’ o ’ o o ’ o
nr o r - o r - m COOc nr Os in CN cn 00
1—!1 o CN o cn O
o ' o ’ o ’ o ’ o ’ o ’ o ’
00 o CO o cn O m
nr <N CO CN i—i CN CO
1—11 o CN o cn o
o ‘ o ’ o ’ o o ’ o ’ c>
cn 00 cn 00 CN 00 00
nr t-h i—i 1—1 O Ĥ CO
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ô
H

o
o

r- o
o

cn
CN

o
vo
r -H

00
cn
cn

0
0

o ' o ' o ' o ' o ' o ' o ’ o ' o o ’ o ’ o ' o ' o ’

n r
SO
O

o
o

o
n r
cn

o
o

cn
vo
cn

o
m
o

o
Os
VO

o
i n
o

cn
oo
1—H

o
m
o

VO
O

o
oo
o

CN

CN

0
m
0

o ' o ' o ' o ' o ' o ’ o ' o ' o ' o ' o ’ o ' o ' o '

cn
r "
o

o
CN
o

VO
m
cn

o
cn
o

o
Os
cn

o
CN
o

VO
m
cn

o
CN
o

o
Os
cn

o
CN
o

Os
cn

o
CN
o

O
nT
o

o
CN
o

cn
n r

0
CN
0

o ' o ' o ’ o ' o ' o ' o ' o ’ o ' o ' o ’ o ’ o ’ o o ’ o '

CN
r ^
o

00

o
m
nT
cn

VO
CN
O

nT
00
cn

00

o
i n
n r
cn

00

o
o
m

00

o
r-
m

00

o
CN 00

o
vo
cn
r -H

00
1-H
0

o ' o ' o ' o ' o ' o ' o ' o ' o ' o ' o ' o ' o ' o ' o ' o ’

nT
VO
O

vo

o
cn
cn
cn

CN
CN
O

Os
CN
CN

vo
T—1
o

cn
cn
cn

vo

o
o
r^-

vo

o
CN
n r

VO
r -H

o
VOr- vo

o
Os
cn
r H

vo

0

o ' o ' o ' o ' o ’ o ' o ' o ' o o ’ o ' o ' o ’ o ’ o ’ o '

nT
nT
O

nT

o
n r
J—1
cn

00 
1—H

o
O S

n r
r -H

o
nT

cn

n r1-H
o

o
oo
vo

nT

o
cn

n r

o
00
OS
o

nT
r -H

o
OS

CN

n r

0

C> o o ' o ' o o ' o ' o ' o ' o ’ o ’ o ' o o o ' c>

00
n r
o

CN

o
r -H

cn

n r

o
n f

cn

CN
r —H

O cn

CN

o
o
n r
vo

CN

o
r- CN

o
vo
o

CN

o
m
n r

CN

0

o ' o ' o ' o ' o ' o ' o ’ o ' o ' o ' o o ' o ' o ' o ' o ’

i n
VO
O

o
?“H

o
nT
vo

o
o

nT
CN

O

O

nT
vo
r*H

o
o

t"-
00
CN

o
o

VO
Os
O

o
o

cn
cn
r -H

o
o

Os
^ H

o
0

0

o ' o ' o ' o ' o ' o ’ o ' o ' o ' o ' o ' o ' o ' o ' o ' 0

4 -*

'5
J O

> D
e

p
th

V
e

lo
c

it
y

D
e

p
th

> >

' 3
o
<u

>

D
e

p
th

-t—■
* 3

o
1 3

> D
e

p
th ' 3

o
1 3

>

D
e

p
th

> >

* 3
o

1 3

> D
e

p
th ' 3

JO
<D

>

D
e

p
th

S n
-t—*

■ 3
0

1 3

>

D
e

p
th

in
in CN

nT
C N

cn
cn

in
vo VO

nT
o
O s

CO
Os
C"

o
O S

lb in

vo

o
1/3

o

<u <D

Cd
C/3

CN

-t—><u

c/3
CN-4->X>
O

o
c/3

CN-4->

<L>

cd
C/3

CO-4-Jx>-t-*<L>

x>
C/3

CO+-*x>
-4-*
<L>

Ve
lo

cit
y 

0.4
90

 
0.6

30
 

0.4
20

 
0.6

20
 

0.1
99

 
0.5

50
 

0.5
50

 
0.5

90
 

0.7
60

 
0.

86
0 

et
bt

3s
c 

10 
0.6

7 
* 

19
.70

 
De

pt
h 

0.0
10

 
0.0

12
 

0.0
14

 
0.0

16
 

0.0
18

 
0.0

20
 

0.0
70

 
0.1

20
 

0.1
70

 
0.

22
0



Sa
m

pl
e 

Nu
m

be
r 

of 
Pe

ar
so

n'
s 

P 
va

lu
e 

F 
st

at
ist

ic
 

po
in

ts 
Rs

q 
ad

j
Ve

lo
cit

y 
0.0

71
 

0.2
66

 
0.2

03
 

0.0
94

 
0.2

86
 

0.2
87

 
0.5

70
 

0.6
60

 
1.3

60
 

0.
63

0
etb

t4
sb

 
10 

0.5
1 

5 
10

.47
 

De
pt

h 
0.0

10
 

0.0
12

 
0.0

14
 

0.0
16

 
0.0

18
 

0.0
20

 
0.0

40
 

0.0
80

 
0.1

60
 

0.
24

0
Ve

lo
cit

y 
0.1

91
 

0.2
64

 
0.2

25
 

0.2
66

 
0.2

30
 

0.2
73

 
0.2

75
 

0.
29

1 
0.2

77
 

0.
30

7 o
o
c n

o
r r
m

o
00

c n o
VO
1—̂

o
VO

o
CN

o
Tj-
vo

o
r -
o

ON
^ r
CN

o
vo
CN

o
c -
c n

o
r -
o

C"
oo
m

o
o

m

c n

o
CN

o
r~~
in

o ’ o ’ o ’ o o ’ o ’ o ’ o ’ o ’ o ’ o ' o ’ o ’ o ’ o ’ o ’ o ’ o ’

o
o
CN

O
oo
vo

o
in

CN
O
in

o
CN

o
O n
VO

o
o

o
oo
VO

o
m
o

o
VO
in

o
o
CN

o
CN
in

o
m
o

c n

i n

in
c n
O

c n
O n
CN

o
ON
o

o
m
in

o ’ o o ’ o ' o o o ' c> c> o ’ o ' o ’ cd o ’ c d o ’ c d o ’

o
o

o
o
vo

o
o

oo

T“^

o
00
o

o
Tl-
vo

o
00
o

o
c -
vo

o
n -
o

-ri-
o o

oo
t t

o
-'Cj-
o

vo
c n

o
c n
o

OO
c n
CN

o
vo
o

o
c n
m

o ' o ' o ’ o ' o ’ o ’ o ’ o ’ o ' o o ' o o ’ o ’ o ’ o ’ o ’ o ’

o
m
o

o
in
in

o
in
o

00 o
o

o
CN
00

o
Tl-
o

o
C"
vo

o
c n
O

oo
o
CN

o
oo
o

o
m
Tt-

o
c n
o

o
c n
c n

m
CN
o

m

CN

o
c n
o

o
-tT
in

o ’ o ' o ' o ' o ’ o ' o ’ o ' o ' o ’ o ' o ' o ’ o ’ o ’ o ’ o ’ o ’

o
CN
o

o
00
m

o
CN
o

c n
CN

o
CN
o

o
m
00

o
CN
o

o
ON
m

o
CN
o

o
m
c -

o
CN
o

t T
m
CN

o
CN
o

c n
O
c n

o
CN
o

CN
CN
CN

o
CN
O

o
VO
m

o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ c d o c d o ’ o ’ o ’ o ’ o ’ c d c d

00

o
o
vo
i n

00 
r"H

o
o
oo
o

00

o
o
m
r "

00  
r —<

o
o
f— i

VO

00

o
o
^ r
CN

00

o
o
-Ti
e n

oo

o
vo
c n
c n

00

o
o
CN

00

o
o
c n
m

o ’ o ' o ’ o ’ o ’ o ’ o ’ o ’ <d o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ’ o '

vo
o

o
o
m

VO

O
c n

VO

o
o
CO
r -

vo
o

o
vo
vo

vo
o

r -
o
c n

VO

o
o
r -
c n

VO

o
c n
CN

vo
o

T f
m
CN

vo
o

o
m

o ’ o ’ o ’ o ’ o ’ o ’ o ' o ’ o ’ o ’ o ’ o ’ o ’ o ’ o ' o ’ o ’ o ’

T f

o
o
c n
c n

T f

o
o o
VO
o

T f

o
o
OO
r -

Tj-

o
o
o
c -

-n-

o
r

CN
T f

o
vo
CN
c n

T f

o
o
00
o

Tj-

o
-Tf
T t
CN

-Tf

o
o
m
in

o ’ o ’ o ’ o o o ’ o ’ o o ’ c> o ' o ’ o ’ o ’ o o ’ o ’ o ’

CN

o
o
ON
^ r

CN

o
CN
OO
o

CN

o
r -
VO
VO

CN

o
o
vo
vo

CN

o
oo
o
CN

CN

o
m
c n
c n

CN

o
c n
CN

CN

o
o
CN
CN

CN
1 < 

o
o
m

o ’ o ' o ’ o ' o ' o ’ o ’ o ’ o ' o ’ o ' o ’ o ’ o ’ o ’ o ' o ’ o ’

o
o

o
t "
" 3 -

o
o

i n
c n
o

o
o

O
CN
VO

o
o

o
cn
r -

o
o

CO
oo
CN

o
o

O
i n
CN

o
o

o
i n
t t

o
o

CN
c n
r—l

o
o

o
c n
m

o ’ o ’ o ’ o ’ o ' o ’ o ’ o ’ o ’ o ’ o ' o ' o ’ o o ’ o ’ o ’ o ’

D
ep

th
V

el
oc

ity
D

ep
th

V
el

oc
ity

D
ep

th
V

el
oc

ity
D

ep
th

V
el

oc
ity

D
ep

th -t-J
‘ 5o
<u

> D
ep

th

>>

oo
'<5
> D

ep
th

V
el

oc
ity

D
ep

th ’o

> D
ep

th
>> -*—*
oo
13
>

'a
CO

'a 'a a

00
c n

vo
CN

CNO O nO i n
ON c n

m CN
O

VO VO VO VO

0 c d j D 0 « j , 0 > 0 « j 0
^ j - u ^ i r N v n v o v o v o r ^ r ^

N—» -f-> +->( u < u < D < u a > a > < i > ( U ( D



Sa
m

pl
e 

Nu
m

be
r 

of 
Pe

ar
so

n'
s 

P 
va

lu
e 

F 
st

at
ist

ic
 

po
in

ts 
Rs

q 
ad

j
et

bt
8s

a 
10 

0.4
8 

5 
9.5

4 
De

pt
h 

0.0
10

 
0.0

12
 

0.0
14

 
0.0

16
 

0.0
18

 
0.0

20
 

0.0
40

 
0.0

80
 

0.0
12

 
0.

01
6

Ve
lo

cit
y 

0.0
83

 
0.1

03
 

0.0
42

 
0.0

42
 

0.0
73

 
0.1

35
 

0.1
37

 
0.2

08
 

0.
10

1 
0.

01
7 

etb
t8

sb
 

10 
-0

.04
 

n/s
 

0.6
1 

De
pt

h 
0.0

10
 

0.0
12

 
0.0

14
 

0.0
16

 
0.0

18
 

0.0
20

 
0.0

40
 

0.0
60

 
0.0

80
 

0.
10

0 ^r o (N o Ov o o o o o 00 o c n
cn o o t-" o Ov CN 00 oo Ov o cn o c n
cn 1—1 cn I—1 cn r ^ r-H ov I—1 cn c n o
o ’ o ’ o o ' o ’ o ' o ' o ' o ' o ' o ' o '

o o o o o o Ov o cn o CN
Ov VT) r - oo r r 00 CN cn 00 o vo
c n '—1 VO o cn CN 00 1-H 1-H o CN CN o
o ' o ’ o ’ o ' o ’ o ' o ' o ' o ' o ' o ’ o ’ o '

<N o _ o o o o r - o oo o vo
Ov o CN vo cn CN o o CN VO o vo cn
^r I—* CN o CN i—1 VO 1—' T—H o c n 1-H o
o o ’ o ' o ' o ' o ' o ' o ' o ' o ’ o ' o ' o '

w o OO o o cn o cn o vo o vo
r - irv oo 00 00 OV vo CN CN 00 Ov

o I—11 o I—1! o cn o cn o CN o o
o o ' o ' o ’ o ' o ’ o ' o ' o ' o ' o ’ o ' o ’

r - o vo o vo o o o o o w o cn
Ov (N Ov CN o CN r - CN o CN CN CN CN
^r o I— 1 o o CN o cn o c n o o
o o ' o ' o ’ o o ’ o ' o ' o ' o ’ o ' o ’ o ’

00 00 cn 00 Ov 00 00 cn 00 00
Ov 1—1 Ov 1—1 cn 1-H Ov CN 1-H vo 1-H CN
^r o I—11 o 4—11 o i—' o o CN o o
o o ’ o ' o ' o ' o ’ o ’ o ' o ’ o ' o ' o ' o '

VO vo r" vo oo vo Ov vo "3- VO ov vo
r - 1—1 Ov 1-H un 1-H cn r-H CN 1-H Ov 1-H cn
’s f o 1 o i—' o I—1 o CN o CN o o
o ' o ’ o ' o ' o ’ o ' o ' o ’ o ' o ’ o ' o ' o ’

cn c n c n N" o 'nT CN c n Tj- o
<N 1—1 1-H 1-H 1-H t" ' 1-H 00 1—1 c n 1-H vo

o »—11 o 1-H o 1—' o 1 -H o CN o o
o ' o ’ o ’ o ’ o ' o ' o ' o ’ o ' o ' o ’ o ' o ’

VO <N o CN r - CN o CN c n CN c n CN
i—̂ CO 1-H Ov r— l CN 1-H 00 1 -H c n 1 -H r H

cn o i—' o o o o 1 -H o CN o o
o ' o ' o ’ o ’ o ’ o ’ o ' o ’ o ' o ’ o ' o ' o ’

m o CN o cn o CN o Ov o Ov o cn
vo 1— 1 ■*fr 1-H vo 1-H oo 1 -H cn 1— 1 ov 1-H c n
r -H o o o o o o o CN o o
o ' o ' o ’ o ' H o ’ o ' o ’ o ' o ' o ' o ' o '

.ti x:oo
13
>

CX<L>
Q

ojo
13
>

x: .tz x  .tz x  .ts x  .ti x  .t:
cxa>
Q

oo
1 3
>

cx<L>
Q

o
13
>

cx<D
Q

o
o

1 3
>

cx<L>
Q

oo
a>
>

cx&>
Q

Qo
1 3
>

<Ni/"> O
o' ooIT) c n

vo voO
CN

t/3

cn
O

<N

O
r̂

Ov
c nCN

Ov VO vo

ocn00
-t-*
X
(U

xcn
Ov
X
a>

ocn
ON+->X-4-*a>

cnO

-4-»a>

xicn
O

X>+-»<L>

OC/2
o

X
a>

22
7



Appendix IV

Appendix IV: TWINSPAN ordered species by samples tables 

Introduction

The results of the TWINSPAN analyses used in chapters 2 and 3, is presented here as order 

species by samples tables. Taxon (OTU) codes are used throughout. The full taxon names are 

given in table 2-5,chapter 2. In each matrix a and b refer to the deep and shallow sections 

respectively. The last column and last row give the cuts produced by TWINSPAN. These are 

represented as ones and zeros, the line o f binary digits closest to the rest of the matrix represents 

the first cut. The numbers in the matrix are pseudospecies counts. Pseudospecies are a 

representation of the species abundance in simplified form, (Jongman 1988) .

For all sites TWINSPAN failed to make a clear destination between samples from deep and 

shallow sections.
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Appendix IV

Table IV-1, River Etive data. The first major split is identified by using bold text 
to separate the two groups.

a b b b b a a a b b b b a a a a a b a b a a a b b b b b b b b a b a a b b b b b b b b a a b b b b b b b
I-'P'g 3 --------------1 2  2 1 1 - - 1 - 2 2 2 3 - 1 - - 2 1 2 - 2 1 1 ---------- _ -------0
Hept 2 4 - - ................................... - -------0
Pebi . 1 ------------------------------------- -------0
Hydr ---------- 1 1 2 1  1 2 4 4 4 3 3 4 3 4 - - - 2 4 - - 4 - 1 - 4 - 1 - - 2 ...................... - - - - .  .  . - -------1
Oxyt - - 1 -----------------4 ------------- - 3 1 1 -------1 .  . -------1
Pofl 1 - 1 1 - - - 1 1 - - -  - 1 - 1 - - l . . . .  2 - - - 2 . . . . l . -------1
Rhse ................................... 1 ------------- . .  .  ] . l . . -------1
Dyti - - ...................... ..................... I 1 - -------1
Para . - 1 -------1 1 - - 1 ---------- . I . ] ---------- 1 ------- -------1
Nilo ----------------------- 1 ---------------- -------1
Macro . .  i --------------------------------- -------1
Thicn - 1 1 -------1
Tany -------------------- 2 -------------------- - - - 2 - - 1 1 ---------- 11 - 1 1 - -------1
Heter - - 1 - ........................................ -------1
Pico - - 1 ............................................ ..................2 - - -------10
Calu ...........................1 -------11
Fxdy ---------- 1 ---------- -------1 - . -------11
Siar .................. I '  -------11
lemo 1 - l l  ------- 1 - 1 -------11
Pemi - ..................2 - -------11
I.ob scui - 1 - - -------11
Ortho - - 1 .................. -------11
Virga 1 ------- -------11
Diam ------- --- | ------- 1 ------- -------11
Genus Ii - 2 ...................... 2 .................. -------11
Cari 1 4 ................................................ ---------- 2 - - 1 1 - - 1 1 - - - 1 -------1
Olig 1 1 ................................... 1 - 1 2 - - - - - - 1 2 1 - 2 - - I - - . 4 3 - 4 2 - - - 1 - - - - - 1 - - - - - - 1
Barh ................................... 1 ----------2 - - 1 - - - 1 1 - - 2 2 11 1 2 - 3 - - - 2 3 2 2 2 - - 2 - - . .  . - - - - 1
Triss - 1 - - 11  2 1 - - - 1 - - 1 - - -------1
Cric 1 - 1 - 2 1 1 1 - 1 4 4 - - 1 .................. 1 1 - 1 - - - 1 - 1
Poki - - 1 ........................................1 . . i . . l . . -------1 1 - 1 - - -------10
Tipu ------------- 1 .  i . . | ---------- 1 - 1 - 1 - 1 1 1 ------- -------1 1 1 - 1 - - 1 - - - - - 2 2 - - - -------10
Livo ................................................ 1 - - - - - - - 1 - 1 2 - 2 2 1 - 1 - 4 1 -------2 1 - 2 2 1 - 4 110
Ouli ...................... 1 - 1 -------110
Rise --------------------------------- 1 . . - 1 ---------- 2 1 - 1110
Sinni ------------- 1 1 - 1 - 1110
Abla . . | ------------- I -------1110
Tven ---------------------------] ------------- -------1 - 2 - - 1 ------- 1 1 1 - 1 1 1 -------1110
Rhco _ _ 2 -----------------1 ------------- 1 - - 1 -------1111

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 1 1 1 1 1 1 1 1 1 1 1
0 0 1 1 1 1 1 1 1 1 1 1 1 1

0 0 0 0 0 0  0 0 0 0 0 0  
0 0 1 1 1 1 1 1 1 1 1 1  

0 0 0 0 0 1 1 1 1 1

1 1 
0 0 
1 1 
1 1

1 1 
0 0 
1 1 
1 1

1 1 
1 1
0 0 
0 0

1 1 1 1 1 1 1 1  
1 11  1 1 I 1 1
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0

1 1 1 1  
11  11
0 0 0 0 
0 0 0 1

1 1 
1 1
0 0 
1 1

1
1
0
1

11  1 11  0 
1 1 1 11  0 
0 1 1 1 1 0
1

0 0 0 
0 0 0 
0 0 1

0
0
1

0 0 0 
0 0 1 
1 1

1 1 1 1
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Appendix V

Appendix V: Individual responses of benthic invertebrates to velocity, depth and 
substrate.

Introduction

The raw data for the analyses presented in chapter 4 are given below. For each site there is a table giving 

each taxon’s log abundance and the corresponding values o f flow variables. Each row represents a 

sample. There is a second table for each site giving the results of the gaussian curve fitting.

233
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