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Near-bed flow regimes in streams and rivers remain a poorly researched topic, despite
its importance for the distribution of benthic invertebrates. The poor characterization
of macroinvertebrate microhabitat severely constrains the further understanding of
instream flow requirements to protect the ecological integrity of streams and rivers,
and may be responsible for the wide confidence intervals often associated with
macroinvertebrate sampling. Traditionally, benthic habitats have been characterized by
depth, substratum and mean velocity (measured at 0.4 of the depth from the bed)
despite evidence that these parameters are insufficient to describe microflow regimes.
Some researchers have introduced more complex hydraulic variables to characterize
flow regimes.

Yet many of those variables cannot be measured directly, and the

inferred values are not sufficiently accurate to describe microflow in ·quantitative terms.
The difficulties involved in measuring velocities close to the streambed have now been
overcome by the development of an Acoustic Doppler Velocimeter (ADV) which
enables the real-time three dimensional measurement of velocities within centimeters of
the bed. The resolution of 25 Hz also enables the calculation of turbulence statistics,
so that shear stress and turbulence intensity can be obtained at a spatial resolution
small enough to quantify flow regimes within 5 mm from the bed.

The objective of this study was to investigate the hypothesis that differences in the
distribution of benthic macroinvertebrates in stream and rivers are partially or wholly
related to differences in benthic flow regimes.

To this aim, an ADV was used in an artificial stream channel to examine the effects of
different (homogeneous) substrata on near-bed flow regimes under conditions of
constant depth and mean velocity.

Near-bed flow regimes were characterized by

velocity, shear stress and turbulence intensity. Macroinvertebrate distributions were
examined upstream and downstream of isolated roughness elements in a riffle of a
stream section, and related to microflow characteristics obtained with the ADV.

viii

Under conditions of constant depth and velocity, homogeneous substrata of varying
roughness resulted in significantly different microflow regimes. In the field, the
distribution of benthic invertebrates contrasted significantly between upstream and
downstream sampling sites, despite the absence of statistically significant differences
in microflow regimes at those locations. It is suggested that the indirect effects of flow
may sometimes be more important than the direct 'flow exposure' effects with regard
to macroinvertebrate community composition.

The ADV has enabled a quantitative characterization of microflow regimes, including
the description of turbulent flow conditions. This will enable further research into
tolerance ranges of microflow regimes for benthic invertebrates and may offer the
possibility to investigate critical values for shear stress and turbulence intensity. The
quantification of microflow regime will enable a more accurate definition of
macroinvertebrate (micro)habitats.

This knowledge will find applications in many

other areas of limnological research and in the management of streams and rivers.
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1.1

INTRODUCTION

Microflow regimes in streams and rivers remain a relatively poorly researched topic.
The difficulties of making physical measurements at a small scale in the field and the
complexities associated with the topic are probably the reasons why so little is known
about it. Yet flow is one of the dominant characteristics of lotic environments, and its
influence on the distribution of benthic macroinvertebrates at the microscale has been
recognized for some time (Ambuhl, 1959; Smith, 1975; Vogel, 1981; Nowell and
Jumars, 1984; Davis, 1986; Statzner et al., 1988). Macroinvertebrate community
composition is governed by a number of physical parameters at different spatial and
temporal levels. Since each smaller level is 'nested' within the larger one, it has
sometimes been assumed that small scale spatial variation is relatively insignificant with
regard to the representativeness of a sample. Habitat classification is usually based on
the physical variables substratum, depth, and mean velocity (measured at 0.4 depth
from the bed). Combining these variables with a visual assessment has resulted in the
standard habitats pools, riffles and runs, but the geographic variability of streams and
rivers has made it difficult to establish universally accepted objective selection criteria
(Jowett, 1993) and has complicated comparisons between rivers of the same order.

In addition, there is some evidence to suggest that the 'within' habitat variability of
these habitats is much larger than previously thought, affecting the community
structure and composition of the stream benthos (Davis and Barmuta, 1989; Barmuta,
1990). This variability can be attributed to the effects of substratum configuration
(size, heterogeneity, rock surface, spacing, etc.) (McElhone and Davies, 1983), food
availability (Rabeni and Minshall, 1977; Culp, et al., 1983), predator prey interactions
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(Allan, 1975; Hansen et al., 1991) as well as the effects of current velocity (Barmuta,
1990).

At the microscale, the interaction of current velocity with substrate results in specific
near-bed flow regimes with characteristic velocities, shear stresses and turbulence
intensities. In most sections of a stream or river, near-bed regimes are fully turbulent
(Carling, 1992). These near-bed flow regimes differ significantly from the main free
stream flow, since the friction caused by the substrate results in (turbulent) microflows
with reduced velocities. Since the velocity gradients are high in this region, near-bed
flow regimes are also characterized by high shear stresses. Variability depends on the
interaction between depth, velocity and substratum configuration, and to typify habitat
by only measuring mean velocity and depth would ignore this microhabitat variability
and so may result in the wide confidence intervals of benthic population estimates
(Davis and Barmuta, 1989).

Macroinvertebrates are subjected to lift and drag forces, and the magnitude of these
forces depends on the roughness Reynolds number, associated with the animals body
shape (Vogel, 1981).

Statzner and Holm (1989) investigated the morphological

adaptation of shape to flow in lotic invertebrates and concluded that due to the
changes in size and shape of instar developments, many invertebrates are not optimally
adapted to the microcurrents surrounding them, at least not from a morphological
point of view.

On the other hand, some of the feeding mechanisms of

macroinvertebrates (e.g. filter feeders) depend largely on particular flow conditions
(Davis, 1986), indicating that they may be exposed to high velocities.

Thus it can be assumed that for most benthic species tolerance ranges exist with regard
to microhydraulics, and that certain near-bed flow regimes will offer more or less
favourable conditions for macroinvertebrates. Growns and Davis (1994) classified the
lotic fauna into Flow Exposure Groups, in analogy with the Functional Feeding Group
classification of the River Continuum Concept (Vannote et al., 1980). However, to
gain an understanding of the determining factors in microflow regimes influencing
macroinvertebrate community composition, a quantified approach is needed.
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This is important in several respects. First, it will enable a more accurate definition of
sampling strategies for large scale programs to reduce or eliminate biased results. An
example of this is the "Monitoring River Health Initiative", a biomonitoring program
with the ambitious task of composing a classification inventory of all rivers throughout
Australia by rapid assessment techniques. The objective of this program is to relate
benthic community structure to a number of environmental variables, resulting in the
construction of a model which will enable comparison of degraded sites with near
pristine sites. Habitat sampling is based on the concept of ecoregions (Resh et al.,
1995). The program's sampling methodology uses the habitat classification of riffles,
pool rocks, edge/backwater, logs/sticks and macrophytes (National River Processes
and Management Program, 1994), without further distinctions made for 'within'
habitat variability. Riffles will most likely display a high variability due to the
irregularity of substratum and the highly localized effects of near-bed flow regimes. A
better knowledge of this variability is likely to increase the accuracy of such a sampling
program.

Better knowledge of microhabitat flow regimes could also significantly assist in the
formulation of criteria for environmental flow allocations. Environmental flow
allocation for instream requirements is often part of a management plan for streams
and rivers whose hydrological regimes are affected by human-related uses. Examples
are irrigation for agriculture and damming to create reservoirs for water supply.
Managers are often faced with the difficulty of having to make decisions on baseflow
conditions without having sufficient information on the ecological 'requirements' to
maintain or enhance the integrity of a river basin system. Currently flow allocation is
based upon the Instream Flow Incremental Methodology (IFIM). This methodology
attempts to define instream flow requirements on the basis of physical habitat
simulation. The method was developed in the US and was mainly based on fish habitat
requirements. Benthic habitat requirements could improve the sensitivity of the model
considerably, since macroinvertebrates often display a much greater sensitivity to the
physical environment due to their relative immobility and their lower position in the
food web. In Australia where the endemic fish fauna is depauperate, at least partly
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because of erratic hydrological regimes, macroinvertebrates are also a better and more
comprehensive indicator of ecological 'health'. A full review of the Instream Flow
Incremental Methodology is presented in Chapter 2.

1.2 OBJECTIVES OF THE STUDY

This study will examine the following working hypothesis:

Differences in the distribution of benthic macroinvertebrates in stream and rivers are
partially or wholly related to differences in benthic flow regimes.

Benthic flow regimes will be investigated with the use of an Acoustic Doppler
Velocimeter. The availability of an Acoustic Doppler Velocimeter (ADV) to study
near-bed flows makes it possible for the first time to record real-time velocities in three
dimensions within one cm of the bed, enabling a quantitative approach to investigate
rnicroflow regimes.

The use of the three dimensional velocity data sampled at a

frequency of 25 Hz allows the calculation of shear stress and turbulence intensity with
time independent statistics in analogy with meteorological turbulence studies. This is a
far more accurate way of determining shear stress than by using the inferred values of
the log height profile, as has traditionally been necessary due to a lack of precision
equipment. Determining the shear stresses and turbulence intensities near the bed at
such fine resolution will enable us to quantify the forces acting on benthic animals and
to define species specific critical values of near-bed flow regimes.

1.3 GENERAL OUTLINE OF THE STUDY

Flow regimes can be classified into a number of categories depending on their
characteristics. The current state of knowledge of rnicroflow regimes and some of the
basic principles of turbulence studies are discussed in Chapter 3. Definitions of
hydraulic parameters are included, and the equations used to derive them. Since many
near-bed flow regimes constitute fully turbulent conditions,
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some concepts of

turbulence are also discussed, including shear stress and turbulence intensity. This is
followed by a description of the use of the ADV in Chapter 4, including the use of the
software program, calibration, field set-up and turbulence measurements.

The high precision of the instrument and the poor understanding of microflow regimes
made it necessary to undertake a series of smaller experiments to gain some
preliminary knowledge of the characterization of microflow with an ADV.

These

experiments are described in Chapter 5. The results of various methods to calculate
shear stress are included, and a preliminary field trial is also discussed.

The study of microflow regimes was undertaken as a comparison of near-bed
velocities, shear stresses and turbulence intensities over different types

of

homogeneous substrates under conditions of constant depth and mean velocity
(Chapter 6). Trays with artificial substrates were placed in an artificial stream channel
to make a series of velocity measurements in order to compare the effects of different
roughnesses associated with the different types of substrate on microflow regimes.
Finally, in Chapter 7 the effect of isolated roughness elements on microflow was
investigated in a field experiment, and correlated with macroinvertebrate distributions.
General conclusions are presented in Chapter 8.
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2.1

INTRODUCTION

Stream management aimed at combining a variety of off-stream and in-stream uses
is becoming increasingly important worldwide, with the recognition that stream
modification practices have resulted in considerable changes in riverine ecosystems.
In Australia, where hydrologic characteristics deviate substantially from elsewhere
in the world (McMahon, 1986) and erratic climatic conditions prevail in many parts
of the continent, streams have always been considered a precious resource. Not
surprisingly, most streams have been modified for various purposes including
irrigation, hydroelectricity, water storage and supply, recreation, etc.

In many

cases the integrity of these freshwater ecosystems has been severely degraded.

2.2 STREAM MANAGEMENT

Stream management, when defined as a means of meeting ecological goals, can be
classified into three different types of approaches (Lake, 1986):

•

maintenance of water quality

•

protection of a single species

•

strategies based upon ecological studies

The first and third approach are directed towards preserving the integrity of
streams and rivers, and takes into account all the human-made changes to these
ecosystems.
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In the past, management was primarily concerned with the water quality of a river
system (Cummins, 1974). However, as discharge quantity defines temporal and
spatial habitat niches for the various freshwater faunal communities, the hydraulic
and hydrologic characteristics of streamflow have increasingly been recognized as
an equally important component of the 'health' of a riverine ecosystem (Herricks,
1984).

Instream flow needs are usually determined with the help of predictiv:.:. --:apabilities
of hydrologic models. Richardson (1986) describes three types of methodologies
for determining these needs:

a. Historical flow record analysis which correlates habitat condition with flow as a
percentage of average flow and flow duration curves.

b. Transect analysis which measures the physical attributes of streams over a range
of observed flows at critical habitat locations.

c. Habitat modelling which simulates changes in preferred habitat over any range
of flows for some particular species or life stages.

While the first two approaches are concerned with recommending threshold values
related to annual, seasonal or monthly instream needs, they are deficient in
determining biological needs because they are solely based on physical parameters.
The predictive capability of these types of methods is rather limited. Moreover,
the definition of minimum critical values often results in a specified regulated flow.
The dynamic behaviour of aquatic ecosystems (Lake, 1986) instead requires a
variable regime, based on ecological indicators.

The third approach is based on the quantification of one or more species within a
number of transects and correlated with physical parameters. The derived habitat
preference suitability curves are then used to predict the impact of flow changes in
the critically affected sections of regulated streams.
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The most applied

methodology following this approach was developed in North America by Bovee
(1982) and Milhous et al. (1981) and will be discussed in detail below.

2.3 THE INSTREAM FLOW INCREMENTAL METHODOLOGY

The Instream Flow Incremental Methodology (IFIM) relies on the use of a
modelling technique for determining instream flow regimes for multiple transects.

An important component of the IFIM methodology, the PHysical HABitat
SIMulation technique (PHABSIM), is a computer model based on four
components (Richardson, 1986; Walker,1986):

I. Measurements of hydraulic parameters such as depth, velocity, temperature,
substratum, wetted perimeter and water surface elevation.

II. Computer simulation of stream hydraulics.

III.Determination of suitability-of-use curves for each species or life stage under all
combinations of habitat variables.

IV.Weighted Useable Area (WUA) is calculated from suitability-of-use curves for
each species in a given time period. The subdivisions of the environment are
totalled to obtain an incremental index value, reflecting potential carrying
capacity.

When WUA's are determined for a range of different flows, a

relationship between flow and habitat can be characterized.

Water quality and food availability can be incorporated in the model, but renders
computations extremely complex. Biological interactions are recognized as being
important, but are not accounted for in the model. Despite its obvious advantages
of incorporating habitat into the predictions, the model is based on several
assumptions and shows some serious deficiencies.
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2.4 APPLICATIONS OF IFIM

The examination of IFIM in the context of stream management reveals three
important points:

i) IFIM has been developed in North America, and has been used mainly for the
management of North American coldwater streams.

Its hydrologic

characteristics are very different from those of Australian streams (McMahon,
1986), and the transferability of the method has to be validated, and calibrated
for Australian (and perhaps local) conditions. The high variability in hydraulics
in Australian waters may pose some problems in the development of
representative models. The resulting spatial and temporal variability in habitat
characteristics may require the WUA's to be defined at a higher resolution than
is perhaps the case for North American streams.

ii) IFIM has been used for freshwater fish species, giving rise to some particular
problems. Fish are highly mobile, and in many cases represent the top of the
trophic ladder. Their spatial habitat range will extend over a large area, which
makes it more difficult to allocate Weighted Useable Area's. Some species are
of a generalist nature, highly adaptable to differing conditions, whereas others
are habitat specialists, limited by food availability. Macro habitat characteristics
do not account for patchiness and spatial and temporal variability in habitat.
Behavioural factors, competition and predation are not considered resulting in
problems with the accuracy of the models (Richardson, 1986).

Because the method was developed for the US Fish and Wildlife Service, it is
possible that ecosystem integrity has been assessed on the basis of freshwater fish
species due to the importance of recreational fishing, and the availability of these
particular data, rather than on their representativeness of the entire ecosystem.

In Australia, fish species are not a good indicator of riverine ecosystem 'health'.
There are very few endemic fish species present in Australian river systems, and the

9

high percentage of introduced species bears no relation to the instream ecosystem
needs.

The. paucity of data on fish species makes this approach even more

problematic (Koehn,

1986).

So far, IFIM has not been applied to

macroinvertebrate distributions, but the methodology can be readily adapted to suit
this purpose.

iii)PHABSIM consists of a variety of options for both hydraulic and habitat
simulation, based on a number of different assumptions. Gan and McMahon
( 1990) used a single data set to calculate useable area at a single discharge for
three life stages of brown trout using various options in habitat simulation. The
results varied greatly according to the particular combination of selected
options. They concluded that unless biologically realistic models are used there
is a potential for misleading results (Gan and McMahon, 1990). This in tum can
have repercussions on management decisions. The variability of results also
makes it difficult to compare different studies, and at present verification of the
modelling attempts is lacking. The accuracy of the predicted WUA's should be
experimentally investigated, and the confidence limits of the predictions be
defined.

Further problems arise in the methodology used to determine acceptable discharge
regimes.

Orth and Leonard (1990) examined two of the presently most used

methods to determine discharge regimes in the US for nine target fish species in
four streams in the upper James River basin, Virginia, USA:

a)

The Aquatic Base Flow (ABF) uses median flow for the low flow month,
derived from discharge records to prescribe median flows for each month.

b)

The Montana method describes flow at 10% of the average discharge (AD)
as the minimum instantaneous flow required to sustain short term survival;
30% of the average maintains good quality habitat, while 60-100% is
considered optimum.
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Orth and Leonard (1990) conclude that from the application of PHABSIM both
methods can. be used to develop instream flow recommendations, although the
absence of a linear response between recommended flow and habitat maintenance
would favour the more conservative Montana method. The 10% AD requirement
was generally inadequate to protect fish, while ABF recommendations during early
spawning were much higher than the flow which provided optimum habitat.
Consequently, the reliability and universality of these methods needs to be further
investigated.

2.5

The

GENERAL ASSUMPTIONS OF IFIM AND THEIR VALIDITY

main

assumptions

associated with

the

Instream Flow

Incremental

Methodology are either related to ecosystem theory or to statistical problems. The
first three assumptions are concerned with the former, whereas the other
assumptions are more of a statistical nature.

2.5.1

It is assumed that stream communities behave in a deterministic manner, i.e.
they will always respond in the same way to certain environmental
variables.

This assumption is the subject of strong debate amongst stream ecologists, and the
dynamic behaviour of some Australian stream communities can probably better be
described as 'stochastic' i.e. subject to chance (Walker, 1986), although it is
probably better to view both terms as ends of an intergrading continuum.
Characteristics defining the relative position of a community along this continuum
are persistence of community structure, resistance to change and resilience after
change (Lake, 1986).
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2.5.2

Habitat characteristics are the most important variable in the distribution
of all fish species in streams.

Although the validity of this basic assumption is hard to question, its applicability
depends on how exactly habitat is defined in the model. Indeed, variables strongly
influencing habitat characteristics such as predation, competition, and behaviour
have not been considered at all (Richardson, 1986). Bain et al. (1988) found that
some species of fish were habitat generalists, whereas others were microhabitat
specific. This points to the need for:

•

inclusion of biological interactions

•

a refinement of habitat partitioning

•

distinction between WUA for macrohabitat and microhabitat

The high mobility and adaptability of fish species compared to macroinvertebrates
means that the biological interaction component takes on a more important role in
the characterization of habitat.

It is therefore highly inaccurate to ignore this

variable in the determination of habitat. The negation of the biological interaction
component in habitat definition will become more acceptable for less mobile
species, such as macroinvertebrates, where physical parameters play a more
important role in determining habitat suitability.

2.5.3

Incremental Methodology is used for a limited reach of stream, assuming
that by careful selection of the reaches analyzed a representative data set
can be obtained of a much larger reach of stream.

This assumption is based on the idea that changes in a stream from headwaters to
higher order rivers occur gradually, and hence long reaches of the stream will be
quite similar (Herricks, 1984). Vannote et al. (1980) postulate such a gradual
change in their River Continuum Concept. However, Statzner and Highler (1985)
criticize this concept pointing out that microscale levels and base levels of
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equilibrium can be responsible for discontinuities of gradient changes. Instead, in
their concept of stream hydraulics, the hydraulic transition zones exhibit distinct
changes localized within relatively short stretches (Statzner and Highler, 1986).
The latter does not exclude the selection of representative stream reaches, but may
require the inclusion of data on hydraulic transition zones as additional important
ecosystem habitat niches.

It is obvious from 5.2 and 5.3 that the selection of representative river transects
with respect to the variability of habitat is a complex issue. Generalizations made
to 'fit' the model are an inherent danger of this methodology.

2.5.4

Habitat reaches can be partitioned into a number of cross-sectional and
longitudinal cells for which mean values can be calculated for physical
parameters. Weighted Useable Area's can be calculated for those cells, and
the results can be summed to obtain a total value for the habitat reach.

The within and between variability of the selected habitat cells can create
considerable problems with respect to representative values, and their variability
may present difficulties for obtaining a meaningful total sum value. Gan and
McMahon (1990) also question the validity of the various PHABSIM modelling
programs when used to define cell width.

The recognition that substratum

configuration will interact with velocity and depth to create a set of specific
hydraulic conditions means that within a very small stream section rnicrohabitat
templets of macroinvertebrates can show a remarkable diversity in characteristics,
and that a simple summation may not necessarily result in representative values.
Due to our limited understanding of these 'micropatches', they are often
haphazardly intermingled, possibly resulting in extreme clumpedness and wide
confidence intervals of benthic population estimates (Davis and B arrnuta, 1989).

13

This conclusion may at least cast doubt on the validity of dividing stream sections
into habitat cells, and at best calls for a careful evaluation of the criteria used for
habitat partitioning.

2.5.5

Physical parameters such as velocity, depth, substratum are assumed to be
statistically independent variables.

Mathur et al. (1985) found that "the violation of the assumption of independence
may be more universal than might have been previously believed". They refer to
similar findings by Gore and Judy (1981), and Orth and Maughan (1983). Gore
and Judy (1981) found that {depth x velocity} was statistically significant and was
used as a fourth polynomial curve to assess habitat suitability.

Despite the

irrelevance of measuring mean velocities with regard to macroinvertebrate habitat
in their study (Nowell and Jumars, 1984; Davis, 1986; Davis and Barmuta, 1989),
it can be assumed that {depth x velocity} will be significant in defining
microhabitat for certain species of fish.

Instead of using the incremental or

logtransformed models, which both assume statistical independence of the
variables, Gore and Nestler (1988) suggest incorporating the exponential
polynomial model (Gore and Judy, 1981) or the index of the laminar sublayer
thickness (Statzner et al., 1988) into the IFIM procedure.

Orth and Maughan (1983) showed the interaction term for {depth x velocity} to be
highly significant. They found relatively low R2 values for independent variables,
indicating the relatively small influence of physical factors on macroinvertebrate
distribution when viewed singly. They concluded that "the inherent associations
between environmental parameters make the process of developing habitat
preference criteria more difficult" (Orth and Maughan, 1983).

The interactions of {velocity x depth x substratum} are significant in the
distribution of macroinvertebrates in microhabitat (Nowell and Jumars, 1984;
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Davis, 1986; Davis and Barmuta, 1989) and can be expressed as mathematical
functions.

This contradicts the assumption of statistical independence between velocity, depth
and substratum, at least at the microcurrent level. Moreover, cross-product terms
of depth, velocity and substratum could also be statistically significant in the
influence of physical factors in macrohabitat conditions.

The interaction of {depth x substratum} is also important in the production of
periphyton, consumed by the 'collector-browser' functional feeding group (FFG)
of macroinvertebrates.

PHABSIM should certainly be fine-tuned to take such

biological interactions into account, as they constitute a major non-hydraulic
determinant for habitat suitability for these FFG' s, via the PAR attenuation on·
periphyton (Quinn and Hickey, 1994).

A further complication in the habitat

modelling results from the seasonal changes in the roughness of the substrate due
to the growth of macrophytes. Hearne et al. (1994) examined the relative errors
resulting from the assumption of a constant streambed roughness (expressed by
Manning's roughness coefficient n) compared to the seasonal changes in hydraulic
roughness resulting from macrophyte growth and senescence. When the calculated
roughness values were compared with the roughness values obtained from field
measurements, they found that the predicted WUA's can differ by as much as 34%
depending on the season used to calibrate the Water Surface Profile.

They

proposed an algorithm to be included in PHABSIM to account for the effects of
changes in macrophyte biomass.

2.5.6

The probability of individuals always selecting the most favourable habitat
and an immediate response to changing habitat conditions is assumed.

This assumption is problematic, as a lognormal distribution curve of a species will
show that only a certain percentage will select the most favourable habitat, whereas
the remainder may prefer to live under environmental 'stress' conditions. Conder
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and Annear (1987) pointed out that the adaptability of fish to survive and thrive in
habitats that are not preferred may not be addressed by the suitability curves.

The second problem with this assumption is the fact that the definition of habitat in
the model has been simplified to fit a limited number of hydraulic parameters,
ignoring energy budgets, biological interactions

(behaviour,

competition,

predation) and probably a whole range of other complex and interacting variables,
such as substrate size, heterogeneity, embeddedness (Orth and Maughan, 1983),
patchiness, spatial and temporal variability, etc.

2.5.7

Selection of the most favourable habitat by individuals can be derived from
a frequency analysis of field observations.

It is assumed that a frequency analysis will give a representative picture of 'most
favourable' habitat occupation. The accurateness and precision of the results will
depend on consideration of the following: spatial and temporal variability of the
species or life stage, the sampling method and regime. Recognition should also be
given to the fact that occupied habitat does not necessarily equal 'most favourable'
habitat (Section 2.5.5).

Alterations to the stream system may have caused

environmental 'stress' factors which may not be immediately apparent.

Representative sampling of habitat 'cells' is complicated and difficult to achieve.
In a paper addressing criticisms of the Instream Flow Incremental Methodology,
Gore and Nestler (1988) discussed the reliability and possible bias of quantitative
sampling techniques to obtain data for frequency analysis. The often used method
of 'electroshock' fishing introduces bias into the analysis of spatial distribution of
fish in a particular habitat, because the electrocuted fish are often carried
downstream before verification can take place.

On the other hand, direct

observation techniques (such as SCUBA diving) may introduce bias through
avoidance behaviour of the observed species.
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2.5.8

Habitat occupation can be expressed as suitability-of-use curves, and can be
used together with the hydraulic characteristics to calculate weighted
useable area, an index of potential carrying capacity.

Mathur et al. (1985) pointed out that suitability-of-use curves are based on
subjective ratings. Preference factors are incorrectly used as probability factors,
not necessarily corresponding with a 100% use of habitat. Hence suitability-of-use
curves are not probability curves with a statistical distribution. It is inaccurate to
assume that these ratings can be used as a measurement of carrying capacity. For
fish, for which IFIM has been applied, different curves may be obtained on
different sampling dates or times within a season (Mathur et al., 1985), yet the
distinction between distribution (occurrence at a life stage at a location) and
abundance (absolute or relative size) is not made when defining suitability-of-use
curves.

2.5.9

A statistical correlation exists between WUA and physical habitat, implying
the assumption that a 1: 1 linear relationship exists between habitat and
standing crop.

Conder and Annear (1987) found that there was no significant correlation for
WUA and measured standing crop among different streams. They used the Habitat
Quality Index (HQI) methodology of Binns and Eiserman (1979) to evaluate WUA
and found that within a stream, WUA determination either 'works' or clearly does
not 'work' (correlation coefficients either negative or near zero).

The HQI

attributes revealed that when a certain habitat attribute modelled in PHABSIM
exerts a great influence on fish species densities, the WUA:standing crop
relationship may be valid. The assumed linear population response to alterations in
flow regime has not been observed by aquatic biologists with regard to
macroinvertebrates.

Threshold

values
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exist

below

(or

above)

which

macroinvertebrates respond by increasing drift rates in a non-linear fashion (Gore
and Nestler, 1988).

2.5 .10 Each determination of WU A is a unique response for a particular species or
life stage to a set of hydraulic variables.

When the relationship between flow regimes and WUA is plotted out, identical
WUA values can sometimes be yielded from different flow velocities (He1Ticks,
1984). This implies that the results of WUA's should be interpreted in a very
careful way, comparing several species and life stages.

In fact, it is only the

composite picture derived from various species, life stages and flow regimes that
will enable determination of optimal and critical flow values.

2.6 MODIFICATIONS OF IFIM

2.6.1 Water quality based habitat component (WQHC)

He1Ticks and Braga (1987) suggest that water quality considerations should be
integrated into the IFIM methodology. By doing so, they want to address the
shortcoming of the model which does not consider water quality as a parameter
defining habitat. They include the assumption that a change in the water quality
parameter will result in a change in the niche dimension affecting habitat suitability.
Optimum levels and tolerance concentration ranges are defined by toxicity testing
for pH, heavy metals and a range of other pollutants.

The advantage of their

modification is that water quality management and ecological conservation
management can be integrated into one comprehensive assessment, so that
management strategies can be developed to meet instream needs for both water
quality and flow regimes.

It recognizes that variation in flow regimes can

contribute to a variation in water quality, and that therefore both issues cannot be
viewed separately. The disadvantage of the inclusion of WQHC's, the complexity
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of calculations, can be overcome by incorporating this modification into the
computer generated PHABSIM programs.

2.6.2 Habitat Quality Index (HQI)

Conder and Annear (1987) used the measurement of Quality Habitat Index (model
II) from Binns and Eisermann (1979) as a habitat evaluation method. It is based on
a scale rating of nine habitat attributes related to trout standing crop: late-summer
streamflow, annual streamflow variation, maximum summer-stream temperature,
nitrate nitrogen, cover, eroding stream banks, submerged aquatic vegetation, water
velocity and stream width. Essentially, ratings are subjective as with the WUA's
and therefore subject to the same criticism discussed in Section 2.5.8. However,
the main difference is that habitat suitability is not solely derived from a frequency
analysis; the categorization of habitat enhances the precision of its 'suitability'
definition. This makes it possible to examine the relationship between standing
crop and WUA, and therefore addresses the problematic assumption of 2.5.9. The
comparison with habitat attributes can be extended to other species, and can be
used to define which attributes predominantly define habitat 'suitability'.

2.6.3 Habitat Suitability Criteria

According to Thomas and Bovee (1993) the selection of habitat suitability criteria
to define indices of habitat quality can be the greatest source of error. They state
the importance of distinguishing between-stream transferability of these criteria.
This can be done by comparing the species selection of microhabitats in source and
destination streams.

Although physical characteristics may be dissimilar, the

comparison (one sided x,2 test) allows one to define the combined suitability of
several microhabitat variables, using the categories 'optimal', 'useable' and
'unsuitable'.
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2.6.4 Exponential polynomial analysis

Gore and Judy (1981) recognized the importance of maintaining a flow for
macroinvertebrates, which may have narrower tolerances for flow changes than
fish (Bovee et al., 1978). They tried to address one of the major criticisms of IFIM
namely the lack of a factor which includes the dependence of velocity and depth in
channel hydraulics.

Using macroinvertebrate data containing information on

number of species, individuals, depth, velocity (measured at 0.6 x depth from the
surface), and substrate, they performed the standard analysis of PHABSIM, but
added a fourth order polynomial curve to test the independence of depth and
velocity. They found that the cross-product term was statistically significant and
did affect the prediction of densities at various velocities and depths.

Their

proposed method may be a 'fine tuning' to establish narrower confidence limits on
regulated flow recommendations (Gore and Judy, 1981).

However, velocities taken at 0.6 x depth from the surface may be too coarse a
measurement as the actual forces to which macroinvertebrates are exposed are a
result of the microcurrent flow regime. This can only be quantified by velocity
profiles measured near the substrate (Nowell and Jumars, 1984; Davis, 1986).

The importance of the study of Gore and Judy (1981) lies perhaps more in
emphasizing the need to include macroinvertebrates into habitat suitability
assessments, and in the recognition of interaction between variables previously
assumed independent, than in their proposed method.

2.6.5 Evaluation of IFIM modifications

Many of the assumptions mentioned earlier are to an extent addressed by one or
more of these modifications. When habitat characteristics are further refined by
WQHC and HQI the validity of assumptions 2.5.2, 2.5.7, 2.5.8 and 2.5.9 will be
strengthened, and the increase in information can also unravel any ambiguities
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between the WUA response to hydraulic variables (2.5.10). The modifications will
result in an increase in both complexity and predictive capability of the IFIM
methodology.

2. 7.

2. 7 .1

FURTHER RESEARCH TO IMPROVE OUR KNOWLEDGE OF STREAM ECOLOGY

Selection of appropriate indicator species to assess instream flow
requirements.

The deficiencies of using fish species for assessing instream flow needs can be
subscribed to their high mobility and adaptability in streamwaters and their trophic
level in the ecosystem. This high mobility and adaptability accounts for a greater
independence from physical parameters relative to macroinvertebrates.

The

position of many fish species on the trophic level as predators means that a higher
metabolic rate can be expected and the importance of food availability is
accordingly high. Consequently the exclusion of biological variables in the models
is not warranted.

Preference of fish for a particular habitat may show a great

spatial and temporal variation, so that a frequency analysis cannot be used as a
distribution probability. Hence the presently used PHABSIM models for fish are
rather inaccurate in determining habitat suitability by frequency analysis.

High mobility and adaptability make fish not very suitable as an indicator species of
'

aquatic ecosystems, because little is revealed about microhabitat requirements. In
Australia the paucity of native fish species and the introduction of many exotic
species would add to this argument (Lake, 1986).

The use of benthic macroinvertebrates and their better defined spatial (and
temporal) distribution will allow a more precise delineation of microhabitat
instream flow requirements.

Their relative immobility facilitates sampling, and

their relative species richness enables community structure analysis and association
with water quality parameters.

In Australia the composition of benthic

21

macroinvertebrates more accurately reflects the functional dynamics of riverine
ecosystems. The gradual longitudinal changes in near-bed flows are reflected with
more precision by the responses of macroinvertebrate communities. Their lower
trophic position enables to detect early warning signs about ecosystem 'stress'
compared to the use of fish species.

Assuming that macroinvertebrate

communities behave in a determinate and predictable way, and that succession is
absent (Vannote et al., 1980) or negligible, it becomes possible to assign changes
in community structure to anthropogenic disturbances.

2. 7 .2 Definition of habitat

Whilst the statistical weaknesses and related assumptions of the IFIM methodology
can be strengthened to a degree in numerous ways, including everything discussed
in Section 2.6, it has to be recognized that considerable limitations still exist as a
result of our knowledge gaps in stream ecology. Many of the processes related to
the distribution and abundance of macroinvertebrates are poorly understood,
particularly the relationship between near-bed flow regimes and habitat occupation
of benthic macroinvertebrates. The findings of Nowell and Jumars (1984) and
Davis (1986) indicate that the measurements of mean velocity in a stream have
little or no value with respect to the actual stresses experienced by
macroinvertebrates near the streambed. Flow regimes near the substratum are
complex and will present a variety of microhabitats related to a number of
hydraulic variables.

From our previous discussion, it is clear that the habitat concept, used as a
cornerstone to develop IFIM, is not well defined.

The distinction between

macrohabitat and microhabitat is usually not applied, and habitat suitability has
been defined mainly for fish with little or no regard to the instream flow
requirements for aquatic fauna at lower trophic levels. In order to enhance our
understanding of habitat requirements of aquatic fauna the distinction between
macrohabitat and microhabitat should be more accurately defined. The former is
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applicable to a number of fish species whereas the latter applies to virtually all
benthic macroinvertebrates at one or more particular life stage(s) and to some fish
species as well. Microhabitat conditions are no longer defined by independent
physical variables of depth, substratum and velocity, but by a complex interaction
of variables resulting in a variety of hydraulic flow regimes.

The relationship between microhabitat and macrohabitat needs to be investigated,
as well as the various habitat scales, if any reliable extrapolations for instream
requirements can be used to predict optimum discharge levels (Herricks and Braga,
1987).

2.7.3 Fluid mechanics defining benthic microhabitat

The influence of boundary layers, microcurrents and turbulence is widely
recognized and several workers have attempted to apply principles of fluid
mechanics to explain the distribution of macroinvertebrates in the streambed
(Davis, 1986; Davis and Barmuta, 1989; Monismith et al., 1990; Nowell and
Church, 1979; Nowell and Jumars, 1984; Orth and Maughan, 1983; Quinn and
Hickey, 1994; Statzner, 1988; Statzner and Holm, 1982; Statzner and Holm, 1989;
Statzner and Muller, 1989, Young, 1992). Statzner et al. (1988) emphasized the
importance of hydraulics in stream ecology.

Statzner and Holm (1989)

investigated the possible forces that could be acting on macroinvertebrates in
laminar flows as a result of their body profile, and distinguished five influencing
factors: diffusive exchange processes, the potential abrasion through suspended
solids, lift forces, friction forces and pressure drag forces. The forces acting on the
animal depend on their associated Reynolds number (ratio of inertial forces over
viscous forces). However, most macroinvertebrates will not be found in laminar
flows, and the influence of the forces resulting from the flow regimes associated
with the topography of the substratum are likely to be much bigger. Statzner and
Muller (1989) also investigated the forces acting on standard hemispheres to
enable assessment of a particular flow regime, but the positioning of spheres was
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done on a flat plane, not reflecting the complex flow regimes of a stabilized rough
streambed. An attempt to characterize roughness element spacing on turbulence
structure was carried out by Nowell and Church (1979). They classified flow
regimes

into

skimming

flow

(closely

parsed),

wake

interference

flow

(intermediate), and isolated roughness flow (low densities).

Davis and Barmuta (1989) developed a classification scheme for measuring mean
and near-bed flows in streams and rivers, and distinguished between mean flow
descriptors (macrohabitat) and flow rnicroenvironment descriptors (rnicrohabitat).
The flow rnicroenvironment can be divided into hydraulically smooth flow and
hydraulically rough flow, the latter consisting of either chaotic flow (shallow riffle
zones), or the three flow regimes identified by Nowell and Church (1979). The
investigations into flow regimes at various scales will be discussed in depth in
Chapter 3.

The correlation between variability in flow regime near the substrate and spatial
rnicrohabitat partitioning for macroinvertebrates has been demonstrated by Growns
and Davis (1994), who classified the stream benthos into three Flow Exposure
Groups (FEG):

• obligates: animals fully exposed to the water column on the upper surface of the
substrates for most of their life cycle
• facultatives: mostly exposed but able to retreat to low-flow areas
• avoiders: most of life cycle spent within the substrate out of contact with direct
streamflows

The Flow Exposure Groups provide a classification relating to the concept of
"stream hydraulics" of Statzner and Highler (1986), analogous to the functional
feeding group (FFG) classification used in the River Continuum Concept (RCC)
(Vannote et al., 1980). Statzner and Highler hypothesized that macroinvertebrate
changes are not gradual as proposed in the RCC, but are instead characterized by
equilibrium profiles in stream sections, followed by transitional zonations of high
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'stress'. Their hypothesis could not be confirmed by Growns and Davis (1994)
who found the change of macroinvertebrate fauna to be gradual from upland to
lowland sites. Statzner and Highler's concept was developed around the postulate
of 'hydraulic stress', defined by the thickness of the laminar layer. Carling (1992)
pointed out that this approach was not valid, because a laminar sublayer is unlikely
to exist in streams where flows are fully rough turbulent.

Recent developments in measurement technology now enable the near real time
measurement of three dimensional velocities within millimeters of the substrate at
various points, with the use of an Acoustic Doppler Velocimeter (ADV) without
interfering with the flow at measurement point. This makes it possible for the first
time to develop a quantitative expression of turbulence 'stress' at various points
immediately above the substrate, precisely where benthic organisms would
experience these forces. The use of this ADV enables the quantification of the
forces experienced under various substratum configurations and flow regimes. It
will permit the further investigation of the correlation of flow regimes and the
distribution of macroinvertebrate FEG's. Determining the characteristics of a type
of flow, the changes in flow as a result of variable depths and velocities and the
response of the stream benthos to particular flow regimes will constitute the
objective of this study.

2S

3.1

DESCRIPTION OF FLOW REGIMES.

Flow regimes can be categorized into either laminar flow or turbulent flow (Smith,
1975). The ratio between inertial forces (or acceleration) and viscous forces is
called the Reynolds number and is used to distinguish between the two.

For

laminar flows, the Reynolds number is low (Re < 500). Laminar flows usually
occur at lower velocities and over a rather smooth substrate. In streams and rivers
laminar flow will occur where mean free-stream velocities are low. Most sections
of the river, however, will have a turbulent flow regime, due to the slope of the
river, the relatively rough bed surface and the high mean free-stream velocities,
resulting from a combination of a narrow streambed and a high discharge (Vogel,
1981) . Typically, turbulent flow develops at high Reynolds numbers (Re> 2000),
where transitional flow occurs between 500 < Re < 2000. The Reynolds number
is given by (Smith, 1975):

Re= UL/v

[l]

where: U = mean velocity
L = characteristic length dimension
v = kinematic viscosity,= µ/p, whereµ= viscosity of the fluid
p = density of the fluid

In turbulent flows, a laminar boundary layer may still exist close to the streambed.
This occurs where the substrate surface is smooth, i.e. where the roughness
protrusions with height k are smaller than the laminar thickness layer 3'.

26

Further distinction in flow regimes can be made with the use of the Froude
number:
Fr=

u

{iii

(2]

where U = current velocity, measured at 0.4 depth of the water column from the
streambed
D = depth of the water column
g = acceleration due to gravity

The Froude number represents the ratio of inertial forces over gravitational forces,
and the following categories are distinguished:

Fr< 1: subcritical flow (tranquil)
Fr = 1: critical flow
Fr > 1: supercritical flow (broken, white water; shooting or streaming
flow, rapid flow)

Combining those two parameters external flow can be described as follows (Davis
& Barmuta, 1989):

1) Subcritical - laminar
2) Subcritical - turbulent
3) Supercritical - laminar
4) Supercritical - turbulent

The turbulent conditions are typical for rivers and streams under normal
conditions, whereby supercritical - turbulent is characteristic of "broken" water,
common in rapids.

These macro- and mesoscale flow regimes will set the conditions governing flow
regimes at a smaller spatial scale. Flow at a smaller spatial scale is dependent upon
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the mean free-stream velocity, water column depth and substratum configuration,
and the interaction between those parameters. To describe flows at a spatial scale
relevant for macroinvertebrates, it is necessary to define some of the measured
parameters with regard to the morphology of the streambed:

k=

the height of protruding elements of the streambed

'A, =

the mean distance of the spaces created by the longitudinal
distance between roughness elements.

D=

depth of the water column

k/D = relative roughness

j=

mean groove width between roughness elements

trit = 2.46k[(D-k)/k] 0 '
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-d50 (critical groove width)

d 50 = · mean bed material size along the longitudinal (downstream) axis
8' =

thickness of the laminar sublayer

8'/k = ratio of the thickness of laminar sublayer to the roughness height.
NA/At= roughness density (Nowell and Church, 1979), where:
N=

number of roughness elements

A =

plan area of the roughness elements

At =

total area of the bed

0

Flow near the streambed can further be divided into hydraulically smooth and
hydraulically rough flow. The former occurs when the roughness elements do not
protrude through the laminar sublayer, i.e. when k is smaller than 8'. This may
occur in slow flowing sections of lowland silt-bed rivers, or over sections of
smooth bedrock, where column depth is small (Davis and Barmuta, 1989).
Hydraulically rough flow is far more common (k>8'), marked by turbulent
conditions and high rates of mixing and diffusion.
Davis and Barmuta (1989) and Carling (1992) observed that under such conditions
no laminar sublayer exists. Statzner and Highler (1986) based their "hydraulic
stress" concept on the laminar boundary layer to characterize flow regimes for an
entire stream. However, the absence of a laminar sublayer in most sections of a
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stream or river renders this concept invalid for flow characterization. In most
circumstances, k>o', and hydraulically rough flow can further be classified into the
following:

1)

Chaotic flow:

D~ 3k

This flow is typical for roughness elements protruding above the water
column, but is also found in shallow depths where k is larger than D/3.
Flow patterns are extremely complex and irregular.
2)

J'>'
-Jcrit

Isolated roughness flow:

The roughness spacing is large enough for a horseshoe vortex formation to
occur around each element.
3)

<"
k -J

Wake inte,ference flow:

Critical roughness spacing between isolated roughness flow and skimming
flow.

4)

k >"
-J

Skimming flow:

The flow will skim over the roughness elements, creating pockets of 'dead'
water in the interstitial spaces.

Flow visualization techniques (Statzner and Muller, 1989) and the calculation of
the critical values (Young, 1993) have so far been the only way to characterize
flow regimes. These methods are cumbersome and in many instances impractical,
and they do not give us much information on the actual forces prevailing in these
flow environments.

3.2 SOME CONCEPTS OFTURBULENCE

The forces acting on an organism are complex. They are both a result of the actual
exposure to a particular (variable) flow regime at a location on, between or within
the substrate, as well as a result of the particular body shape, positioning and
movement of the organism (Abelson et al., 1993). Many macroinvertebrates are
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not necessarily found in the sheltered microenvironment of a laminar sublayer, as
more often than not a laminar sublayer is not present at all.

Since

macroinvertebrates are often exposed to turbulent flow conditions, it is necessary
to characterize the turbulent flow regimes of the microenvironment.

In

meteorology and oceanography, the following parameters describe turbulence
(Smith, 1995):

• Time scale T and length scale A of the turbulence eddies.
• Shear stress close to the surface (substrate)
• Mean stream velocity
• Turbulence intensity

The time and length scale of the eddies give an indication of the scale of the
turbulence. This is important to determine to what extent turbulence is relevant for
a particular size of organism. Shear stress is one indicator of a force acting on a
particular point above the substratum. The net result of all flow forces acting on
an organism is determined by the deflection caused by the body shape of the
organism at that particular point (Statzner, 1988; Statzner and Holm, 1989). Thus
shear stress at one particular point will not always have the same effect on different
types and instars of benthic species, but it is an objective parameter that can be
used to classify microhabitat in turbulent flow conditions, and its scale and
magnitude is determined by the interaction of substratum, depth and mean freestream velocity.

Shear stress 't can be defined as:

au

't=µ-

[3]

dZ

a

. grad'1ent
w here: - U
- = ve Ioc1ty

dZ

and

µ = coefficient of absolute viscosity of the fluid.
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The absolute viscosity µ is a measure of the frictional resistance to flow of a fluid
with density p.
The velocity gradient can be determined by making velocity measurements along a
vertical profile in the water. Shear stress can also be given as shear velocity u. :

[4]

u,=~

Density p varies with temperature, salinity and the amount of dissolved oxygen.
On a microscale, salinity remains constant so the only fluctuating variables are
temperature and dissolved oxygen. However, the density variation is of such a
small order (for temperature E-04 g/ml, for D.O. E-06 g/ml)(Stott and Bigg,
1928), that it can be assumed to approximate unity, and the expression can be
reduced to:

u.

3 .3

=.J-;;

[5]

MEASURING SHEAR VELOCITY

Statzner and Muller (1989) described two methods for the calculation of shear
velocity:

i) by using mean depth and slope of the stream.

These variables are then

combined into the following equation:

u. =.JgSDp
where g = acceleration due to gravity
p = density of the water
D = depth of the water column

S = the slope of the water surface
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[6]

ii) The velocities along a vertical profile are plotted against the lognormal depth of
the measurement points. The slope of the linear fit will give the shear velocity,
which is a constant value. Shear velocity can then be obtained in the following
way:

5.75
slope

u.=--

[7]

Both methods describe the shear velocities in different ways. The former method
generates larger values for u. , because it applies to sectionally averaged flow and
the friction of the entire streambed (including streambanks) in the channel reach is
reflected.

In hydrodynamics, the frictional effect is split into separate additive

components (Carling, 1992):

f = r + r·
where: f

=

total friction

r

=

main friction

f' =

[8]

additional friction losses due to form resistance (flow
distortion, large-scale bedforms, bank drag, vegetation)

The latter method describes the shear velocity at a point above the bed, only
reflecting the frictional effect of the local bed immediately upstream. For stream
ecologists interested in characterization of macroinvertebrate microhabitat, the
shear velocities calculated from the velocity profiles will better reflect the actual
forces to which organisms are exposed at a particular point just above the
substrate.

However, the shear velocity derived from the profile is assumed to be constant for
all the points where velocity was measured.

This seems to hold for velocity

profiles that follow a lognormal distribution, even for turbulent flows at the bottom
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part of the profile. Nonetheless, the method relies on inference values for Zo and
the degree of fit of the lognormal function.

When velocity is plotted against logheight, the plot should reveal a linear
relationship, at least at the bottom of the boundary layer. The velocity gradient is
constant and is a function of:

• the distance from the substratum
• the longitudinal distance from the boundary layer developing at a point
upstream
• the mean free-stream velocity U
• the viscosity v

The shear velocity can be inferred using the following equation (Carling, 1992):

u.

z

K

Zo

u z =-ln-

where:

[9]

u2 = velocity at height z
u. = shear velocity
K

= Von Karmann constant

Zo = roughness height (inferred value)

The shear velocity u. can also be obtained from the mean velocity U , total
column depth D and the roughness height k from the substratum in the following
way (Davis, 1986):

D
5.75log(l2 k)

u.= - - - = - - - ' U

Smith (1975) defines different sections in the velocity profile:
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[10]

1) The linear velocity profile. This is the section near the bed where the
shear stress is constant and equal to the stress on the bed. The Y
intercept point is z0 , and indicates the roughness of the streambed.
2) The transition profile, giving an indication about the thickness of the
laminar boundary layer.
3) The logarithmic profile. This profile extends towards the mean velocity
measured at 0.4 depth from the substratum. In this profile section the
shear stress is supposed to become smaller and smaller, as the velocity
approaches free flow velocity.

This type of profile, in which the various sections can be distinguished, is typical
for a laminar flow with a continuous velocity gradient. However, the near-bed
flow regimes in streams are usually turbulent, because of the high flow velocities
and the high roughness Reynolds numbers. The laminar boundary layer (involving
profile sections 1 and 2) may become infinitesimally small. The region of flow
exposure of macroinvertebrates extends far above it, effectively exposing them to
shear stresses associated with turbulent flow.

3.4

MEASURING SHEAR STRESS AND TURBULENCE INTENSITY

Shear velocity is a derived measurement and cannot be measured directly.

As

mentioned earlier, one method is to calculate it from the velocity profile by
assuming that on a very small scale the turbulent flow could be approximated by a
laminar flow.

The validity of this assumption depends on the scale of the

turbulence. Prandtl's concept of 'mixing length' states that the scale of turbulence
is of the same order as the prevailing size of the turbulence eddies. If the size of
these eddies is much larger than the region considered, it can be assumed that
within an eddy a laminar (constant) flow prevails. Turbulence is then occurring on
such a large scale that it is not perceived as such within the region. However, if
the scale of the eddy sizes is not much larger than the spatial scale we are
interested in, it is no longer possible to infer the shear velocity from the velocity
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profile, because the velocity fluctuations about the mean have become turbulent
hence irregular (Silvester and Sleigh, 1985). Carling (1992) pointed out that when
the logarithmic profile is distorted as a result of extreme bed roughness, " .. no
accepted theory of vertical velocity distribution exists and shear velocity cannot be
calculated."

However, the development of new high precision instruments such as Laser
Doppler Velocimeters and Acoustic Doppler Velocimeters has enabled the
measurement of real time three dimensional velocity fluctuations to calculate shear
stress and turbulence intensities at a given point. The velocity fluctuations in the
stream direction can be described by:

-

u = u + u'

[11]

where: u = the total velocity for a given spatial and temporal point.
.:..

u = the mean velocity component

u' = the variation component about the mean

The velocity u is the velocity component of the water along the x-axis in the mean
flow direction. This component will be the largest, and is the only one that has
been taken into account for the calculation of velocity profiles. Turbulent flow
means that spatial flow· variations will also occur in other directions.

The

instantaneous velocity perpendicular to the stream flow v (in the horizontal y-axis)
will in this case only consist of v ', since the mean velocity in this direction
approximates zero. Similarly w is defined as the vertical velocity component in the
z-axis. The measurement of velocities along three axes enables us to calculate the
forces (Reynolds .stresses) acting on a particular point, as well as the strength of
the velocity fluctuations. The Reynolds stresses can be separated into two types
(Smith, 1995):

Normal stresses:

p u' u', p v' v' , p w' w'

Shear stresses:

pu'v', pv'w', pu'w'
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The most significant stresses are not the normal stresses, as they are usually small
compared to the pressure gradient resulting from shear stress. Normal stresses act
perpendicular to the plane and indicate the strength of the velocity fluctuations.
Shear stresses are more significant, in particular the shear stress resulting from the
intersection of the downstream and vertical velocity components. This shear is
usually much higher than the shear in the other directions. It is defined by p u' w'
and can be found by computing the covariance between u' and w' in the following
way:

-u'w' =-1~(
-)(w-w-)
4.1 u-u
n

[12]

j=I

The cross lateral shear stresses (p u' v' and p v' w') are so small due to their mean
velocities approximating zero that they are usually not considered (Smith, 1975).
The density p approximates unity and is constant in every direction, so that it is
omitted from shear stress calculations. Since the covariance is calculated for a
particular point, it is expected that values will be smaller than the values derived
from equation [9], because the latter uses the lognormal function over a distance
for which the shear stress is assumed to hold constant. Again, the smaller values
should reflect more accurately the forces prevailing at a particular point.

Turbulence intensity is usually defined as:

[13]

but since the TProbe programme calculates corrected normal stresses we further
refer to turbulence intensity as u' u' .
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Analogous to equation [11], u' u' can be derived as follows:

1

ll

n

j=I

u'u' =- Ii(u-u)

2

[14]

It is a measure of the strength of the streamflow velocity fluctuations and can be
thought of as a pressure force. Because turbulence intensity often scales with the
mean velocity it is useful to express it as relative turbulence intensity

u (Smith,

1995):

u=ulu-

[15]

Taylor's hypothesis states that if a turbulent eddy is stable for long enough to pass
a sensor unchanged by the mean flow, any spatial variations in the fluid properties
due to the eddy will appear as temporal variations to the sensor (Smith, 1994):

au
a

-au
ax

-,:::-ut

[16]

If we assume that Taylor's hypothesis holds, the temporal and spatial scales are
related by:

[17]

A=uT
where: A = integral space scale

T = integral time scale

The integral space scale (or average eddy size) can be calculated from the mean
velocity multiplied by the integral time scale. The eddy size will give an indication
of the scale of turbulence to which macroinvertebrates are subjected. If the scale is
much larger than the scale of the animals' body sizes, turbulence forces will be
experienced as a constant rather than a fluctuating force. Macroinvertebrates are
subjected to lift and drag forces (Statzner et al., 1988; Statzner and Holm, 1989),
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and these forces will change according to the developmental stages of the animal.
Typically, at low Reynolds numbers drag forces will prevail, whereas at high
Reynolds numbers lift forces become more dominant.
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4.1 INTRODUCTION

Newly developed software programs together with some recent developments in
instrumentation have opened up new and exciting areas of research.

The

development of intelligent instruments have made it possible to store large numbers
of real time data and perform complex calculations with the aid of specialized
signal processing chips. This allows the examination of processes based on time
series of data. A new generation of totally portable instruments has evolved that
can be easily set up wherever required. The reduction in cost and power utilization
has now made many of those technologies available to universities and research
scientists.

4.2

DESCRIPTION

The Acoustic Doppler Velocimeter (ADV) is a recently developed portable,
lightweight instrument that can be easily mounted in a stream or river. It consists
of a measurement probe, a conditioning module, a processor and a computer
software data acquisition program (Lohrmann et al., 1994). It measures water
velocities in three directions (along stream, across stream and vertically) within a
range of 0-250 emfs with an accuracy comparable to the Laser Doppler
Velocimeter at about one tenth the cost. The real-time velocity measurements can
be made at frequencies ranging from 0.1 to 25Hz. The velocity measurements are
based upon the assumption that suspended particles in the water move with the
same speed as the water itself. This assumption is valid for a one phase flow,
where the concentration of suspended particles is much smaller than the fluid
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medium itself. It is therefore possible to use the ADV in streams and rivers under
most natural conditions. Two phase flows (where the concentration of suspended
particles approaches the same order of the fluid medium) can occur in some
flooding conditions, in which case measurements are no longer valid.

The

concentration of particles then becomes so high that free particle flow is obstructed
and the particle velocities no longer reflect the velocity of the fluid. Alternatively,
when the concentration of particles in the water is not high enough excessive noise
enters the data, because the receivers cannot 'detect' sufficient particles within the
preset sampling volume and the received signal will originate at random locations.
The errors in the velocities obtained then become very large. Imberger ( 1994)
gives an example of the useable concentration range of suspended particles for
accurate velocity readings for an acoustic doppler velocimeter with a carrier
frequency of 375 kHz and a pulse length of 0.13 m. Apart from the upper and
lower limits of particle concentration the range is also limited by the acoustic pulse
length and the software. In this example the range is between 0.7 mg/L< particle
concentration<40 mg/L at a measuring distance of 5mm.

The carrier frequency and pulse length of the ADV is markedly different from the
previous example (l0Mhz, 0.05m), and the accuracy of the velocity measurements
is not only a function of particle concentration, but also related to transmitted
intensity, water absorption, particle specific parameters (size, elasticity, density)
and system specific parameters (transducer size, efficiency, probe geometry,
receive sensitivity, etc.) (Lohrmann et al. 1994). Thus both flow characteristics as
well as the system specifics will determine the accuracy of the velocity readings.
The ADV probe has been tested extensively under varying conditions of flow, and
the short-term velocity errors are of the order of 1-10 mm/s.

The ADV system allows for measurements in natural stream conditions without the
requirement for seeding the water with particles. However, the signal strength
should always be checked because natural conditions may vary substantially and in
some cases seeding may be necessary.
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The ADV 2.3 software displays a Signal-to-Noise Ratio (SNR), as well as a
correlation coefficient (in %) for each velocity direction (x, y, z).

The SNR

essentially gives an indication of signal strength compared to the background noise.
Reliable results are dependent on a sufficiently high SNR. The optimum ratios
depend on the frequency at which velocities are measured and are discussed in
Section 4.4.

The system transmits short acoustic pulses along a transmit beam. A fraction of
the acoustic energy is scattered back by small suspended particles (Lohrmann et

al., 1994). The three receiver arms, located at 120° angles, obtain information on
the difference between transmitted and received signal. The Doppler shift between
transmitted and received signal is used to calculate the speed of the suspended
particles. Because the speed of sound depends on the density of water which
varies with different temperature and salinity, these parameters can be set within
the ADV 2.3 program at the start of each experiment.

The sampling volume where particle velocities are measured (approximately 0.2
cm3 in size) is located 5 cm below the sensing element, resulting in high precision
and no interference with the flow at that location. The positioning of the sampling
volume is automatically measured and recorded as distance from the substratum.
Because the sensors must be submerged, measurements cannot be made in the
upper 5 cm of the water column. When the probe lies within 5 cm of the bed, the
sensor measuring distance will give an erroneous reading or will display "NOT
DETECTED". Thus a minimum depth of >5cm is required to operate the probe.
As a result of the dimensions of the sampling volume the distance given from the
substratum may vary by about 5mm. Accurate velocity measurements closer than
5mm from the substratum can therefore not be obtained. The real-time velocity
data are displayed on-screen in a graphical format and can be stored numerically on
a portable laptop PC for analysis at a later stage.

There are two versions of the instrument, one for laboratory conditions (ADV) and
one for field conditions (ADF). The difference between the two is only with regard
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to the length of the probe, the robustness of the design and the diameter of the
probe receiver arms. In this research project, a laboratory ADV probe was used in
combination with a signal processor designed for field conditions. The instrument
was used in both the laboratory and the field.

4.3 THE ADV SOFrWARE.

Although the technical specifications for operating the software can be found in the
instrument manuals, it was considered useful to briefly cover this topic so that the
reader will be familiar with the possibilities and limitations of the instrument.
Minimum hardware requirements are specified in the ADV Software Reference
Manual (SonTek, 1993).

ADV Software consists of a number of different programs. The names of the
programs reflect the two versions of the instrument (ADV and ADF). ADV works
with a PC signal processor whereas ADF is used with the field processor.
Essentially there is no difference between the software for either version and for
this discussion "ADV" will be used for the program names.

Eight velocimeter probes can be operated and controlled simultaneously (SonTek,
1993), and the probes in use must be defined before the data acquisition program
can be run. The data acquisition program called ADV.EXE (with or without coprogramming) allows the measured velocity data to be viewed and to be stored
numerically into compressed binary files on hard disk.

These files carry the

extension ".adv" and contain information that can be accessed with other
programs. ADV.EXE consists of three modes:

I.

SETUP MODE

allows the user to set up the following ADV data collection

parameters:

• water temperature (in °Celsius or °Fahrenheit)
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• salinity (in ppt.)
• sampling rate (ranging from 01 to 25 Hz)
• velocity range (in cm/s)
• external synchronization (if used in conjunction with other programs)
• recording settings: file name, comment 1,2;3

II. In BOUNDARY ADJUSTMENT MODE, distance to the streambed boundary from
the probe tip and sampling volume is given (in cm). At this stage, the distance of
the probe tip/sampling volume can be adjusted to the desired height.

III. DATA ACQUISITION MODE will display a graphical screen section where real
time velocities along x, y, z coordinates can be viewed. The vertical axis displays
velocity, the horizontal axis time. The time and velocity scales of the display can
be changed independently of the preselected sampling frequency and velocity
range, used in the recording files. Recording data to a file is optional, so that
velocities may be merely viewed. The screen will also display the x, y, z velocities
alphanumerically together with their SNR's, correlation coefficients and standard
deviations. The recording time is also displayed, as well as the remaining disk
space, file name, velocity range and the selected parameters for graphic display.
Probe selection enables the different probes to be displayed, only one at a time.
Exiting this mode will return the user to the setup mode. The sequence of the
three modes always has to be followed to operate the program. Figure 4.1 is a
diagrammatic representation of the signal transmission in mode II and mode III.

ADVCALAO.EXE is a program for the calibration of analog outputs. The analog

voltage outputs from the signal processor are corresponding to digital
velocities. However, due to external factors such as air temperature, cable length
etc. small scale errors could be introduced. The program forces all analog outputs
to their low (L), mid (M) or high (H) level voltages. The level can be set by the
operator after which the actual output voltage can be measured with a multimeter.
The linearity of the voltage outputs can then be assessed (SonTek, 1995).
Whenever external circumstances are expected to change considerably from
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Figure 4.1: diagram of the probe sensor. Mode 2:boundary adjustment mode; mode 3:
data acquisition mode.
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previous testing conditions it is recommended that the calibration procedure be
run.

ADV.CHECK is a program that displays the signal strength in the x, y, z direction
for a particular measurement condition. It is the "signature" of the three signals,
and can indicate problems related to the hardware or to the flow environment. The
three signal beams will approximately follow each other along the x-axis. If one of
the beams is offset to the left or to the right one of the receptor arms could have
been physically damaged or bent. To check the proper functioning of each receiver
arm it is possible to run the program and then cover one of the receptor areas. The
corresponding beam should drop off to a flattened line. The amplitude and pulse
length of the three beams is displayed, and the midpoint peak represents the signal
strength. Time/distance is displayed on the x-axis, while signal strength is given on
the y-axis. The units on each axes are given in counts and have to be multiplied by
a constant to obtain respectively cm or dB (counts x 0.33

= cm; counts x 0.45 =

dB). The SNR and the way the beam "signature" can be interpreted is discussed in
Section 4.4.

There are a further five programs for data conversion. All of these use the data
acquisition files with extension ".adv" to extract selected information. GETCTL
(Get Control) will give the data recording file particulars, such as its name,
selected parameters, disk space, file comments, distance to boundary, etc.

GETVEL extracts the velocity data for x, y, z, (emfs or ft/s), depending on the
original settings. The data are displayed in a text format, the first column giving
time and the subsequent columns presenting x, y, z velocities respectively.

GETAMP extracts the amplitude data in the same way (in units corresponding to
approximately 0.4 dB), while GETSNR and GETCOR will derive corresponding
SNR's (dB) and signal correlation data(%) as defined below.
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4.4 CALIBRATION AND ERROR ESTIMATION

The accuracy of velocity measurements depends on three factors:

1. Selected Frequency
2. Signal-to-Noise Ratio
3. Calibration

4.4.1 Selected Frequency

The velocity given at a particular frequency will represent an average value over
that time span. It is clear that velocities measured at 25Hz will show a greater
variation than velocities measured at 0. lHz. In the former case 25 velocities are
recorded per second in each direction (x, y, z) as opposed to 1 velocity per 10
seconds in the latter case. It is important to select the frequency depending on the
objectives of the investigation.

For turbulence measurements, involving time-

independent statistics, it is necessary to select the highest possible frequency. The
selected time scale should be sufficiently small to differ from the mean velocity, yet
be sufficiently large to enable the program to calculate average values of the small
scale velocity variations.

4.4.2 Signal-to-Noise Ratio

Due to the nature of the Doppler measurement technique a background Doppler
noise is always present. From experience it was found that a minimum SNR of
15dB is sufficient to obtain low-noise data at 25 Hz; while a ratio of 5 dB is
sufficient at lHz (Lohrmann et al., 1994). The noise level N usually occurs at
around 60 dB, and is given by the horizontal sections of the three beam signals in
the ADV.CHECK program. The midpoint peak (situated at around 90 counts on
horizontal axis for a 5cm probe) shows the signal strength, and the SNR is
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calculated as the difference between the noise level and the signal strength (Sontek,
1995). The peak to the left of the midpoint peak (not always visible) represents
the transmit noise, whereas peaks to the right of the midpoint peak are bottom
echo locations. The signature of the graph will show the characteristics of the
signal and of the way the receiver arms respond, and can be used to check for any
hardware problems with the instrument. A high echo location may indicate that the
boundaries of the experiment tank need to be covered with absorbing materials.
The position of the midpoint peak also indicates the pulse length of the signal.

The monitoring screen of the "main menu" (ADV.EXE; data acquisition) displays a
signal-to-noise ratio defined as follows:

SNR = l0log10[~]

[18]

where I = signal strength and N = noise level. SNR's are given for each velocity
direction.

It was mentioned earlier that the ratio's should be sufficiently high to obtain
reliable measurements. If they are too low, the water can be seeded to correct the
situation. Experimental testing of the probe has indicated that errors derived from
the contribution of Doppler noise to turbulence measurements depends upon the
asymmetry of the noise in the different beams rather than the magnitude of the
noise itself. The contribution is zero as long as the Doppler noise is the same i.e.
the signal strength should be the same in all three beams (Lohrmann et al. 1994).
In practice, this may be hard to achieve, particularly at low flows. Lohrmann et al.
1994 found a constant positive offset for measurements of u' w' when compared
with the results of a Laser Doppler Velocimeter.

At higher flows the slight

asymmetry in the Doppler noise becomes negligible. This indicates that turbulence
measurements should be interpreted with caution.
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4.4.3 Calibration

The accuracy of the velocity measurements depends to a degree on a number of
parameters that can be selected for each particular experiment. Again, it is
important to measure temperature and salinity, so that in the "main menu" of the
ADV.EXE (data acquisition) program these parameters can be set correctly. The
setting of temperature and salinity will determine the speed of sound, which in turn
influences the particle velocity derivations.

The sensitivity of the instrument

changes with the selected velocity range. Hence the accurateness of the velocity
measurements also depends on the preset velocity range. The range should be set
so that maximum velocities seldom exceed its upper limit, while at the same time
the measured velocities are covered in an optimal way. The range (3, 10, 30, 100
or 250 emfs) can be selected from the main menu or by changing the mechanical
switches in the ADV processor module.

In the horizontal velocity, calibration errors of the angles are accurate to within
0.1 ° or less than 1%. At 25 Hz, short term velocity errors are of the range of 1-10
mm/s. The errors related to temperature and salinity values could be as large as
3.3%, but with routine calibration the error due to the speed of sound is limited to
0.2% if the temperature is known to within 1° C.

The other part of the calibration procedure is to check for small scale voltage scale
errors due to the external variation to which the hardware is exposed (e.g.
variations in temperature, impedance of cables, etc.). This can be done by running
the program ADVCALAO.EXE. The program sets the analog outputs to three
predetermined voltages, corresponding to the maximum negative, zero, and
maximum positive velocity. Calibration voltages can then be measured with a very
accurate voltmeter, and the linearity of the analog outputs can be verified (SonTek,
1995). The exact procedure is described in the operation manual.
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4.5

FIELD SET-UP AND OPERATION

The probe, consisting of a stem and conditioning module is supplied with a 10 m
long cable to connect it to the signal processor. Stream width is thus restricted to
less than 10m for the standard equipment, but extension cables can be supplied if
required. For the purpose of our research the standard equipment sufficed.

A mounting system was needed in order to set up the probe for measurements in
both the field and the laboratory. To this aim, a mounting bracket was designed
and made to order. The design had to fulfill the following criteria:

• versatile use (use in both a small flume, artificial streambeds and field conditions
• robust, stable and waterproof
• adjustable vertical and horizontal positions
• low cost

Two aluminium tripods with fixed leg length (124 cm) were used as a base. A 200
cm long aluminium profile was used to connect the two tripods along attachment
points 20 cm apart, on which a mounting bracket was appended holding the probe
in place.

Attachment points at 20 cm intervals allow sufficient flexibility to

position the tripod legs on irregular streambeds. The 200 cm long profile would
also ensure that the tripod legs could be positioned at a sufficiently large distance
away from the probe, so that flow interference resulting from the tripods would not
affect the measurements. The mounting bracket was constructed in such a way
that the probe could be lowered or raised manually to the required height position
within the stream or flume. Since the laboratory flume was about 40 cm high with
a return pipe situated underneath the tank, it was important to consider the
covering range of the lowering mechanism for both flume and field conditions.
The lowering mechanism could also be positioned anywhere along the horizontal
profile. This design made it possible to mount and alter the probe position in a fast
and efficient way, so that it was easy to measure velocities along a height profile.
The probe cable can be attached to the mounting profile to keep it out of the water
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to prevent flow interference. Figure 4.2 gives a schematic representation of the
probe set-up, including size specifications. Figure 4.3 illustrates the probe set-up

in a stream section. Figures 4.4 and 4.5 illustrate the total set-up in a stream and at
the artificial stream channels, including cable connection to the signal processor
and notebook for data collection.

Preliminary field trials in a small stream revealed that in some conditions the ability
to mount the probe on only one tripod would increase the flexibility of operation.
To this aim, a supplementary 50 cm long aluminium profile that could be attached
to a single tripod was constructed. This can replace the double tripod set-up as an
attachment for the lowering mechanism, making it easier to position the probe over
irregular bed formations.

However, in this set-up mode the horizontal

repositioning capability is lost.

The signal processor was then connected to a portable laptop notebook (Compaq
Contura 400C) with a 8 Mb memory capacity. This ensured ample storage for
recording data files and enabled the use of the set-up in the field (battery operated)
as well as in the laboratory. A power supply (12-24 V DC) was also required for
the signal processor. In the laboratory and the artificial channels power supply was
provided by using two AC/DC adaptors. In the field, the laptop notebook was
battery operated (maximum lifespan= three hours), while the signal processor was
powered by a battery. A spare battery increased the processor operating time in
the field to a maximum of four hours. The ADV software programs were installed
on the laptop, as well as the TProbe software program which was required to
calculate turbulence intensities and shear velocities.
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Figure 4.2: diagram of mounting bracket designed for ADV field and
laboratory use
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Figure 4.3: photograph of mounting bracket set up in a stream
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Figure 4.4: ADV set-up used in a stream
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Figure 4.5: ADV set-up at artificial stream channels
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4.6 TURBULENCE MEASUREMENTS

In order to be able to calculate shear stress from the recorded velocity
components, a software program which was developed for wind turbulence studies
was modified for use with the ADV probe. It is a program that is applicable to any
system which measures three orthogonal components of fluid velocity (Smith,
1995).

From the velocities obtained with GETVEL from an ".adv" file it

calculates the following detailed statistics:

Mean velocities (mis) in x, y, z direction:

respectively u, v, w

Magnitude of velocity (mis):

.Ju2 + vz + w2

)

Normal stresses in x, y, z plane(m2/s 2 ):
)

respectively u' u', v' v' , w' w'

Shear stresses in .xy, yz, xz plane (m2/s 2 ):

respectively u' v' , v' w', u' w'

Corrected normal and shear stresses (m2/s2, same notation as above). These are
calculated in the reference frame of the flow, rather than the frame of the probe.
The coordinate frame is rotated so that v =w =0.
s.,ux

T=

Integral time scale (s):

J

r(s)ds

0

()

Correlation time (s):

In addition, the program provides the following summary statistics:

(

)

Mean velocities in x, y, z direction (mis):

respectively u, v, w

Corrected shear stress in xz plane (m2/s 2 ):

u' w'

Equivalent friction velocity (mis):

u; = u'w'

Corrected normal stress (m2/s 2 ):

u'u'
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Relative turbulence intensity (in% of;):

u=

M• I;
SMAX

Integral time scale (s):

T=

Jr(s)ds
0

The program also plots autocorrelations for the observed statistics, as well as a
power spectral plot.

This makes it possible to analyze the data on their

characteristics. Autocorrelation can be used to detect trends, high noise levels,
etc., while a power spectrum will reveal the energy levels of the turbulent kinetic
energy and the dissipation frequency. In addition to the ADV.CHECK program,
)

the autocorrelation plots were used to asses the robustness of the data collected
during the various experiments.
The statistics obtained from the TProbe program are stored in text format, but can

)

be easily entered into a spreadsheet or graphing program. In this case Excel 5.0,
SPSS 6.1 and Cricketgraph III 1.5 were used to further evaluate the data.

)

)

)

)
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PRELIMINARY TESTS IN fr.. .SMALL LABORATORY FLUME AND IN '11HE FIELD

5.1 INTRODUCTION

In order to test the ADV probe under various conditions to obtain a working
knowledge of the instrument, some preliminary trials were set up in a small
)

laboratory flume. They were aimed at acquiring some insight into the real-time
three dimensional flow behaviour in a flume from the ADV measurements, and
were an invaluable aid to design the stream channel experiments, discussed in
Chapter 6.

5.2 AIMS

A series of tests were carried out with the following aims:

• to calibrate the Acoustic Doppler Velocimeter
• to become familiar with the use of the instrument, its software, data acquisition,
storage and further analysis, in both the laboratory and the field
• to gain an understanding of velocity characteristics in three dimensions with
height in a flume under conditions of constant depth and flow
• to test for homogeneity of flow along the length and width of the flume
• to test for significant differences in flow regimes resulting from the use of
different (but homogeneous) bed material
• to evaluate various methods for deriving shear velocity
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5.3 MATERIALS AND METHODS

A flow tank (Figure 5.1) with a length of 147.00 cm, a width of 20.30 cm and a
height of 20.00 cm was used for a series of experiments. Water was recirculated

n

through a PVC pipe (of diameter 10.50 cm), exiting at the end of the tank through
the bed. Two collimators consisting of a grid of PVC straws (of diameter 0.50 cm
and length 4.70 cm) were placed sequentially starting at a distance of 12.00 cm
from the backflow pipe entrance, in order to reduce incoming turbulence. The

)

water volume was circulated by an Andermann multispeed stirrer (Ser. No. 550/95
0478 V240 AC Max 100 Watts), driving eight circularly arranged propeller blades
(with an external diameter of 10.30 cm), fitting into the vertical section of the
backflow pipe. The tank was filled with tap water to a depth of approximately

I )

15.00 cm, giving a tank volume of 44.80 L (depth varies according to the
experiment). The speed of water circulation was kept constant, at the maximum
capacity of the multispeed stirrer.
()

Some irregular and unpredictable minor

fluctuations in the rotation speed of the stirrer (which were attributed to the
friction of the blades into the pipe or other mechanical perturbations) were not
accounted for, and the velocity of the water circulated through the pipe was
assumed to be constant.

Since the measurement characteristics of the ADV

depend both on the signal strength and the flow configuration, it was found that
when SNR fell below the required minimum (15 dB at a sampling rate of 25 Hz),
seeding of the water was required. This was done with seeding material provided
)

by SonTek ™. The purity (hence absence of suspended solids) of tap water and
the settling of seeding material at the bottom of the tank (and within the backflow
pipe) made it necessary to seed (or stir) the water repeatedly before undertaking
velocity measurements.

(

)

5.4 EXPERIMENT 1: CALIBRATIONOFTHEADV PROBE

Calibration of the ADV probe was undertaken in two parts. The first part of the
calibration procedure involved entering the temperature and salinity of the water
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(required to set the speed of sound), as well as the expected velocity range. These
parameters have to be measured and entered each time at the beginning of an
experiment. Temperature was measured with a mercury thermometer (minimum
)

and maximum range 50° Celsius, and total dissolved solids (in ppt.) was obtained
by measuring electrical conductivity with a portable conductivity meter (Hanna, HI
8733™) and multiplying the reading (in microSiemens) by 6E-4. The expected
velocity range was unknown and was initially estimated by making a series of

)

velocity measurements along the height profile using a propeller velocimeter
(Nixon Streamflo 401 Serial No. 3197). Total water column depth was 16.9 cm.
Velocities were measured at fourteen points, starting at 0.80 cm above the bed and
increasing in 1.00 cm intervals. Different velocity ranges can be selected resulting

)

in differing sensitivities in the accuracy of measurement by changing the conversion
of output voltage to velocity. At a velocity range of 30.00 cm/s it was assumed
that the ADV was giving more accurate readings (because there was no
interference with the flow) than the propeller velocimeter. Signal correlations were

in the order of 78 -88 %, and SNR ranged from 6 to 8 dB, indicating that for a
greater accuracy seeding of the water would be required.

Subsequent seeding

increased the SNR to> 15 dB and signal correlations to >90%.

The second part of the calibration involved the use of the software program

ADVCALAO.EXE to verify the analog outputs. The external voltage output of
the signal processor should ideally be identical to initial measurements, but voltage
scale errors can be the result of temperature changes or variations in the impedance
of cables and the digitizing circuit.

Scale errors can be calculated as follows

(SonTek, 1995):

Velocity (cm/s) =

(2 *Vzero - Vneg - Vpos)
- - - - - - - - - *Vrange
(Vpos - Vneg)

where: Vzero = voltage measured at zero velocity
Vneg = voltage measured at maximum negative velocity
Vpos = voltage measured at maximum positive velocity
Vrange

= preset velocity range
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and the linearity check of the analog outputs is expressed as:

{ Vzero - 0.5*(Vpos - Vneg)} should be< {Vpos/2048}

When ADVCALAO.EXE was used to force all voltage outputs to their maximum
negative, zero or maximum positive levels, and verification was done with a high
sensitive voltage meter (Wavetek 2030) the following results were obtained:

Vx:

2.500 - 0.5(4.998 - 0.00064) < 4.998/2048
0.00132

I )

Vy:

2.501 - 0.5(4.999 - 0.00198) < 4.999/2048
0.00149

Vz:

< 0.00244

< 0.00244

2.498 - 0.5(4.996 + 0.00133) < 4.996/2048
0.001335

< 0.00244

)

For all three orthogonal velocities, the left hand side of the equation is smaller than
the right hand side, thus linearity of the analog outputs was validated.
( >

5 .5

(

)

EXPERIMENT

2:

TESTING THE TPROBE PROGRAM

The TProbe program, used to calculate shear stresses and turbulence intensities,
was tested with a number of datasets acquired under various conditions.

The

results indicated the following:

(

)

• A sampling frequency of 25 Hz (maximum setting) was sufficient to calculate
time independent shear stress and turbulence intensity values, when sampling
periods of 60 to 100 seconds were used. For laboratory and stream channel
experiments, where power supply was unlimited, it was decided to use 100
seconds as a standard sampling interval, resulting in approximately 2500 (x, y,
z) velocity data points for each "observation".
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For field recordings, where

)

power supply was limited due to the life-span of the batteries, 60 second
sampling intervals were used.

• The TProbe program plots the autocorrelation function and the power spectrum
of the signal.

This enables post-hoc analysis of the quality of the data,

complementary to the SNR and correlation readings that can be monitored
during data acquisition. The autocorrelation plots of datasets obtained in tap
water without particle seeding showed a steep drop and often a strong
fluctuation of the signal, indicating that a high level of noise was present.

This corresponded with the low SNR' s observed during data collection, indicating
the need for particle seeding.

The SNR's showed a decreasing trend with

observations at increasing heights, indicating that the already low concentrations of
suspended particles were settling out on the bed.

When the experiment was

repeated after particle seeding (concentration approximately 10 mg/L), a much
higher SNR (.>20) and a good correlation (consistently > 90%) was obtained.
Autocorrelation showed a much better result, with a steady decline from 1 to 0.
Long term trends in autocorrelation were difficult to detect, since the time interval
only covered 5 seconds. It was possible to change the time interval to 10 seconds
but these attempts were discontinued since they were time consuming and did not
reveal sufficient additional information on long term trends. Consequently the data
l)

for further experiments were evaluated on their quality by monitoring SNR and
signal correlations during data acquisition and analyzing autocorrelation plots posthoc. Power spectra plots were also examined for cases where autocorrelation
showed possible noise or trends in the data. High quality data are particularly

\)

important in the calculation of shear stresses and turbulence intensities, since the
noise factor can introduce highly biased results (Lohrmann et al., 1994) .

.)

I

I
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5 .6

EXPERIMENT 3: VELOCITY PROFILES

Velocity changes with height above the bed were measured in the flume above a
smooth bed. It was expected that a series of velocity measurements made at
various heights in the water column above the bed should reveal a logarithmic
relationship. Although velocity is a function of height, conventionally it is plotted
on the x-axis and height on the y-axis. The shear stress and turbulence intensity
values were also plotted against height, to obtain a comparable profile. Velocities
in the longitudinal direction were indeed found to follow the expected curve,
whereas across and vertically, mean velocities remained close to zero at all heights.
For a smooth streambed (bottom of flow tank with no bed materials added) it was
found that shear stress and turbulence intensity decreases with height, when
measured at 0.70 cm from the bed and at further 1.00 cm intervals.

5.7

EXPERIMENT 4: TESTING FOR SPATIAL HOMOGENEITY

The use of flumes to characterize flow regimes is fraught with problems. Exit and
entrances, narrowing backflow sections, bends, walls, scale problems, circulating
water, etc. can all create distortion effects which differ from field conditions
(Nowell and Jumars, 1987). It was therefore considered necessary to investigate
the homogeneity of measurements made at various locations in the flume. Figure
I)

5.2 displays the measurement grid established in the flume.

Ten measurement

points were defined at 10.00 cm intervals along the length of the flume, starting at
10.00 cm behind the collimator, dissecting the flume width in half. On each side of
this midline, the ten measurements were replicated at 5.00 cm distance across.
Grid points were allocated a number along the flume length (l-10), and named F,
M, and C across the width. The aim was to analyze for homogeneity in shear
stress and turbulence intensity in the cross-sectional direction (possible wall
effects) and in the longitudinal direction (possible entrance and exit effects). At
each grid point, a velocity profile consisting of five 'observations' (at 0.50, 1.50,

t

l
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2.50, 3.50 and 4.50 cm above the bed) was recorded. Column depth was 13.00
cm.

Testing for cross-sectional differences was done by grouping the longitudinal grid
points and comparing middle and side groupings. Both shear stress and turbulence
intensity were found to have normal distributions. A parametric one-way analysis
of variance revealed significant differences between the middle group and the two
(

)

side groups, for both shear stress and turbulence intensity. This indicates that wall
effects cannot be ignored; in the middle they either cancel each other or are no
longer present. Since the homogeneity of variances was breached (Levene's test
p<0.05) there is no justification for using a parametric test which assumes
comparable variances. However, the test was performed using a= 0.01 to enable
pairwise comparisons.

A Kruskal-Wallis test using median values was also

performed giving the same results.
,)

Testing for longitudinal homogeneity was done by grouping the "across"
observation points (A, B, C). In this case variances of the distributions were found
to be homogeneous, thus valid comparisons could be made.

For turbulence

intensity, point 2 and point 8 were significantly different, giving a homogeneous
subset of {3,4,5,6,7}.

For shear stress, homogeneous subsets were either

{3,4,5,6} or {4,5,6,7}.

This effectively reduced the number of homogeneous

observation points to four along the midline of the flume. This number was too
small to use as replicates to compare velocities, shear stress, and turbulence
intensities of differing substrates.

However, some preliminary tests were still

performed in order to gain some insight in the variability of flow behaviour. It was
recognized that selecting homogeneous observation points would not guarantee a
realistic imitation of open channel flow, because of the many other constraints
associated with a small flume (Nowell and Jumars, 1987).
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5.8

EXPERIMENT

5:

PRELIMINARY

COMPARISON

OF

DIFFERENT

TYPES

OF

SUBSTRATES.

It was hypothesized that differently sized homogeneous substrates consisting of
closely packed gravel would result in significantly different near-bed velocities
under identical conditions of depth and mean velocity. To test the hypothesis,
gravels of different sizes (diameters) were selected to cover the flume bed. The
modified Wenworth particle size scale (Bovee and Milhous, 1987 in: Jowett et al.,
1991) was used as a reference point in the selection of the particle sizes used. The
gravel category (2-64 mm) was further divided into pea gravel (2-16 mm), fine
gravel (16-32 mm) and coarse gravel (32-64 mm) for the purposes of this
experiment. The longest median axis was determined by randomly selecting 25

f )

particles and measuring their three diagonal axes with a caliper (Young, 1993).
The calculated median values are: pea gravel 6.7 mm; fine gravel 22.9 mm; coarse
gravel 37.1 mm.
()

The velocity profile data obtained from the previous experiment (taken at five
heights pl=0.50, p2=1.50, p3=2.50, p4=3.50, p5=4.50; in cm above the bed of the
tank) were expanded by two additional height measurements (p6=5.50, p7=6.50)
and used as a baseline against which the different substratum roughness categories
could be compared. Height measurement p6 was approximately located at 0.4 of
the total column depth (set at 13.00 cm above the substratum), as so represented
the mean velocity. Homogeneous substratum material was evenly spread over the
bottom of the tank, ensuring that from the collimator to approximately 10 cm
before the exit opening the entire bed was completely covered. Velocity profiles
(pl-p7) were measured (at 25 Hz for 100 seconds) at the four predetermined
I

}

observation points {3,4,5,6}. Pea gravel, fine gravel, coarse gravel were compared
under similar conditions of flow and depth. Levene's test for homogeneity of
variances of the different factors revealed that in many cases homogeneity was
non-existent. Hence a parametric ANOV A could not be used; and so a KruskalWallis test was performed. Differences in shear stress and turbulence levels were
tested at similar heights.

Unfortunately, Kruskal-W allis tests do not enable
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pairwise comparisons. Table 5.1 summarizes the results of the Kruskal-Wallis tests
for shear stress and turbulence intensity.

Table 5.1: Kruskal-Wallis One-way AN OVA tests: levels of significance for
differences in shear stress and turbulence intensity between pea gravel, fine gravel
and coarse gravel.

1)

(

Iturbulence intensity

height above the bed

shear stress

0.50 cm

not significant

not significant

1.50 cm

significant (a= 0.05)

significant (a= 0.05)

2.50 cm

not significant

significant (a= 0.01)

3.50 cm

not significant

significant (a= 0.01)

4.50 cm

significant (a= 0.05)

significant (a= 0.05)

5.50 cm

significant (a= 0.01)

significant (a= 0.01)

6.50 cm

significant (a= 0.01)

significant (a= 0.01)

)

Shear stress and turbulence intensity were significantly different at almost all
heights above the bed except at 0.50 cm. The exception close to the bed could be

(>

attributed to the lack of robustness of the measurements. At that point high energy
levels can introduce excessively high noise and distort the derived shear stress and
turbulence values (Lohrmann et al., 1994 ). In this experiment the quality of the
data were not systematically analyzed, but this result strongly suggested the need

u

for further tests.

Differences in velocities between substrates at similar heights

were not analyzed. Velocity profiles showed the expected curves, but at p7 the
mean velocity decreased. This could be attributed to the characteristics of the
flume. The top layer of the water column was believed to be stagnant compared to
the lower two thirds, because the circulation caused by the backflow pipe did not
reach the upper part of the column. Shear stress profiles decreased with height,
confirming the findings by others (Carling, 1992; Carminati et al., 1995).
However, near the bed (0.50 and 1.50 cm) considerable variation was found,
depending

on

the

type

of

substrate.

l )
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This

suggested

that

the

logarithmic profile no longer holds near the bed, and that the roughness elements
are responsible for the encountered variability.

{

)

5.9

A COMPARISON OF THE VARIOUS METHODS TO CALCULATE SHEAR VELOCITY

AND SHEAR STRESS.

5.9.1 Introduction

Statzner and Muller's (1989) methods to calculate shear velocity given in
equations [6] and [10], and Carling's (1992) equation [9] differ from the way shear
()

stress is calculated from the covariance of the x and y velocity components [12] .
In section 3.3 it was mentioned that equation [6] will generate larger values than
equation [7], and that the latter is of greater interest to the stream ecologist.
Possible differences in obtained values between equations [7] and [9] were not

' )

discussed, nor were those of determining shear velocity by using equation [9] as
opposed to a shear velocity value obtained by the square root [5] from calculated
shear stress [ 12]. Similar values for shear velocity obtained from [7] and [9] were
expected, since both methods use values derived from the loglinear function.

( )

Whereas equation [7] describes shear velocity at a point above the bed assuming a
constant value throughout the entire vertical profile, equation [9] uses height
specific values and should therefore be more accurate. As mentioned in Section
1)

3.4 both of these methods still depend on the assumption of laminar flow at a very
small scale. In turbulent motion energy is dissipated in random directions, and not
unidirectional as in laminar flow . Consequently substituting turbulent flow by
laminar flow would result in an overestimation of shear velocity in the downstream
direction.

I

l
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5.9.2 Examples

In order to investigate the validity of the calculations methods [7], [9] and [ 12], a
,)

velocity profile measurement consisting of seven observation points was used as an
example. The velocities were plotted against both height and logheight (Figures
5.3 and 5.4), and the linear function of the latter was used to determine the slope,
needed for equation [7]. The function of the velocity vs. logheight plot was given
by Cricketgraph III 1.5:

y = 6.262x + 7.762

[19]

for which r2 = 0.987

When the value of 6.262 was used for slope in [7], the following shear velocity
was obtained:
5.75
6.262

u. = - - = 0.918

C

ml

S

[20]

The velocity vs. height plot was used to infer the value of zo, needed for [9], by
applying a logarithmic line of best fit and estimating the height at zero velocity
where the graph intersects the height axis:

zo = 0.25 cm (inferred value)
Height z above the bed = 0.48 cm
Velocity at height z = 5.47 cm/s
K=0.40

Substituting those values in [9] and solving for u. obtains:

u. = 0.4(5.47/0.652) = 3.35 cm/s

[21]

Alternatively, if we solve [9] with the derived value for u. from [20], roughness
height Zo becomes infinitesimally small (Zo = 3.16E-35 cm), indicating that close to
the bed the laminar boundary layer is absent and fully turbulent conditions prevail.
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y = 0.063LOG(x) + 0.078
r 2 = 0.987
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Figure 5.4: logarithmic profile for experiment 5.9
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The shear stress 't (equation[12]) was calculated with the TProbe program as:
't

= -0.0000254 m2/s2

[22]

The negative sign refers to the direction of the force, hence shear velocity can be
obtained by using the absolute value in [5]:
u.

= ✓0.0000254 = 0.005

mis or 0.5 emfs

[23]

5.9.3 Discussion

Considerable differences were evident in shear velocities at the same height above
the bed, calculated in different ways. The shear velocity in [23] is obtained from
the covariance of u' w' , as opposed to shear velocity derived from the log-linear
function [20] . Solving by [23] should yield a smaller value than [20] and not a
larger one, unless the logarithmic profile no longer holds close to the bed. Scott
and Carter ( 1986) noted that for wind turbulence the log-linear profile breaks
down close to the surface where windspeeds tend to be larger than expected from
the loglinear trend.

Considerable differences are also observed between [21] and both [20] and [23] ,
differences too large to be accounted for by error margins. The inferred value for

zo from the line of best fit yields a much larger value for u. ([21]) than is obtained
from the other two methods. The results confirm the observations of Carminati et
al. (1995), who found that shear stress cannot be completely determined from the

mean velocity profile. They found that ·values for u. and zo are often not unique,
and the chaotic nature of turbulence introduces a large statistical component which
cannot be derived in a simple deterministic form. In a fully turbulent condition the
shear stress is related to the covariance between small scale variations in the
horizontal and vertical velocities u' w' (Carminati et al., 1995). It was therefore
concluded that shear stress measurements derived from TProbe were probably the
most accurate of the three compared methods.
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5 .10 A

PRELIMINARY FIELD TRIAL OF THE ADV .

5.10.1 Mounting system

When the construction of the mounting system was completed, the ADV was taken
into the field to test for performance under field conditions. The mounting system
fulfilled its requirements, but on very uneven streambed surfaces it was often
difficult to position the tripod legs on each side and align the horizontal profile
accordingly.

5.10.2 Velocities and Signal-to-Noise Ratio's

Velocity measurements indicated that there was a wide range of velocities present
at localized measurement positions, so that it took some skill to determine the
expected velocity range. SNR's were rather low. This could be the result of the
presence of only small concentrations of suspended particles in the water or due to
the relative weakness of the signal strength.

The latter can be corrected by

ensuring sufficient battery power supply, whereas the former would require particle
seeding to achieve higher concentrations of suspended particles flowing past the
sensor.

To ensure a sufficient particle concentration at a particular point by

seeding was considered difficult to achieve for a defined period of 60 or 100
seconds. It would require adding seeding material upstream from the measurement
location in a sufficient concentration to reach the sampling volume for a continuous
time span, without interfering with the natural flow. At a later stage battery life
was tested and found to be rather limited, since the voltage level fell below the
required 12V after approximately 2 hours of use. The battery life of the laptop
was also found to be limited to a maximum of three hours.

Under most circumstances (turbulent flow conditions) sufficient particles will be
present to ensure adequate SNR, so that the low SNR's were attributed to a weak
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signal resulting from low power supply, or to measurements taken in sheltered
regions where very low velocities prevailed. The resulting data were noisy and of
limited use to calculate shear stress and turbulence intensities. The accuracy of the
required velocity data can be enhanced by measuring at a lower frequency, but this
will generate less data per time interval so that time independent statistics can no
longer be calculated from the defined time interval.

5.10.3 Field calibration

The calibration of output signals (Section 5.4) was also performed in the field, with
I )

the following results:

Vx:

2.500 - 0.5(4.998-0.00055)should be smaller than 4.998/2048
0.001275

Vy:

< 0.00244

2.501 - 0.5(4.999-0.0019) should be smaller than 4.999/2048
0.00245

> 0.0024409

Here the left hand side of the equation is not smaller, but the error is in the order of
lE-05, too small to conclude non-linearity (Sontek, pers. comm.).

Vz:

2.498 - 0.5(4.997+0.0014) should be smaller than 4.997/2048
-0.0012

< 0.002439

5.10.4 Conclusions

Two conclusions were reached with regard to further use of the ADV in the field.
First, a sufficient power supply is required, and estimates of operating time in the
field are necessary in order to realize the objectives of the planned experiment.
Operating time is much longer than the actual time required for recording data to
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file, since each measurement is preceded by entering parameters, filename, and by
correct positioning of the probe tip, etc.

Second, the flexibility of operation would be increased if the probe could be
mounted on one single tripod. This resulted in the design of an additional short
aluminium profile as described in Section 4.5.

I)

l)
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CHAPTER6

'COMPARISON.OF NEAR-BED VELOCI'IIES ASSOCIATED WITH DIFFERENT
SUBSTRATES

6.1 INTRODUCTION

The effects of flowing water and the resultant forces on benthic organisms have
been difficult to quantify in the past. Statzner and Muller (1989) developed a
method to measure the effect of shear stress with the use of standardized FST
hemispheres. The method involved placing half-hemispheres on a horizontal plane
at the bottom of streams, to determine critical shear stress, i.e. the shear stress
)

required to move the hemispheres. Hemispheres of various densities were tested
and the heaviest hemisphere moved was used as an indicator of flow conditions
close to the substrate. This method to determine critical shear stress by utilizing
FST hemispheres has a number of limitations:

• Despite defining critical shear stress the hemispheres do not quantify prevailing
shear stress; the authors were still relying on the methods described by
I)

equations [6] and [10] for quantification.
• The movement of the hemispheres cannot be equated with critical shear stress
forces encountered by animals much smaller and different in shape at a
particular point on the bed. The selection of size and density of the spheres is
rather arbitrary.
• Calculations of shear stress values are laborious and therefore probably limited
to

critical

values.

Since

hemispheres

are

not

representative

of

macroinvertebrates living on rough and irregular substrates, critical values for
hemispheres moved on a smooth flat plane may not provide sufficient
information to study tolerance ranges of benthic organisms (Dittrich and
Schmedtje, 1995).
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• Even if critical shear stress values for FST hemispheres could somehow be
related to critical shear stresses of certain macroinvertebrates, the method still
fails to distinguish between tolerance ranges and most favourable conditions.
I )

• The calibration and standardization of the FST hemispheres poses limits to their
availability for research world-wide.

Determining shear stress with the use of an ADV could provide a valuable
alternative. Establishing and testing ADV measurements as an alternative was the
rationale of this study project.

6.2 AIMS

The objective of this experiment was to determine near-bed velocities, shear
stresses and turbulence intensities under controlled conditions, using an ADV, as a
first step to characterizing microhabitat flow regimes and macroinvertebrate
habitats in streams and rivers. In the field flow conditions are often very complex,
hence a reductionistic approach here is warranted. The null hypothesis tested in
this experiment was formulated as follows:

Hypothesis 1: Under similar conditions of flow (mean velocity) and depth, nearbed velocities, shear stresses and turbulence intensities associated with beds of
different (but homogeneous) substratum particle sizes will be the same.

If differences in near-bed flow regimes can be detected, the logical next step is to
investigate whether benthic fauna responds to it and in what way.

This was

formulated in the following hypothesis:

Hypothesis 2: The differences in near-bed flow regimes (characterized by velocity,
shear stress and turbulence intensity) associated with beds of different
(homogeneous) substrates will result in differences in the spatial distribution of
benthic macroinvertebrates in streams and rivers.
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The limited amount of time available for Honours projects did not permit testing of
this second hypothesis. However, a proposal for an experiment which could be
carried out will be discussed. A field investigation of the ecological significance of
microflow regimes around isolated substrate elements was conducted and will be
discussed in Chapter 7.

6.3

MATERIALS AND METHODS

6.3.1 Introduction

Preliminary experiments (Chapter 5) revealed that a small laboratory flume does
not reflect open channel flow well enough to enable accurate differentiation of
microflow characteristics. The flume did not offer sufficient homogeneity as a
result of circulatory and wall effects. As a consequence experiments were repeated
in an artificial stream channel, where total discharge and column depth could be
controlled, and different substrates could be tested.

It must be noted that the

artificial stream channels were not available at the start of this project (they were
still under construction) and so the small laboratory flume had been used to enable
preliminary measurements to be made.

I )

6.3.2 Experimental channels and substrates

The ADV, described in Chapter 4 was used to obtain the velocity data in a system
of four parallel artificial stream channels, each 29 m in length. The channels were
U-shaped, with a horizontal bed width of 0.65 m and a total width of 0.94 m. Only
one channel was employed for the experiment; the other channels served to adjust
the settings of column depth and discharge by diverting excess water supply.
Discharge and column depth were calibrated by positioning the flow regulating
boards at the entrance and exits of each channel (Figures 6.3 and 6.4). The

j
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stream channel was divided into 10 sections of equal length, based upon the
support beams of the covering pergola structure (Figure 6.2). Two sections of the
stream channel were used to deploy a series of trays containing homogeneous
roughness particles, as described below. The most appropriate channel sections
were selected as follows:

• Beginning and end sections of the channel were considered unrepresentative of
)

homogeneous flow due to excessive turbulence, acceleration or deceleration of
the water. This eliminated Sections 1,2 and 9,10.
• Remaining sections were visually inspected for flow regularity. This excluded
Section 3, where two glass windows in the channel wall were causing extensive

)

ripple effects, as well as Section 4 behind it.
• Sections 5, 6, 7, and 8 were tested on their homogeneity of velocity ranges by
measuring velocities at 0.4 column depth at constant depth and discharge.
Section 8 showed slightly faster velocities at 0.4 column depth than the other
three under similar conditions, which resulted in Sections 5,6, and 7 being
retained.

Sections 5 and 6 were located at approximately midway along the entire channel
length and were selected as the experimental region.

Substratum trays made from aluminium plates with the edges bent at a 90° angle
were used. Tray dimensions were 80.00 cm long, 33.00 cm wide and 5.50 cm
deep. The depth of the trays required the construction of a leading slope to level
the edge and minimize flow disturbance. Three trays were lined up successively, to
create a gravel bed 240.00 cm long and 33.00 cm wide (Figure 6.5).

Slopes,

consisting of trays with straightened front and side edges, were attached at both
the front and the back of the tray chain, resulting in a total length of 410.00 cm.
The slope gradients were 5.5/85 or 0.0647.

The artificial substratum bed was

centered in the width of the channel, and the edge of the frontal slope was
positioned at 16.28 m from the entrance of the channel (Figure 6.6).
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Figure 6.1: stream channels - pipe pumping the water into collecting basin; main
flow enters utilized channel, excess flow diverted to other channels by opening
boards at entrances
l)

( j

u
Figure 6.2: stream channels - entire length

u
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Figure 6.3: stream channels - positioning control board at the exit of the stream
channel to create fast and slow flow regime

u
Figure 6.4: stream channels - diverting flow to other channels to adjust column
depth in utilized channel
·
)
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Figure 6.5: stream channels - substratum tray set-up with ramps
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u
Figure 6.6: stream channels - tray ·alignment
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Water was pumped to the channel(s), located at the highest point of the circuit
(Figure 6.1) and circulated by two electrical high capacity pumps, situated at a
lower lying reservoir where the water accumulated by gravity after its exit from the
channels. Figures 6.1, 6.2, and 6.3 illustrate the entire channel circuit. Electrical
conductivity was 303 µS, corresponding to 0.18 ppt salinity, and pH was 6.56.
'

The water appeared turbid and ADV measurements confirmed that ample
suspended particles were present to obtain accurate measurements. Temperatures
ranged from 12° to 16° Celsius, and were recorded at the beginning of each series
of velocity recordings. Column depth was fixed at approximately 30.00 cm (above
the trays) and two flow regimes were used: fast (mean velocity 55.00 emfs) and
slow (mean velocity 15.00 emfs). Column depth could not be replicated exactly
each time a new series of measurements were recorded. The variation in total
volume of circulated water (and perhaps in working capacity of the pumps) never
resulted in the same column depth for a fixed positioning of the flow regulating
boards, so that each time the channel flow was started minor adjustments had to be
made. The board at the exit of the channel in use was kept at a fixed position at all
times for the same flow regime, because it defined the mean velocity. The control
boards at the entrances of the other three channels were used to divert excess
water in order to achieve the desired column depth. Column depth was recorded
for each measured velocity profile by lowering a metal ruler at the ADV
observation point. Variation in height of the water column was mainly due to
differences in the total volume of water in circulation, but the roughness of the
substratum material was also a contributing factor.

6.3.3 Experimental measurements

Velocities were measured at 25 Hz for 100 seconds at the following heights (cm)
above the substratum (Figure 6.7): 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 5.00, 8.00,
10.00 and at 0.4 of the total column height (approximately 12.00 cm). Each
measurement was repeated 24 times along a grid of 3 x 8 points, in order to obtain
mean values.
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Figure 6.7: measurement points along column profile
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The measurement grid was positioned 70 cm downstream of the trays' leading
edge.

The eight points along the length axis were spaced at 20 cm intervals

downstream, resulting in the last point being 30 cm away from the downward slope
(Figure 6.8). Along the width axis three points were established: one in the middle
and two at 10 cm from the respective edges. The grid positioning aimed to ensure
that variation was ascribed to roughness topography only and not to flow variation
resulting from edge effects, slope, wall effects, etc.

The same three types of

substratum were used as specified in Section 5.8.

Roughness elements were

closely packed to ensure that the roughness height (k) was not influenced by the
edges of adjoining trays protruding into the flow (Figure 6.4).

The roughness

height (k) of the different substrates was determined using a streambed profiler,
and was calculated as two times the average deviation from the mean bed height
(Young, 1993).

The experiment was repeated under both fast and slow flow

regimes for each type of substrate. TProbe calculated mean velocities and time
independent statistical values for shear stress and turbulence intensity from
approximately 2500 data entries for each point along the

24 profiles.

Autocorrelation was plotted for the obtained datafiles to assess the quality of the
signal measurements. Datafiles of poor quality were noted, but none were omitted
from the subsequent analysis, since they constituted only a small proportion of the
total of 24 replicates.

The values obtained by TProbe for velocity, shear stress and turbulence intensity
were averaged for the 24 grid points. Column height was also averaged, and the
derived mean theoretical value of 0.4 column height was compared with the mean
value of 0.4 column height resulting from the measurements.

Although the data obtained for each substrate experiment were normally
distributed, the variances between different substrates made a parametric analysis
invalid at a significance level of a,= 0.05. Transformation of the data by cubing (y

= x3 ) resulted in comparable variances but reduced the sensitivity of the tests to an
unacceptable level.

On the other hand a non-parametric test such as the
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Kruskal-Wallis analysis-of-variance does not allow for post-hoc pairwise
comparisons, apart from being less powerful.

Within these constraints it was

decided to apply parametric ANOVA tests with a significance level of a,= 0.01. A
two-way ANOVA was used to detect significant differences in velocity, shear
stress and turbulence intensity from the effects of flow, substratum type and the
interaction between both. The significant variation resulting from the effect of
substratum was then further analyzed with one-way ANOVA's for slow and fast
flow regime, to allow pairwise comparisons. Velocity, shear stress and turbulence
intensity height profiles (including mean standard errors) are presented in Section
6.4, as well as the summary plots representing the ranges for velocity, shear stress
and turbulence intensity respectively from the 24 grid points at 0.50 cm above the
bed. Ranges were not presented for values at other profile heights since only
values close to the bed were considered relevant to macroinvertebrates living on
the substratum.

Both flow regimes were also analyzed with the traditional parameters given in
Section 3.1. The Reynolds numbers given in Table 6.1 were calculated for the
total streambed flow, using column height as the characteristic length L and mean
velocity for U . Roughness Reynolds numbers were also derived for the different
substrates. For each substrate, the characteristic k value was used for L (equation
[1]).

u. was

determined with equation [10], and the value for v (0.001) was

obtained by inference from a {depth x velocity} chart in Smith ( 197 5).

6.3.4 Terminology

Before presenting results and discussion, it is considered necessary to clarify some
of the terminology used, since the topic of near-bed turbulent flow regimes
requires the introduction of some new concepts and terminology.

In the literature of limnology, mean velocity is a term used to indicate the velocity
measured at 0.4 height of the water column (measured from the bed), and is an
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average of the velocities encountered along the entire height profile. This should
not be confused with average velocity used in the following discussion to denote
the average velocity prevailing at a particular point in the water column, about
which velocity fluctuations occur as a result of turbulence.

Velocity range is defined as the range of mean velocities a macroinvertebrate may
encounter, as a result of changing its spatial or temporal position on the
substratum. The velocity variation about the mean is of a much smaller order and
is denoted by velocity fluctuation. This term refers to the turbulent motions at a
particular spatial point and is given by the turbulence intensity as defined by
equation (14].

6.4 RESULTS

6.4.1 Flow classification

Table 6.1 presents the flow categorization derived using Reynolds and Froude
numbers, whereas Table 6.2 follows the flow classification given by Young (1993),

I ,

using a number of roughness parameters, as discussed in Section 3 .1:

Table 6.1: flow categorization by Reynolds and Froude number.
'

-

llescription

I Reynolds number

I symbol
Re

• I

'I

4500

16500

Roughness
Reynolds Re.
number pea !rfavel
Roughness
Reynolds Re.
number fine gravel
Roughness
Reynolds Re.
number coarse !rfavel
Froude number
Fr

443

121

1508

411

2115

577

0.87

3.21

Category

Subcritical-turbulent /
Hydraulically rough

Supercritical-turbulent/
Hydraulically rough
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Classification according to flow categories (Table 6.1) or flow regimes (Table 6.2)
gives only limited information about specific microflow regimes.

Reynolds

numbers calculated on the basis of mean velocity and water column depth lack
information on near-bed velocities and substratum roughness and topography.
Roughness Reynolds numbers offer some more information about the substratum,
but a comparison does not reveal how microflow regimes associated with different
substrata vary. Flow regime classification takes substratum into account, but only
in a qualitative way.

Table 6.2: roughness parameters and calculated flow regime for pea gravel, fine gravel
and coarse gravel.

J

Ifine gravel

!i coarse gravel
..

clescription

symbol pea gravel

mean column depth

D

320.4 mm

301.3 mm

296.0mm

k

3.9mm

16.9 mm

25.7mm

roughness spacing

'A

9.7 mm

19.5 mm

21.1 mm

longest median axis

d50

6.7 mm

22.9 mm

37.1 mm

groove width

j

5.9mm

3.4mm

16.4 mm

critical groove width

J,it

53.8 mm

113.2 mm

132.7 mm

wake interference

skimming

skimming

I

I roughness height

flow regime

However, these qualitative categories do not describe differences in the variations
of total mean velocity and their implications for microflow regimes. Divergence in
{flow} and interaction of {flow x substratum} resulting in significant differences
for shear stress and turbulence intensity near the bed remain concealed by this flow
categorization.
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6.4.2 Profiles for velocity, shear stress and turbulence intensity.

Figure 6.9 revealed the velocity profiles for the different substrates under fast and
slow flow conditions.

Differences in velocities can be observed for fast flow

regime between {pea gravel} and {fine gravel, coarse gravel} for the first 6 profile
heights. The velocities found near the bed were usually about half of the mean
velocities, measured at 0.4 height of the water column, although near bed velocities
varied according to substratum.

Fine gravel and coarse gravel decelerated

velocities more than pea gravel under both flow regimes, due to their greater
roughness heights (k) (see Tables 6.2 and 6.4).

In general an initial increase in shear stress with height was noticed (Figure 6.10)
near the bed followed by a decrease with height above approximately 2.5 cm. The
actual change point varied for flow regime and substratum. Turbulence intensity
( u' u') profiles also followed an increase/decrease pattern with increasing height,

with similar change points (Figure 6.11). Since the values were averages of 24
grid measurements, one could assume that the mean maximum shear stress and
turbulence heights reflect the influence of roughness height (k) associated with
each particular substrate. However, the height above the bed at which maximum
shear stress and turbulence intensity occurred, for the three substrates, was similar
and did not reflect the respective roughness heights, given in Table 6.2.

6.4.3 Variability due to substrate roughness

Variation revealed by the summary plots (Figures 6.12, 6.13, 6.14), which give
median, quartiles and extreme values for the 24 measurements is probably due to
the positioning of the probe at different points (i.e. crests or troughs) over the
substrate. Figures 6.12( a) and (b) reveal that the velocity ranges are much smaller
for pea gravel than for the other two substrates, reflecting the 'smoother'
topography of the former. Shear stress displays a similar pattern for fast flow
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Figure 6.9 (a): velocity profiles for slow flow regime.Horizontal bars indicate
standard errors about the mean.
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(Figure 6.13(b)), but for slow flow the range of fine gravel follows that of pea
gravel at a higher median. In Figure 6.14(a) the range of velocity fluctuations
exhibits the same trend as for 6.13(a), but for fast flow fine gravel causes a much
larger range of fluctuations than does pea gravel or coarse gravel. The magnitude
of the ranges for shear stress and turbulence intensity at 0.50 cm depth have to be
interpreted cautiously, since at that height, autocorrelation of some of the datafiles
revealed

the

presence

of

a
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large

n01se

component.

6.4.4 Effects of flow and substrate

Table 6.3 is a summary of two-way ANOVA's for the effects of flow regime
(fast/slow) and substrate (pea, fine, coarse) and their possible interaction on
differences in near-bed velocity, shear stress and turbulence intensity. When mean
velocity and column depth were kept constant, average velocities were significantly
different at various heights near the bed when the flow encountered a different
substratum roughness. As would be expected a change in mean velocity (flow
regime) also yielded significant velocity differences at all ten heights above the bed.
In addition, velocity variation was partly explained by the interaction {flow x
substratum} at 8.00 cm, 10.00 cm and at 0.4 of the column height, where mean
velocity is generally measured. These findings confirm the intuitive belief that the
effects of substrate are more pronounced closer to the bed.

For shear stress and turbulence intensity, significant differences were revealed for
{flow}, {substratum} and {flow x substratum} near the bed at the same heights,
except at 0.50 cm, where {substratum} and {flow x substratum} were not
significant. At that height, noise due to the intensity of particle scattering may have
produced this result. At points higher in the profile, {substratum} and {flow x
substratum} were no longer significantly different for both parameters.

6.4.5 Effects of substrate within a single flow regime

In order to perform pairwise comparisons for the differences found from the effect
of substrate, one-way ANOVA tests were conducted for each velocity regime
(slow & fast). Table 6.4 summarizes the one-way ANOVA results for slow flow
for effects of substrate for the variables velocity, shear stress and turbulence
intensity, and Table 6.5 presents the same results for fast flow.

Where the

variances of the compared distributions breached homogeneity (Levene's test for
homogeneity of variances) the f-probability value is underlined, to indicate that the
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comparison is not strictly valid. Pairwise comparisons of significant differences of
substratum were presented by the following codes: pea gravel <p>, fine gravel <f>,
coarse gravel <c> and grouped into homogeneous subgroups.

Table 6.3: Significance levels for two-way ANOVA's for the effects of flow and
substratum on velocity, shear stress and turbulence intensity at 10 heights above the bed
(* is significant at 0.01, NS is not significant).
2

~l!eigJ:!t -~ j__y~I~c_iJy (c_inf~~---···--- .~f!ear:_str~s~ (cm /s2L. J11r!>l!le~c_t!__ _intef!sity
(cm)
0.50

l

flow*
substratum*
flow x substratum NS
1.00
flow*
substratum*
flow x substratum NS
1.50
flow*
substratum*
flow x substratum NS
2.00
flow*
substratum*
flow x substratum NS
2.50
flow*
substratum*
flow x substratum NS
3.00
flow*
substratum*
flow x substratum NS
5.00
flow*
substratum NS
flow x substratum NS
8.00
flow*
substratum NS
flow x substratum*
10.00
flow*
substratum*
flow x substratum*
0.4 column flow*
height
substratum*
flow x substratum*

·

flow*
substratum NS
flow x substratum NS
flow*
substratum*
flow x substratum*
flow*
substratum*
flow x substratum*
flow*
substratum*
flow x substratum*
flow*
substratum*
flow x substratum*
flow*
substratum*
flow x substratum*
flow*
substratum*
flow x substratum*
flow*
substratum*
flow x substratum*
flow*
substratum NS
flow x substratum NS
flow*
substratum NS
flow x substratum NS
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(cm2/s2)
.·
flow*
substratum NS
flow x substratum NS
flow*
substratum*
flow x substratum*
flow*
substratum*
flow x substratum*
flow*
substratum*
flow x substratum*
flow*
substratum*
flow x substratum*
flow*
substratum*
flow x substratum*
flow*
substratum*
flow x substratum*
flow*
substratum NS
flow x substratum NS
flow*
substratum*
flow x substratum NS
flow*
substratum NS
flow x substratum NS

At a slow flow regime, differences for velocity between substrates were large, with
a distinct separation between all three substrates at 1.00, 1.50, 2.00, 2.50 ems
above the bed and the same split between <p> and <f,c> higher in the profile and at
0.50 cm. Shear stress and turbulence intensity were not significantly different close
to the bed, except at 0.50 cm, where lower values were recorded than elsewhere
near the bed. A variation in flow regime therefore can change velocity, shear stress
and turbulence intensity over comparatively similar bed conditions not only in
absolute values but also in dissimilarity of value ranges.

At fast flow, the differences were significant for the six near-bed measurements,
except for shear stress and turbulence intensity at 0.50 cm. At most points near the
bed, differences in velocity, shear stress and turbulence intensity appeared between
pea gravel <p> and the other two types of substratum <f,c>. Higher in the profile
the pattern changed, where generally less significant differences were observed.

Table 6.4: f-probabilities for one-way ANOVA's for effects of substratum type
on velocity, shear stress and turbulence intensity for slow flow regime, with
airwise com arisons of the homogeneous subgrou s.
0.50
1.00
1.50
2.00
2.50
3.00
5.00
8.00
10.00
0.4 column height

0.00005
< > <f,c>
0.00005
< > <f> <c>
0.00005
< > <f> <c>
0.00005
< > <f> <c>
0.00005
< > <f> <c>
0.0042
< > <f,c>
0.00005
< > <f,c>
0.00005
< > <f,c>
0.00005
< > <f,c>
0.00005
< ,f><c>

0.0008
< > <f,c>
0.4818

0.0038
< > <f,c>
0.1186

NS

NS

0.8609

0.6263

NS

NS

0.3621

0.3679

NS

NS

0.1381

0.1908

NS

NS

0.0115
< > <f,c>
0.0173
< ,f> <c>
0.001
< ,f> <c>
0.0001
< ,f> <c>
0.4453

0.0175

NS

NS
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NS
0.7516

NS
0.0006
< ,f> <c>
0.0000
< > <f> <c>
0.1129

AUTHOR

Pornpipat, Siripong.

Table 6.5: f-probabilities for one-way ANOVA's for effects of substratum
type on velocity, shear stress and turbulence intensity for fast flow regime,
with pairwise comparisons of the homogeneous subgroups.

height (cm)
0.50
1.00
1.50
2.00
2.50
3.00
5.00

i velocit
0.0005
<P> <f,c>
0.0001
<p> <f,c>
0.00005
<p> <f,c>
0.0005
<p> <f,c>
0.0002
<P> <f,c>
0.0031
<p> <f,c>
0.2128

NS
8.00
10.00
0.4 column height

6.5

0.00005
<p,f> <c>
0.00005
<p> <f><c>
0.00005
<p,f> <c>

!

shear stress

I turbulence intensit

0.4596

0.3023

NS

NS

0.0023
<p> <f,c>
0.00005
<p> <f,c>
0.00005
<p> <f,c>
0.0000
<P> <f> <c>
0.00005
<p> <f> <c>
0.0015
<p> <f,c>
0.0007
<p,f> <c>
0.0462
<f> <p,c>
0.5687

0.0017
<p> <f,c>
0.00005
<p> <f,c>
0.00005
<p> <f,c>
0.0038
<p> <f,c>
0.00005
<p> <f,c>
0.00005
<p> <f> <c>
0.1689

NS

NS

NS
0.0151

NS
0.5661

DISCUSSION

6.5.l Flow, substrate and the interaction between both.

The potential ecological significance of {depth x velocity x substratum}
interactions has been recognized by many authors (Davis, 1986; Davis and
Barmuta, 1989, Gore and Judy, 1981; Mathur et al., 1985; Nowell and Jumars,
1984; Orth and Maughan, 1983), but the means to examine these relationships in
detail were often not available. Orth and Maughan (1983) recognize the difficulty
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of assuming that the microhabitat variables act independently when they proposed
the use of a joint preference factor to determine microhabitat preferences of
macroinvertebrates.

However, in this experiment the interaction {velocity x

substratum} was only statistically significant at heights of 8.00 cm and 10.00 cm
above the bed and at 0.4 of the column height. The latter is usually where total
mean velocity is measured, and if the interaction between the two variables found
at that height were to be extrapolated to heights close to the bed, erroneous
conclusions could be deducted.

Near the bed variation was not explained by the interaction between the two, but
was caused by the single effects of both parameters. The absence of an interaction
factor explaining the variation near the bed (lowermost 3 cm) was confirmed by the
significant difference between substrates for the six lowest height measurements
for each single flow regime (Tables 6.4 and 6.5). These results indicate that near
the bed the effects of substratum alone can result in different near-bed flow
regimes. This invalidates the hypothesis that under similar conditions of flow and
depth, near-bed flow regimes associated with beds of different (but homogeneous)
substratum particle sizes will be the same.

For variables shear stress and

turbulence intensity an interaction factor between flow and substrate is still present
near the bed. The microflow regimes can be said to follow macroflow conditions,
but superimposed on this is the influence of the complexity of homogeneous (and
also heterogeneous) substratum configuration. The effect of a variation in column
depth whereby mean velocity is kept constant was not tested in this experiment,
but would possibly also result in significant differences in near-bed velocities for
different depths. In general shallower depths are associated with higher turbulence
(Degani et al., 1993).

6.5.2 Slow flow regime.

Figure 6.9(a) illustrates clearly the effect of substrates on near-bed velocities.
Mean velocities over pea gravel are markedly higher, due to the 'smoother'
topography. In such a microflow regime it is believed that less microhabitat niches
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are available for macroinvertebrates, since the range of mean velocities
encountered near the bed was smaller (Figure 6.12(a)). The other important aspect
of a microflow regime is the short-term velocity fluctuations about the mean the
benthos has to resist at a particular location, given by turbulence intensity.
Turbulence intensity is significantly higher near the bed for pea gravel than for the
other substrates. At 0.50 cm from the bed, it is evident that turbulent flow is
present, suggesting that within millimeters of the bed a laminar layer is no longer
present, and the benthos is exposed to relatively high mean velocities and
additional velocity fluctuations. This is in accordance with the suggestion of Davis
(1986) that at Re.> 100 (see Table 6.1) hydraulically rough flow develops
characterized by the absence of a laminar boundary layer.

At these low mean velocities it is unlikely that this difference in velocity and
turbulence would discriminate between the distribution of macroinvertebrate
species, although there may be minimum threshold velocities with regard to food
acquisition, predator avoidance etc. The region nearest to the bed is characterized
by a steep increase in velocity, shear stress and turbulence intensity (Figures 6.9,
6.10 and 6.11), but the differences between the three substrates for shear stress and
turbulence intensity are no longer significant at 1.00 cm above the bed, in contrast
to the mean velocities which are distinctly different (Table 6.5). Coarse gravel and
fine gravel seem to present a more 'sheltered' environment, with lower velocities,
shear stress values and turbulence intensities near the bed. This could be due to
measurements made over 'dead' pockets of water associated with skimming flow
and their effect on the mean values for the 24 grid points.

The more diversified and less 'harsh' conditions of fine gravel and coarse gravel
could offer a possible explanation for the increase in abundance of stream benthos
with increasing particle size (Wene and Wickcliffe, 1940; Pennak and Van Gerpen,
1947; Sproles, 1947; Barber and Kevern, 1973; Ward, 1975; in: Orth and
Maughan, 1983). However, it is also recognized that species often react differently
to the same environmental parameters (Minshall and Minshall, 1977; Rabeni and
Gibbs, 1980).
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Several studies have suggested a correlation between the size and spacing of
substratum roughness elements and differences in macroinvertebrate distributions
(Adams et al., 1987; Allan, 1975; Barmuta, 1990; Culp et al., 1983; Davis and
Barmuta, 1989; Orth and Maughan, 1983; Quinn and Hickey, 1990(a,b); Quinn
and Hickey, 1994), although so far the explanations for these differences remain
incomplete and often inconclusive. Explanations range from available rock surface
(McElhone and Davies, 1983) and competition for space, to effects from
substratum topography (including heterogeneity and interstitial spacing) on
determining current (Barmuta, 1990), food availability (Culp et al., 1983; Rabeni
and Minshall, 1977) and predator prey interactions (Allan, 1975; Hansen et al.,
1991).

Near-bed flow regimes have also been suggested to play an important role in the
spatial distribution of various species of macroinvertebrates, either by directly
defining available habitat (e.g. energy budgets, predator avoidance, respiration)
(Adams et al., 1987; Quinn and Hickey, 1994; Silvester and Sleigh, 1985) or by
influencing related factors (e.g. food availability, reproductive strategies, epiphyton
growth) (Quinn and Hickey, 1990(b) and 1994; Horne et al., 1992) or both
(Lacoursiere, 1991 ).

The initial increase in shear stress and turbulence above the bed is an unexpected
finding, since usually it was assumed that shear stress would decrease with height
as a result of the decreasing velocity differences (Carling, 1992), in accordance
with the loglinear velocity function.

However, shear stress and turbulence

intensities are obtained from point measurements of the fluctuations of orthogonal
velocity components.

The magnitude of shear stress in this region could be

diminished by the limited extend to which vertical velocity fluctuations can occur
as a result of the proximity of the streambed. Hence in this region turbulence is
reduced, which is reflected by the decreasing values for turbulence intensity near
the bed. Due to the averaging of 24 points the exact location of this region is
unknown, and it is assumed that it is only indirectly related to the substratum
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topography, characterized by roughness height k. If the respective values for k
(Table 6.2) are compared with the heights at which maximum shear stress and
turbulence intensities occur, it becomes apparent that they are different. For pea
gravel, k is much smaller than the heights where the maxima of shear stress (2.00
cm) and turbulence intensity (5.00 cm) occur.

This means that the point of

maximum shear stress and turbulence intensity is located well above the highest
point in the gravel topography. Fine gravel also has maxima located higher thank
would suggest. For coarse gravel, k approximately indicates the increase/decrease
change points for both parameters, suggesting that at the crests of some gravel
elements high shear stress and turbulence intensity values can occur, while in the
troughs much lower forces prevail.

The differences between shear stress found near the bed (at 0.50 cm) and the
maximal values are larger for coarse gravel than pea gravel, which could possibly
reflect the coarser gravel size and roughness of the former. The value range of fine
gravel lies somewhere in between, consistent with its size and roughness. The
specificity of the shear stress profiles confirms the observations of Carminati et al.
(1995), who concluded that shear stress cannot be obtained from a simple
deterministic form, because the erratic nature of the small scale variations in
vertical and horizontal velocity fluctuations introduce a large statistical component,
resulting in the non-uniqueness of

u. and z0•

6.5.3 Fast flow regime.

Velocities recorded under the fast flow regime also show a significant difference
between substrates (Table 6.5), but shear stress and turbulence intensity values lie
much closer together at 0.50 cm. As for slow flow, velocities, shear stress and
turbulence increase sharply with height, resulting in significant differences for shear
stress and turbulence at 1.00 cm and higher in the profile. The increase is again
much greater for coarse gravel than for pea gravel. Turbulence intensity profiles of
the three substrates show a similar trend throughout, as opposed to the 'crossing-
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over' profiles for slow flow, The two flow regimes seem to result in a difference
between the heights at which maximum turbulence intensity occurs whereby at fast
flow maxima are reached at lower heights in the profile.

6.5.4 Comparison of existing methods of identifying microflow regimes and the
use of an ADV.

Flow classification according to Reynolds and Froude numbers is of limited value
in providing detailed information about microflow regimes.

For the three

substrates, a similar classification was obtained, despite the fact that significant
differences were revealed with regard to near-bed velocity, shear stress and
turbulence intensity. Flow categorization did distinguish between {pea gravel} and
{fine and coarse gravel}, but without quantifying the differences in flow regime.
The limited information provided by traditional characterization is consistent with
the findings of this experiment, but is insufficient to fully understand prevailing
forces near the bed.

Statzner and Muller's (1989) attempt to quantify shear stress to further
characterize microflow regimes was essentially a flow visualization technique
restricted by a number of limitations, discussed in the introduction (Section 6.1),
The method of deriving shear stress from the velocity components measured with
an ADV is not bound by these limitations.

ADV instrumentation is readily

available at reasonable cost, and its calibration is a standardized procedure.
Quantitative shear stress measurements were obtained with high precision over any
type of substrate at any position in the water column, regardless of roughness,
irregularity, etc. without interference with the flow.

In addition turbulence intensity was obtained, a parameter more accurately
reflecting turbulence conditions than shear velocity, the descriptor proposed to
characterize turbulence by Statzner and Muller (1989).

Since the instrument

measures velocities from which shear stress and turbulence intensity are derived,
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the three parameters are mathematically linked and obtained at once.

The

flexibility and ease with which the ADV can be used means that short-term
microflow characterizations can be achieved with comparatively little effort and
high precision.

The advantage of the FST hemisphere method may lie in the possibility to visually
assess long term variations in discharge. This is evidently easier to achieve with
simple devices like FST hemispheres which can be left unattended for longer
periods of time without the need to be secured. Movement of the hemispheres will
reveal critical shear stress, for which values can be calculated, whereas ADV
velocity measurements used to obtain shear stress do not necessarily distinguish
critical values.

Yet those critical values indicating the movement of FST

hemispheres may bear little relevance to macroinvertebrates.

In most other

respects, however, it can be concluded that the ADV is superior to characterize
microflow regimes.

6.6 SUMMARY AND CONCLUSIONS

Near the bed the effects of substratum resulted in significant differences in velocity,
shear stress and turbulence intensity. Flow regime (fast, mean velocity of 55 cm/s
and slow, mean velocity of 15 cm/s) also resulted in significant differences at the
microflow level, but the interaction of {flow x substratum} was only significant for
shear stress and turbulence intensity, not for velocity. For velocity, this interaction
only became significant higher in the profile, near the region where mean velocity
was measured. Evidence of relatively high velocities close to the bed (at 0.50 cm)
and turbulence intensities confirmed that the benthos under such conditions would
effectively be exposed to turbulent microflow regimes.

Shear stress profiles deviated from the commonly accepted (log)linear decrease
with height, to show a maximum value at approximately 2.50 cm above the bed.
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Closer to the bed values decreased, and a similar trend was observed for turbulence
intensity. This trend occurred under both flow regimes.

Different near-bed velocities can be obtained as a result of differences in substrates
under similar conditions of mean velocity and depth. Hence the null hypothesis
(hypothesis 1) was invalidated. This means that mean velocity is not sufficient as a
descriptor to characterize rnicroflow regimes. Therefore Statzner and Muller
( 1989) proposed to use critical shear stress to describe microflow regimes. Their
method suffered from a number of practical and theoretical limitations.
Conversely, the data obtained from this experiment have provided sufficient
information to quantitatively characterize microflow regimes.

The ADV provides opportunities to further explore velocity, shear stress and
turbulence intensity ranges associated with the distribution of particular
macroinvertebrate species. If different rnicroflow regimes can be identified near
the bed, what is their impact on the benthic microhabitat? Does the benthic fauna
respond?

Correlations between distributions of the benthos and substratum

particle size and spacing have been obtained or suggested by many authors, and a
multitude of possible explanations has been given.

To test the relevance of the findings of this experiment for macroinvertebrates
(hypothesis 2) the following colonization experiment was initially planned, but
could not be carried out due to time limitations. The trays with the three types of
substratum were to be set out for colonization for approximately 6 weeks in a
stream where baseflow conditions prevail. Possible differences in total abundance,
species richness, species abundance and community composition between the
different types of substrates were to be analyzed and related to measurements of
near-bed velocities recorded at the beginning (and perhaps at regular temporal
intervals) of the experiment.

If it can be assumed that differences in microdistribution occur during colonization,

the problem of discriminating between the effects of rnicroflow regimes and
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substrate surface preference emerges. Whether it is possible to design an
experiment that distinguishes between the two remains unclear.

One possible

approach would be to measure and calibrate surface area of different combinations
of substrate elements and the way they are spaced. This information could then be
used to try to create identical microflow regimes passing over different substrate
surfaces. This may be achieved by varying the mean velocity and column depth
over substrates with defined (and different) surface areas until identical microflow
regimes are obtained. Once identical flow regimes can be established over different
substrate surface areas, macroinvertebrate preferences could be correlated with
either flow regime or substrate surface area.

Because of time limitations, existing microflow regimes and their possible
correlation with benthic microhabitat were examined.

To this aim, isolated

roughness elements were selected in a riffle section of a stream to investigate nearbed flow regimes and faunal distribution patterns. This experiment is described in
Chapter 7.
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7 .1

INTRODUCTION

Flow patterns around hemispheres are well documented. Davis (1986) described
the typical horseshoe vortices developing around stream boulders. In the region
where vortices develop (illustrated by Figure 7.l(a), (b)) velocities can be four
times faster than in the free flow around it, whereas in the wake of the obstacle
flow will be much slower (Davis, 1986).

It follows that around protruding

boulders in a streambed, different flow regimes will develop, the most contrasting
differences being the regions in the front and in the wake of a rock. Although the
isolated roughness elements do not necessarily have to protrude from the water
column for vortex formation to occur, flow separation around protruding elements
will probably discriminate more clearly between upstream and downstream flow
regimes.

These localized differences in flow regimes offer an opportunity to

investigate the effect of flow on macroinvertebrate microhabitat conditions.
Velocity data can be obtained with the ADV, while macroinvertebrate sampling
can provide information on the distribution and community structure of the benthic
fauna. This field experiment was undertaken to provide further information on the
question as to how the benthic fauna responds to different microflow regimes.
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Figure 7.1 (a): horseshoe vortex formation around an object on a bed (after Davis, 1986)
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Figure 7.1 (b): upstream and downstream separated flow around a hemisphere on a bed
(after Davis, 1986)
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7.2 AIMS

The aim of this experiment was to investigate the following hypothesis:

Hypothesis 1: Near-bed flow regimes as described by velocities, shear stresses and
turbulence levels measured in the front or the wake of a stream boulder will be
significantly different relative to each other and the main stream flow in the vicinity
of the roughness element.

The effect of different near-bed flow regimes was also considered with regard to
macroinvertebrate distributions.

It was hypothesized that macroinvertebrates

would respond to near-bed flow regimes by exhibiting different distribution
patterns:

Hypothesis 2: Differences in macroinvertebrate community structure and function
will occur as a result of the presence of different near-bed flow regimes creating
different microhabitats.

7.3

MATERIALS AND METHODS

The Serpentine River originates in the Darling Ranges (Figure 7.2). Like most
rivers flowing through the Swan Coastal Plain, it has been dammed to create a
water reservoir from which a steady flow is released throughout the entire year.
The seasonality caused by the typical prevailing Mediterranean climate (hot and dry
summers, wet cool winters,) whereby rivers often dry up completely over summer
is no longer present, and the fauna has adapted to a year-round baseline flow
regime. In winter water levels may rise considerably as a result of catchment runoff, but these fluctuations are of short duration. Although it is acknowledged that
the Serpentine River is no longer pristine, the section of use chosen for study,
Rapids Crossing, possessed a sufficiently diverse macrobenthic fauna for the

108

following study to be undertaken. Although now a regulated river, The Serpentine
represents one of the least degraded rivers in the Perth region.

At Rapids Crossing (Figure 7.2), a riffle site was selected that contained a number
of protruding boulders. Water level fluctuations were monitored at the site and the
experiment was carried out after levels had returned to baseflow for at least three
weeks. In the riffle, ten isolated boulders of similar dimensions were selected.
Relative position within the stream, distance from the nearest protruding element
and from the banks, and streamflow patterns around the boulders were the criteria
used when a visual assessment was made. Where possible, boulders were selected
that were away from the streambank and from each other and were surrounded on
each side by fast flowing water. Figure 7.3 is a diagrammatic representation of the
location of the boulders in the stream section. Macroinvertebrates were sampled
with a modified Boulton (1985) sampler. A standpipe of diameter 10.5 cm, with a
foam skirt was used to create a confined area. Sampling areas in the wakes and
fronts of the boulders were selected immediately adjacent to the rock surface.
Within this area, the benthos was disturbed by hand and the disturbed material was
collected by pumping for two minutes with a bilge pump at which a (250 µm) net
was attached to the outlet. The nets were subsequently washed out into sampling
containers, and samples were preserved in 80% ethanol. Care was taken not to
disturb animals prematurely; for this reason it was decided to record velocities after
macroinvertebrate sampling. Animals living on the rock surface of the protruding
element were not included in the sampling, since the rock elements could not be
removed due to their size and the requirement not to alter flow regimes.

Velocity measurements were made with the ADV at sampling locations at 0.50 cm,
2.50 cm and at 0.4 of the column height (the mean velocity) from the bed. Depth
and rock dimensions were measured with a ruler. Mean sizes and standard
deviations

of

the

ten

boulders
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are

presented

in

Table

7. 1.
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Figure 7.2 Location map of sampling site "Rapids Crossing" in
the Serpentine River, Western Australia
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Figure 7.3: location of selected rocks (1-10) at "Rapids Crossing", Serpentine River
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Table 7 .1: mean length measurements and standard deviations (in cm) of longest
diagonal axes for length, width, height and height above water column of ten
boulders at ~apids Crossing, Serpentine River, Western Australia.

Longest diagonal axis
Length
Width
Height
Height (above water column)

I Standard deviation

l Mean
55.8
48.5
39.2
11.5

12.6
10.2
6.6
5.5

Velocities were recorded at 25 Hz for a period of 60 seconds. It was assumed that
microflow was not altered by macroinvertebrate sampling, although the stirring of
the substratum could have resulted in small changes in substrate roughness.

In the laboratory, animals were sorted, counted and classified to species level.
Pupae were initially classified into a separate category from their larval
counterparts, but were grouped together to obtain percentage compositions. Shear
stress and turbulence values were obtained from the velocity data. Velocity, shear
stress and turbulence intensity data were normalized by log transformation, and
species densities (totals of larvae and pupae) were normalized by [ln(n+l)] (Quinn
and Hickey, 1994). Pearson product correlations were used to examine possible
correlations between longitudinal (u), cross-sectional (v), and vertical (w) velocities
in the front and wake of the rocks at heights 0.50 cm, 2.50 cm and at 0.4 of the
column height, as well as correlations for the respective shear stress and turbulence
intensity values. Paired sample-T tests were performed to detect any significant
differences for these variables at the various heights between front and wake of the
rocks. Relationships between the benthic fauna (species richness, total abundance
and selected species abundance) and the physical parameters velocity (u, v, w),
shear stress and turbulence intensity at 0.50 cm above the bed were also examined
by Pearson product correlations.

Percentage community composition was

analyzed using Pearson correlation and paired sample-T tests.
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7.4

RESULTS

Figure 7.4 reveals mean velocities at 0.50 cm, 2.50 cm and 0.4 of the column
heights above the bed, for both front (dotted bars) and wake (shaded bars). The
three velocity directions are given by 7.4(a) longitudinal (u), 7.4(b) cross-sectional
(v), 7.4(c) vertical (w). Figure 7.6 presents corresponding values for turbulence
intensity, and Figure 7.5 gives shear stress values in: (a) the horizontal plane (uv);
(b) the cross-sectional-vertical plane (vw); and (c) the horizontal-vertical plane
(uw). The latter is usually considered the most significant direction since it reflects

the differences in longitudinal velocity along the depth column. Torque forces in
the respective planes will be directed as (a) sideways deflection from the
longitudinal direction, (b) vertical deflection from the cross-sectional direction and
(c) vertical deflection from the longitudinal direction.

7.4.1 Velocities

At 0.50 cm above the bed longitudinal velocities were small and negative, both in
front and wake of the rocks. The negative velocity in the front is larger than in the
wake of the rocks and reflects the stronger upstream deflection of the rapidly
approaching flow compared to the slow circulation behind the rock (Figure 7.1).
At 2.50 cm above the bed longitudinal velocities in the wake are still negative,
because the circulating water body volume is large, reflecting the height of the
rock. The small positive velocity in the front characterizes the middle to top region
of the vortex, where longitudinal velocities are directed downstream but
decelerated by the presence of the rock compared to velocities at 0.4 of the column
depth. Note that the error bars are large and stretching into the negative; this
indicates that the actual height of the vortices varies considerably. Vertical average
velocities are hardly significant, except at 0.4 column depth where in the wake of
the rocks the upward velocity and in the front the downward velocity becomes
larger. Cross-sectional velocities are slightly higher, and while the direction in this
case

is

difficult

to

determine,

it

illustrates
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Figure 7.4: mean velocities in the (a) longitudinal (upstream-downstream), (b) lateral (crosssectional) and (c) vertical directions at 0.50 cm, 2.50 cm and 0.4 column height above the bed.
Dotted bars are velocities in the front (indicated by F), shaded bars (indicated by W) in the
wake of the rocks. Error bars represent standard error about the mean.
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effectively acting as a 'gravity' force towards the centre of the water circulation in
the wake of the rocks. This may explain the collection and deposition of particle
organic matter in the 'shadow' of a boulder. At 0.50 and 2.50 cm above the bed
shear stress in the wake of rocks is positive (7.5(a)), which translates in an
centrifugal torque force.

In the uw plane shear stresses are large, particularly in the wake of the rock. This
indicates that the velocity gradients were supposedly much larger in the wakes, but
the large error bars make it difficult to interpret the data. Paired sample-T tests
revealed that the differences between values for wake and front are not statistically
significant for any direction or column height. One negative correlation was
revealed for shear stress between front and wake of the rocks, in the uw plane at
0.4 column height (r= -0.518; p= 0.125), in accordance with the correlation for
velocity. An increase in the downwards directed torque force in the front means
that the torque force in the opposite direction in the wake will also increase.

7.4.3 Turbulence intensities

Turbulence intensities scale approximately with the average velocities, as can be
seen if the absolute values of Figures 7.4(a)(b)(c) and 7.6(a)(b)(c) are compared.
Turbulence intensity can be expressed as relative turbulence intensity (equation
[15]), but this does not provide much additional information since the
disappearance of its magnitude (associated with the average velocities) makes
comparisons between the different flow directions invalid.

Turbulence intensities are high in the downstream and cross-sectional directions,
characterizing a highly turbulent environment near the bed. Standard errors are
again very high, particularly in the wake of rocks, indicating large deviations.
Values in the front of rocks are smaller, associated with larger average velocities
and smaller shear stresses, contributing to a more 'stable' flow environment.
Again, they are not significantly different from values in the wakes. Turbulence
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intensity increases with height in the column profile, although in the wake
maximum values occur at 2.50 cm above the bed in the longitudinal and crosssectional plane (Fig 7.4 (a) and (b)). No significant correlations were revealed for
turbulence intensities between front and wake. The largest coefficient (-0.431,
p=0.214) was found at 0.4 column height, where a moderate correlation for
velocity and shear stress also occurred. Here an increase in the upward velocity
fluctuations in the wake may correspond with a decrease in the same direction in
the front, and vice versa. The high turbulent conditions (Figures 7.6 (a) and (b)
resulted in a high intensity of particle scattering, which was reflected in many
datafiles displaying a high SNR and poor autocorrelation.

7.4.4 Benthic fauna

Differences in the mean abundances of the benthic fauna in the front and the wake
of the boulders are given in Figures 7.7(a) and (b). Standard errors about the mean
are denoted by the error bars. Total abundance and species richness (7.7(a)) both
reveal higher numbers in the wake. This is also true for most species, except for the
Simuliidae and for Cheumatopsyche modica (Trichoptera). While Simuliidae sp.
are present in equal numbers in the upstream and downstream regions of the
boulders, Cheumatopsyche modica displays a preference for the upstream region.
Most of those differences, however, were not statistically significant, as will be
discussed below. Five major taxa constitute the majority of the benthic community
(>95%) (Figure 7.8) and are present in the highest numbers: Thienemaniella sp.
(Chironomidae;

Orthocladiinae),

Oligochaeta

sp.

and

Simuliidae

sp.,

Cheumatopsyche modica (Trichoptera; Hydropsychidae) and Cricotopus albitarsis

(Chironomidae; Orthocladiinae). The remaining species are only present in small
numbers. Five taxa of which abundances were very small were grouped together in
a category 'other species' (Figure 7.7(b)) and were only classified to species level.
While Simuliidae species are equally distributed between both regions, in terms of
percentage

composition

they
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up a larger proportion of the community in the upstream region, due to the minor
presence of many other species there (Figure 7 .8). On the other hand the difference
in absolute numbers for Cricotopus albitarsis becomes insignificant in terms of
percentage composition. Figure 7.8 illustrates the differences in percentage faunal
composition between wake and front sampling sites.
percentage
faunal composition

90%

80%

70%

60%

50%

40%

30%

20%

10%

wake

front

Figure 7.8: percentage species composition of benthic fauna in front and wake
samples around protruding boulders (10 replicates), at Rapids Crossing, Serpentine
River, WA.
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The differences in abundance between upstream and downstream regions of the
boulders were tested with paired sample-T tests and the significance levels are
presented in Table 7 .2.

Table 7.2: Significance levels for two tailed paired sample-T tests comparing
abundances between front and wake of the rocks for total abundance, species
richness, percentage composition and 6 taxa of macroinvertebrates.

Species richness
Percentage composition
Thienemaniella s
Oligochaeta

che modica

Not si nificant

0.001
0.007
0.06
0.003
0.489
0.139
0.264
0.061

Significant differences were revealed between front and wake for species richness
(p=0.001) and total abundance (p=0.037), as well as for Oligochaeta sp.
(p=0.003), with the wake containing a higher richness and abundance, and higher
numbers of Oligochaeta sp. Two other differences, although not significant, were
apparent: Thienemaniella sp. (p=0.060) and

Ecnornidae sp. (p=0.061).

The

correlation coefficient for percentage community composition was zero (p=l.000),
and a paired sample-T test showed a significant difference between wake and front
(p=0.007).

Correlations between {species richness}, {total abundance} with {velocities (u, v,
and w)}, {shear stress} and {turbulence intensity} for both front and wake of the
rocks are presented in Table 7.3(a) and 7.3(b).

In front of the rocks, the highest (negative) correlations were between total
abundance and vertical velocity (p=0.068) and Sirnuliidae and vertical velocity
(p=0.073). Thienemaniella sp. is positively correlated with shear stress (p=0.076),
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whereas Oligochaeta sp. are negatively correlated with velocities in the u, v, w
directions (p-values 0.105, 0.073 and 0.122 respectively). In the wake of the rocks
correlations are hardly significant and predominantly negative.

The only two

moderately significant (negative) correlations are between cross-sectional velocity
and both Cheumatopsyche modica (p=0.092) and Ecnomidae sp. (p=0.121).
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Table 7.3(a): Pearson product correlations between velocities (u, v, w), shear
stress, turbulence intensity (measured at 0.50 cm above the bed), and total
abundance, species richness and abundance of the major tax.a of macroinvertebrates
in front of the rocks. Velocity, shear and turbulence data are normalized by
lo transformation, s ecies densities b [ln(n+ l)], exce t for s ecies richness.

Total abundance

-0.43
0.43
-0.37
-0.20

-0.39
0.41
-0.31
-0.22

-0.60
0.14
-0.60
-0.25

0.23
0.15
-0.13
0.58

-0.05
0.44
-0.05
0.04

Thienemaniella
sp. (Chironomidae;
Orthocladiinae)
-0.33
-0.18
0.22
0.08
Cricotopus
-0.22
albitarsis(Chironomid
ae; Orthocladiinae)
-0.25
0.41
0.33
0.00
Cheumatopsyche
0.02
modica (Trichoptera;
__f!ydrop~......c_hi_·d_a_e~)- - 1 - - - - - - - 1 - - - - - + - - - - - + - - - - - + - - - -0.16
0.23
0.55
0.17
Ecnomidae
sp. 0.19
(Tricho tera)
-0.34
-0.33
-0.52
-0.59

Table 7.3(b): Pearson product correlations between velocities (u, v, w), shear
stress, turbulence intensity (measured at 0.50 cm above the bed), and total
abundance, species richness and abundance of the major taxa of macroinvertebrates
in wake of the rocks. Velocity, shear and turbulence data are normalized by
_logtransformation, species densities by [ln(n+l)], exce t for species richness.

Total abundance

-0.16
-0.15
-0.18
-0.10

Thienemaniella
sp.(Chironomidae;
Orthocladiinae)
-0.23
Cricotopus
albitarsis(Chironomi
dae; Orthocladiinae)
Cheumatopsyche
-0.16
modica
(Trichoptera;
H dro s chidae)
sp. -0.20

-0.16

-0.17
-0.33
-0.06
-0.15

-0.07
-0.16
-0.06
-0.07

-0.07
-0.02
0.21
0.03

-0.06
0.14
0.08
0.26

-0.24

-0.19

-0.05

-0.02

-0.56

-0.31

-0.12

0.11

-0.52

-0.30

0.07

0.23

-0.06

0.00

-0.23

-0.32
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7 .5

DISCUSSION

7.5.1 Near-bed flow regimes

The selection of protruding rocks in a river was initially based on the assumption
that rnicroflow regimes would be significantly different as a result of the rocks
obstructing the free flow. Previous studies of hemispheres have indicated that a
horseshoe vortex system develops around a protruding element with accelerated
velocities creating a 'stagnation' zone in the wake of the rock, where velocities are
much slower than in the surrounding vortices (Davis, 1986). The implications of
this altered flow regime on the distribution of near-bed velocities and flow
directions in the front and the wake of the rocks has been quantified with this
experiment.

The velocity data obtained around a boulder in a natural field situation, showed a
high degree of conformity to the flow patterns described by Davis (1986),
illustrated in Figure 7 .1. This conformity suggests that despite the complex flow
patterns inherent in natural streamflow a protruding element takes precedence in
determining flow configuration in its immediate surroundings.

In quantitative

terms, differences near the bed (at 0.50 cm height) may not be very large between
the front and the wake (since at both locations free flow is considerably reduced),
but would perhaps be bigger between front or wake and the side regions, where
flow is accelerated as a result of a deflection from the obstacle. From the previous
experiment (Chapter 6) we can deduce that under free flow conditions, near-bed
velocities are typically reduced by about half from the mean free flow velocity
(variation depends on roughness of the substrate).

If the mean velocity

measurements near the rocks can be assumed to represent mean free flow velocity
(36.6 emfs), near-bed velocities must have been in the order of 15-20 emfs if k is
relatively small, for instance where the substrate consisted of gravelly sand. This
assumption was not tested in the field, but the difference in near-bed flow regimes

126

between unobstructed and obstructed flow seems considerable, given that most
velocities at 0.50 cm were directed upstream. Some of the detected differences
and characteristics can be summarized as follows:

FRONT

• Larger longitudinal velocities, directed upstream
• Relatively large cross-sectional velocity
• Smaller shear stress and turbulence intensities, less turbulent
• Large downstream velocity at 0.40 column depth

WAKE

• Smaller longitudinal velocities, directed upstream
• Cross-sectional velocities are present
• Larger shear stress and turbulence intensity values, hence more turbulent
• Centripetal shear stress forces at 0.40 of the column height

Since there were no significant differences found for velocities in any direction at
0.50 cm and 2.50 cm above the bed, we have to conclude that hypothesis 1 could
not be invalidated, and differences in microflow regimes between front and wake of
the rocks are minor. As a consequence microhabitat differences are probably more
related to indirect effects such as the deposition of particulate organic matter
(POM) rather than the direct effects (velocity, shear stress and turbulence
intensities) of microflow regimes.

7.5.2 Macroinvertebrate responses

Despite the similarity in near-bed flow regimes community composition between
the regions in the wake and front of the rocks appears to differ considerably. The
generally low correlations between benthic fauna and physical parameters
associated with microflow regime would suggest that other variables may
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contribute to habitat partitioning, or that indirect influences resulting from
microflow are more dominant. Flow regime seems to have a rather diversified
role, since it will exert a direct influence (flow velocity, shear stress and
turbulence) and a number of (physical and biological) indirect influences such as
particle deposition, oxygenation, epiphyton growth, predation, competition, etc.

Species richness is higher in the wake of the rocks, despite showing a weak
positive correlation in the front with u and v velocities, and with turbulence
intensity.

The species present in the front of rocks are hence likely to have

different velocity preferences from their counterparts. Negative correlations for
total abundance with longitudinal and vertical velocities in front of the rock would
suggest that in general higher total abundances are situated in areas where low
near-bed velocities prevail. This preference is clearly visible for Oligochaeta sp.,
which display a negative correlation for all velocity directions (u, v, w) and were
found in significantly higher numbers in the wake of the rocks. Simuliidae show a
distinct negative correlation with vertical velocities in the upstream region of the
boulders and it is likely that they position themselves away from areas where
vertical velocities are high. On the other hand Thienemaniella sp. seems to display
a preference for high shear situations in the front of rocks (correlation coefficient
0.58), despite their lower abundance compared to the wake. This would suggest
their preference for maximum shear stresses in the upstream region where shear
stress is lower than downstream of the boulders. Ecnomidae sp. is negatively
correlated with cross-sectional velocity in the wake and positively correlated with
turbulence intensity in the front, yet occurs in slightly higher abundances in the
wake. Turbulent environments seem to be preferred, since those values are higher
in the wake of the rocks. The absence of a correlation in the wake could suggest
that under optimal turbulence conditions, other variables may become more
predominant. It should be noted that none of the correlations were very strong; in
addition a correlation does not necessarily imply a causal relationship.

The major groups of invertebrates were present in both microenvironments
indicating that both presented favourable conditions. Each flow environment is not
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necessarily optimal, as macroinvertebrates may not always be able to select most
optimal habitats.

In general, the wake of the rocks seems to offer a more

favourable environment than the front, despite (or because of) higher turbulence
regimes. This was evidenced by a higher total abundance, species richness and
higher abundances of Thienemaniella sp. and Oligochaeta sp.

In their flow exposure group (FEG) classification, Growns and Davis (1994)
distinguished between obligates (0) - animals fully exposed to the water column
for most of their life cycle,facultatives (F) - animals spending most of their life on
the substratum but able to withdraw into low flow areas, and avoiders (A) animals spending most of their life within the substratum. The functional feeding
group (FFG) classification groups macroinvertebrate taxa into gatherers (G),
filterers (F), predators (P), scrapers (Sc), and shredders (Sh).

Table 7.4: macroinvertebrate taxa collected at ten rocks at "Rapids Crossing" in
the Serpentine River. Presence is denoted by *** (more abundant), ** (equal) or
* (less abundant) in front or wake of the rocks, and species are classified into
FEG and FFG groups. FEG groups: (0) obligates, (F) facultatives, (A) avoiders.
FFG groups: (G) gatherers, (F) filterers, (P) predators, (Sc) scrapers, (Sh)
shredders .
' ..
..
.
Eront· I Wit.Ke·:
-Name
.

••

Thienemanie Ila
(Chironomidae;
sp.
Orthocladiinae)
Oligochaeta (Annelida) sp.
Simuliidae sp.(Diptera)
(Chironomidae;
Cricotopus
albitarsis
Orthocladiinae)
(Trichoptera;
Cheumatopsyche
modica
Hydropsychidae)
Ecnomidae sp. (Trichoptera)
Minor taxa
Nematoda sp.
Tanytarsus sp.(Chironomidae; Chironominae)
Ostracoda sp.(Crustacea)
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0

*

***

G

A

*
***
**

***
*
**

G
F
Sc/G

A
0
A

***

*

PIP

0

*
***
**
***
***

***
*
**
*
*

p
-

0

-

G
G

A
0

G

-

Two of the avoider groups (Thienemaniella sp. and Oligochaeta sp.) were more
abundant in the wake of the rocks, whereas two other avoiders ( Cricotopus
albitarsis and Nematoda sp.) were found in equal numbers at both sides. The
avoiders are all gatherers, and the deposition of POM is probably higher in the
wake of the rocks. The slower velocities will also offer a more favourable
environment for avoiders, ill suited to expose themselves to high flow.

All

obHgates and one facultative group showed preference for the front of the rocks.
One obligate (Tanytarsus sp.) was a gatherer; its presence in the front of rocks
may be related to a preference for a different type of POM. The other obligates
are either filterers or predators. Faster velocities combined with less turbulence
could offer a more favourable habitat for filterers, such as Simuliidae sp., known to
avoid zones of maximal shear stress (Lacoursiere, 1991). Although responses to
flow seem to differ between species, they are certainly present, even for velocity
differences that are in itself not statistically significant. However, there are several
indications to suggest that the difference in faunal compositions between front and
wake of the rocks could be related to other factors than flow regime:

• Absence of strong correlations between velocities and benthic species
• Absence of significant differences in near-bed flow regimes between front and
wake of rocks.
• Absence of significant differences in species abundances between front and
wake of rocks, except for Oligochaeta sp.

Therefore, it can be concluded that hypothesis 2 is true, but other variables may
exist that define microhabitat of macroinvertebrates. Near-bed velocities did not
show a significant difference between both locations, as was postulated in
hypothesis 1. Since the differences in macroinvertebrate community structure are
only moderately correlated with near-bed velocities (some species only for some
microflow

parameters),

but

significant

differences

in

macroinvertebrate

composition exist between front and wake of the boulders, the indirect effects of
flow need to be further investigated. Indirect effects of flow could be closely
interrelated with other parameters, such as the amount and temporal variation of
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POM deposition, temporal hydrological variation, etc. It is possible for example
that although near-bed flow regimes are fairly similar, water in the wake of a
boulder contains more particle organic matter, or is prone to a different rate of
sedimentation. Studies of particle flux processes in relation to macro-, meso- and
microflow could assist in understanding the complexity of flow regimes. Also, the
surfaces in the front and the wake of the protruding rocks might have shown
greater differences in benthic composition as a result of near-bed flows, but could
not be sampled in this field experiment.

Other useful comparisons could have

included the bed next to the sides of the boulders, where near-bed velocities may
be considerably faster.

7.5.3 Limitations of the experiment

The possibility of measuring velocities in such detail with such precision near the
bed where macroinvertebrates live requires careful planning and design of field
experiments. The results of this experiment reveal that some shortcomings can be
identified. They will be discussed since they are useful to take into consideration
for future experiments.
• A better understanding of flow patterns and associated macroinvertebrate
habitats could be achieved if the exact sampling location relative to the
roughness element were measured.

This applies both to macroinvertebrate

sampling and to the velocity recordings.
• Determining the position in the height profile where velocities are recorded
could be done on the basis of preliminary understanding of developing flow
patterns around the protrusions, including the number and position of datapoints
that will be selected. In general the focus should be on velocity recordings near
the bed, although other height points in the vertical profile could assist in an
understanding of microflow around roughness elements.

• If care is taken not to disturb macroinvertebrates, velocities could be recorded
before macroinvertebrate sampling takes place, thereby ensuring that the
substratum near the bed is not modified by suction sampling.
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• Near-bed flow regimes could be measured at a number of different locations
where rnicroflow may differ by way of comparison with the investigated region.
This could also mean that macroinvertebrates are sampled over a wider range of
potential rnicrohabitats, thereby extending the aims of the experiment.
• Velocity measurement points made near the bed at sampling locations for
macroinvertebrates could have included more than one point for a particular
height along the profile in order to gain an understanding of the local average
velocity variability.

7.6 CONCLUSIONS

Quantification of near-bed velocities reveal that rnicroflow regimes near the bed
may vary less than what would be expected from documented flow configuration
around hemispheres, whereas major differences may be revealed where least
expected. This is important, since it emphasizes that representative sampling in a
riffle, run or even pool is less evident than what may have been assumed so far. In
defining macroinvertebrate habitat the rnicrohabitat scale may be more important
than was previously assumed. The detailed three dimensional velocity information
obtained suggests that studying rnicroflow regimes and associated rnicrohabitat in
streams and rivers has become a real possibility. This is essential to the
development of a better understanding of ecological processes.
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8 .1 TURBULENCE STUDIES IN STREAMS AND RIVERS
The use of an ADV and the possibility to obtain turbulence measurements with it
offers many new possibilities to broaden our understanding of macroinvertebrate
microhabitats. In meteorological and oceanographic turbulence studies, the mean
direction of wind or water first has to be established, before turbulent velocity
fluctuations can be described.

This mean direction can change over time,

complicating the overall flow pattern.

In streams and rivers however, the

unidirectional free flow simplifies the concept, except in estuaries, where flow
patterns become much more complex due to the influx of the ocean, and the
occurrence of tidal variation and seasonal stratification. In an inland stream or
river, the main free flow and the associated near-bed flow directions remain
constant, even when the near-bed directions are reversed or altered from the free
flow by an obstacle, as long as the bed configuration remains stable and the large
scale flow regime does not change considerably. Spates or droughts though, will
have the effect of changing the large scale flow pattern, causing substantial changes
in macroinvertebrate density distributions. Poff and Ward (1991) found that when
streamflow was reduced and elevated both manipulations resulted in increased drift
patterns for many taxa of macroinvertebrates.
On the mesoscale, acceleration of free flow accompanied by a reduction in depth
(run and riffle zonations) can be investigated with respect to changes in shear stress
and turbulence intensity. The increased opportunities to quantify flow regimes may
offer an opportunity to develop some objective criteria to distinguish between
riffles and runs, as well as investigating near-bed flow conditions in pools, riffles
and runs. Jowett (1993) compared velocity/depth ratio, Froude number, and slope
as criteria to distinguish these three mesohabitats, and concluded that Froude
number provides a good discriminating index, although his classification did not
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include shallow pools (flats) and deep riffles (rapids). It may be possible, however,
to develop a classification based on velocity/turbulence or velocity/shear stress
descriptors. the complexity and variation of flow patterns in riffles and runs can
then be further investigated on the microscale with regard .to microhabitat
zonation.
The data obtained with the TProbe program can also be used to calculate turbulent
eddy sizes. The ratio of the turbulent eddy lengths versus animal body length will
determine whether a benthic animal experiences the encountered flow as a constant
or a turbulent force.

This approach was not followed because it leads into a

different direction of research, namely the morphological and behavioural
adaptations and strategies of individual macroinvertebrate species and their life
cycle stages to forces resulting from flow regimes prevailing in their microhabitat.
This direction is complementary to the one investigating population distributions,
but may not readily provide answers with regard to the instream flow requirements
of streams and rivers. It is likely that this type of investigations requires a finer
resolution of velocity measurements (mm rather than cm) which can only be
obtained with Laser Doppler Velocimetry. Statzner and Holm (1982 and 1989)
used this technique to map velocity height contours around benthic invertebrates.
In combination with shear stress and turbulence intensity calculations this contour
mapping could provide a very successful method for calculating Reynolds stresses
acting on macroinvertebrates. This is particularly important in quantifying critical
shear stress values for various species, since they are likely to differ between
species and life stages, and cannot be derived exactly from the FST hemisphere
method only.

Dittrich and Schmedtje (1995) found that a large number of

macroinvertebrates correlated well with near-bed flows

characterized by

hemispheres of given densities, but admitted that FST hemisphere results were
strongly influenced by streambed topography.
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8.2 THE SELECTION OF HYDRAULIC PARAMETERS

Since the experiment described in Chapter 6 concluded that microflow regimes can
differ under similar conditions of depth and mean velocity, it raises the question
which hydraulic parameters should be used as descriptors when investigating
macroinvertebrate distributions.

Quinn and Hickey (1994) compared conventional hydraulic variables (substrate
index, depth, mean velocity) and complex hydraulic variables (Froude number,
Reynolds number, boundary Reynolds number, shear velocity) and investigated
their ecological relevance by correlating these with invertebrate densities. They
suggested that in a uniform cobble bed river mean velocity was a fairly accurate
predictor of invertebrate variables, whereas complex hydraulic variables will be
needed when comparing areas of contrasting or variable substrate.

They also

indicated that the development of the FST hemisphere method to measure local
shear stress would make routine measurement of shear velocity more practical.
This study suggests the use of directly measured shear stress and turbulence
intensity, since these variables can also be used in investigating stability and
changes in streambed formation (e.g. sedimentation)(Wiberg and Smith, 1987) and
in critical forces acting on benthic organisms (Silvester and Sleigh, 1985). One of
the main advantages offered by an ADV is that velocities can be studied in three
dimensions. On the microscale, where roughness elements will cause considerable
changes not only in velocity but also in the direction of the prevailing velocities this
is a vital requirement to gain an insight in the relationship between flow and
macroinvertebrate distributions.

8.3 EXPERIMENTAL DESIGNS

It is likely that the recent development of precision instrumentation (of which the
ADV is one example) will affect the way experiments are designed very
profoundly. Higher precision and resolution will require the investigator to design
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experiments accordingly, taking into account the need to define aims and
methodologies in much greater detail. It is likely that with the increased resolution
of velocity measurements the need will arise to design new sampling devices for
specific microhabitat sampling in a range of near-bed conditions.
Some of the possibilities of the ADV have not been explored so far but could
prove beneficial in this type of research. The ADV can be used to record longer
term velocity changes and thus to establish diurnal, weekly, monthly or seasonal
velocity ranges at critical points in the river. The frequency of the velocity
recordings can be set at 0.1 Hz in order to obtain long term mean velocity values.
The instrument can be attached to a datalogger and left unattended, provided that
it is properly secured and power supply is maintained.

It is also possible to synchronize the ADV with a second one to obtain real-time
velocity recordings of two locations concurrently.

The ADV can also be

synchronized with other electronic hardware used to record measurements or
control settings, such as: water propeller speed regulators; programs collecting
temperature,

dissolved

oxygen,

pH

and

conductivity

readings;

stereophotogrammetry; digital imagery; etc. This enables the acquisition of realtime multiple variable datasets, which could be used to perform multivariate
analyses of spatial and temporal microhabitat descriptors.

The use of a combination of stereophotogrammetry (Evans, 1994) with acoustic
doppler velocimetry in particular could be a promising technique to study bed
topography, since it allows a visual definition of the exact location of the ADV
sampling volume where velocities will be recorded and to retain three dimensional
spatial information of a particular substratum configuration for which velocity data
were obtained.
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8.4 FUTURE RESEARCH

This Honours project was only a preliminary exploration of the use of an ADV in
the investigation of microflow regimes.
experiment

investigating

microflow

Chapter 6 described the results of an
regimes

over

homogeneous

artificial

substrates. The macroinvertebrate response to the differences in those microflow
regimes could not be investigated due to time limitations, and would constitute the
logical next step in order to examine whether relatively small roughness changes
are related to benthic distribution patterns. Previous research would indicate that
macroinvertebrates do have preferential substrate configurations (Barmuta, 1990;
Culp et al., 1983; Douglas and Lake, 1994; Downes et al., 1993; Eymann, 1992,
Nowell and Jumars, 1984; Osborne et al., 1985).

One possible approach to

investigate the relationship between microflow regimes and macroinvertebrate
distributions was discussed, i.e. by allowing colonization to occur (Section 6.6).

A similar approach could be used to further investigate microhabitats determined
by flow around isolated roughness objects.

Flow patterns around protruding

elements can be investigated in detail by standardizing the elements, velocity and
column depth and designing a series of experiments in artificial stream channels.
Hemispheres could be manufactured for this aim, which can then also be used in
the field for the purpose of colonization experiments.

In order to be able to

separate macroinvertebrates colonizing different regions of the hemisphere it is
proposed to compose a hemisphere from several segments representing the areas
where different velocities, shear stresses and turbulences occur. These segments
can then be taken apart when sampling the macroinvertebrate fauna so that
accurate counts in each region can be performed.

The same segmentation

approach can be used for the surrounding substrate by using artificial trays
(embedded in the streambed) to enable unambiguous separation of the regions that
are targetted for investigation. Doeg and Lake (1981) described a quantitative
technique to sample macroinvertebrates on large stones in streams. This technique
could easily be modified to encompass segmentation of the rock substratum.
Previous research also suggests that the immediate flow regime may not be the
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only factor determining rnicrohabitat, but that flow conditions upstream could also
be a determining factor, through their indirect effect on oxygenation, food supply,
etc. (Lacoursiere, 1991). This suggests rnicroflow regimes may be a component of
a multivariate pattern of physical optimal conditions related to macroinvertebrate
micro habitat.

8.5 CONCLUSIONS

Environmental flow allocation and related stream management issues are currently
the subject of considerable debate, as the pressures on water use from streams and
rivers are in high demand. In order to adequately manage instream flow allocation
the IFIM model was reviewed. One of the shortcomings of this model that was
identified is its inappropriateness of using fish habitat as an ecological indicator.
Macroinvertebrates are more sensitive to physical parameters and hence better
suited to this aim. However, sampling of macroinvertebrates is currently based on a
classification of habitat into pools, riffles and runs. Small scale habitat
diversification as a result of rnicroflow regimes is suggested from several studies
(e.g. Davis, 1986; Statzner and Highler, 1986, Statzner et al., 1988) yet the
distribution structure of the benthic community related to rnicroflow is little
understood.

To this aim, flow patterns around a variety of roughness protrusions and in a
number of different configurations will need to be investigated under various
baseflow conditions (mean velocities and depths), so that the complexity of flow in
streams and rivers can be more accurately described, and the impact of changes in
flow discharge can be examined. Tolerance ranges and preferred flow conditions
for individual benthic species can be determined by a combination of field
investigations and laboratory research.

The acquired knowledge with regard to macroinvertebrate rnicrohabitat and
rnicroflow conditions resulting from this type of research can then be incorporated
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into the PHABSIM model discussed in Chapter 2. This will not alleviate most of
the other weaknesses of the model, but will at least include habitat requirements on
the microscaie. It may also lead to the development of new and more accurate
models, since macroinvertebrates are more sensitive estimators of riverine health
due to their abundance and lower position in the food web (see Chapter 2).

The definition of habitat variables used in biomonitoring programs should also
benefit from a knowledge of microflow regimes, in order to reduce possible biases

in the datasets resulting from the use of inadequate criteria to distinguish habitats.

In their review of rapid assessment approaches Resh et al. (1995) indicate that
there is a need to test the validity of the pool/riffle run/bend ratio which so far has
been mostly used intuitively.

The variability found on the microlevel would

suggest that even within these loosely defined habitats further differentiation can be
made. Once microhabitats are documented, the relevance of their variability can be
weighted in the context of large scale spatial variation.
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Appendix 1:velocities (u, v, w), turbulence intensities (corrected products uu, w, ww) and shear stress values (corrected cross-products uv, vw, uw) calculatec
by TProbe. Velocities were measured at three heights in front and wake of ten rocks at "Rapids Crossing". Rock dimensions are also presented.
mean
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3 wake
-0.1348 0.050139 -0.00097
0.397075
1.42263
0.044432
2
2.5
0.460575
0.010847
0.608207
1.36185
3 wake
---------10.1445
11.9429 11.0894 - 17.9162 1.54799 -0.47289 -0.93872 0.540254
3
8.88
4.14337 -4.74902
3 wake
-23.37 -4.04316 -3.96888
24.047
3.66956 0.989666 0.242175 0.032902 0.106055 0.595083
1
0.66
3 front
-9.54538
-10.1653
1.91106 0.765014 0.073087 0.169779 0.054883
2
2.47
-21.3338
25.4868
7.80218
3 front
-0.0954
55.6451
1.35973 1.18082 0.361865 -0.11916 0.095957
3
14.13 52.2589 -17.7401 -7.11887
3 front
-7E-05
2.68E-05
1.37E-05
-0.0157 0.029191 0.000966 0.000939
3.3E-05
1
0.5 -0.00406 0.024272
4 wake
-0.25445 -0.04597 -0.13498
8.3208
-4.79692
1.17639
0.416211
2 - - - - - 2.85
2.20098
9.85345
1.46044
4 wake
----0.67554 0.338649 -0.04799
1.8336
2.58124
2.95064
0.362803
9.11175
14.6155
4wake
3 --··- - 8.77 - -11.2795
------------0.0075 -0.00202
0.024363
0.004331
0.013476
0.121239
-0.12018
0.551143
0.042307
1
0.46 0.524038
4 front ··--· --------- --------- ·------- --- - - -- -------2.46
4.43221 -0.17498
3.3051
5.53162 0.364716 0.372035 0.116639 -0.02371 0.021753 -0.03394
4 front
2
18.0717 -2.92335
41.3869
0.63095 0.598475 0.234366 0.073508 -0.01821 -0.13283
3 -8.9
37.1179
4 front
--- · - · · - - - ~ ------------------ - - 0.08215 -0.02409 -0.02604 -0.03756
-0.53116
-0.06688
0.889118
2.26017
2.29405
1
0.47
0.709875
5 wake
------1.93266 0.169084 0.083998
-19.6779
-1.04383
7.15487
1.08634
2.4
25.7988
32.4636
8.52552
2
5
wake
.... -- -----·.
-- - --- - ·- ----- ---·------- - - - ~---0.242894 0.120801
-0.58239
2.31269
0.747166
0.228719
11.29
4.66644
1.37159
4.89858
4.85644
3
5 wake
1.12618
0.127928 0.020864
-3.26978 -2.60875 0.028664 4.18304
6.44317 7.14525 0.224481
1 - - - -0.85
5 front
--1.52248 -0.67288 0.032758 -0.49886
29.9521
3.33442 3.08581
2
2.66 -10.0785 -27.7202 -5.20994
5 front
-0.7793
-9.9567
2.72054
-0.6474 -0.55141
14.64 18.9675 -10.0673
23.6697
8.2373
8.29623
3
5 front
-----

--

-

-

-

-----

~

-----

-

-------

----

--

--

----
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corrected
uu
(cm2/s2)
0.618861
0.726354
0.511556
0.946759
0.803972
1.01005
0.061876
0.10223
0.363828
0.390166
0.436527
1.12724
0.133775
1.25519
6.36759
3.70798
5.98959
1.42732
0.000671
0.981558
1.60081
0.031474
0.244043
0.698305
2.28509
9.87848
4.49479
7.81263
2.59973
8.04116

corrected
vv
(cm2/s2)
0.230421
0.444299
0.401107
0.676489
1.13487
1.34739
0.090433
0.137183
0.465713
1.15752
0.297811
0.988848
0.043932
1.52851
14.839
1.05163
2.46418
1.12057
0.000365
0.894967
3.00814
0.035076
0.371527
0.549469
2.25698
5.78297
2.41293
5.77494
3.03142
7.94201

corrected corrected corrected
UV
vw
WW
(cm2/s2) (cm2/s2) (cm2/s2)
0.136649 -0.09692 0.026787
0.245393 -0.34465 0.015972
0.197658 -0.01142 -0.04641
0.285979 -0.23821 -0.06907
0.379706 -0.30107 -0.08612
0.666503
-0.0805 0.223081
0.021559 0.002746 -0.01344
0.055579 0.00471 -0.00023
0.17259 -0.14363 -0.03659
0.344579 0.077976 0.228159
0.35145 -0.02294 -0.11003
0.847092 -0.17593 0.017941
0.004314 0.000596 0.003154
0.045208 0.010732 0.061251
9.34703 -6.05279 -1.40548
0.141798 0.413454 -0.09832
2.02449 1.50839 -1.12347
-0.0481 0.088113
0.354525
0.000901 0.000392 0.000156
1.17652 0.242832 -0.54271
-0.142 ----·
0.81982
1.28573
0.00445 0.017254 -0.00475
0.237821 -0.01006 0.02753
0.216017 0.026256 0.032595
0.094299 -0.02822 0.076871
0.305127
1.10529 0.137807
- - - · ....--------1.00858 0.549213 0.047242
0.225324 -0.59257 -0.06071
-1.0791
2.31156 -0.60495
3.2709 -0.43681 0.063185
---

corrected
Rock
Rock
Height
Rock
w (cm2/s2 integral
correlation length
width axis height
above
)
scale
time (s)
axis (cm) (cm)
(cm)
water(cm)
0.040353 16.8484
1.1
65
38
13
35
0.080298 13.2131
0.38
-0.04416 ~·11.7569
0.38
--~----- --0.092409 7.43655
0.26
0.013177
6.01558
0.36
--- ---- -- ---- ----------~-----·-. ----------· -0.33453 5.82987
0.16
8.8237
0.003079
0.5
65
52
24
53
-0.00606 19.7882
1.8
-0.06548 14.6586
0.82
-0.25892 2.67574
0.16
----- - - - - - - - - - · ·-- 0.054072 10.9604
0.62
--- ----- ------. -·-0.39751
14.8213
0.82
-4E-05 1.51386
0.12
50
46
35
8
0.010573 1.00908
0.04
-3.45137 6.35006
0.58
0.012682 3.77696
0.28
-2.45612
2.4339
0.16
0.014176 8.57211
0.34
-0.00019 1.43784
0.14
39
40
42
18
0.047667 4.97926
0.3- ---------- --- - ------- ---------0.99956 3.07804
0.18 ----··- ----- -----·- - - ------ 0.001537 5.81001
0.8
-0.1295
5.7556
0.38
-0.09551
12.8762
0.56
0.150364 1.03885
0.06
10
45
57
37
0.250545 3.59878
0.2 ------ ------------- ·- -- -- ·-1.02306 8.28446
0.36
0.144854 1.19191
0.1
-0.07635 4.53725
0.2
1.98981
3.81396
0.3
--------

----

--

-

-

----

----

---- -

-

-

----------
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Appendix 1 (cont.):velocities (u, v, w), turbulence intensities (corrected products uu, w, ww) and shear stress values (corrected cross-products uv, vw, uw)
calculated by TProbe. Velocities were measured at three heights in front and wake of ten rocks at "Rapids Crossing". Rock dimensions are also presented.
mean vel. mean vel. mean vel. magnitude
rock
height
vv
WW
UV
vw
uw
uu
u (cm/s) v (cm/s) w (cm/s) uvw
number
wake/front position
(cm)
(cm2/s2) (cm2/s2) (cm2/s2) (cm2/s2) (cm2/s2) (cm2/s2)
19.4771
6 wake
1
0.74 -22.2807 -12.3987 4.69842
25.9275
32.725
1.20819 5.48104 0.997897 0.172301
-8.0539
9.28823
47.5111
25.9911
1.82356 4.08354 2.68235
1.09895
6 wake
2
2.63 -34.0799
36.2295
-19.983
2.26943
14.0087 24.5094 42.0568
1.08522 3.34851
1.03724 2.02337
6 wake
3
6.46
10.5225
0.06899 0.476989 0.043841 0.096098 0.002505 -0.04325
0.01134 -0.00665
6 front
1
0.42 -0.25904 0.394536
2
2.46
39.829
9.08692 0.805507 40.8604
2.19055
2.05479 0.402949 0.419294 -0.07683 -0.39167
6 front
9.71 ---·----------66.9799 --------------11.1235 0.150948
67.8974 0.760913 - - -1.14861
0.475206 0.106999 0.042179 -0.08564
6 front
3
------- ·---· -------·-·---·- -------··-··---- 1
0.63
1.33614
-14.4796
0.741597
14.56
0.897141
1.38
0.249258 0.112516 0.024176 -0.14421
7 wake
- - - - - - - - - - - ------ - - ----·- ----~---------4.90788
0.545312
7 wake
2
2.63
-14.1883
15.0231 0.975871
1.51573 0.468975 -0.06149 0.161565 -0.12055
6.77748
?wake
10.38
9.10348 -2.74422
11.6764 1.02885
1.27422 0.529006 0.138625 -0.02189 -0.01191
3
2.29501
0.0785 0.004401 0.003428 -0.02411
7 front
1
0.5 -3.87302 -2.00811
4.92949 0.154987 0.265257
2.22
-1.12988
-1.89163
5.5122
5.93627
0.193455
0.250034
0.144176
-0.02129 -0.00046 -0.02807
7 front
2
-------- -----------7.3321
11.6
31.174
-4.14302
32.2915
1.45001
2.2471
0.776371
-0.39766 0.411872 -0.44358
7 front
3
..
-0.2191 -0.22128 0.056671 0.316514 0.073873 0.190661 0.006487 -0.08942 0.024396 -0.01991
1
0.5
8 wake
-0.2569
2.96 -14.4285 -0.52686
5.37088
15.4047 1.37724 2.52475 0.600353 -0.18786 0.280196
8 wake
2
5.25502
1.85221
2.38317 0.520387 0.384253
15.68
17.9361 -2.65438
18.8776
6.44062
4.89359
8 wake
3
-1.1437 0.287806 -0.27197
7.56885
9.99287 20.2537
1.50104 2.92137 0.300249
8 front
1
0.63 -15.9081
14.0419
10.6188 20.4568
8 front
2
2.77 -10.4186
1.1239 2.40229 0.595604 -0.80025 0.077333 -0.06967
2.68069 0.888292 0.367744 -0.53801 -0.34594
16.29 41.7133
30.8713 -3.06921
51.9852
2.02306
8 front
3
0.53 -6.30278 0.930439 0.611709
6.40038
1.93235 2.17902 0.068035 0.263908 0.013586 -0.06596
9 wake
1 --2.45 -13.1013 -11.5933 4.37579
18.0332 0.757222
0.87724 0.293395 -0.07974 -0.08143 -0.16941
9 wake
2
-11.7811
-2.12058
0.527574 -0.29495 -0.01561 -0.08902
3- - - - - ~ -11
37.5336
39.3963
1.37966
0.905515
9 wake
- -------1-- ----------0.48 -37.0854 -39.5602 -3.90835
54.3656
1.45034
1.61864 0.450268 0.462071 -0.06742 -0.06565
9 front
-1.28709 0.328042 -0.12526
31.2987 ---·--1.50062
3.21985
0.406512
2
2.59 -0.93693 -29.7453 -9.69258 -------------9 front
------ --------- ------·--- - - - - - - - - - - - - - - ~----· - ---·
10.21 - -42.9203
-29.761 -21.4381
56.4576
5.74551
3.63752
1.98768 1.29434 0.024458 -1.34325
9 front
3 -- -------7.67639 -0.96883
10.223 0.082721 0.095913 0.030497 0.01522 0.004164 0.000734
10 wake
1 ··-1 6.68167
4.53359
6.66271 -1.64702
8.22544 0.098915
0.09673 0.060692 0.013456 0.000146 0.017401
10 wake
2 ---2.55
5.61498 0.159887 0.130914 0.092017 0.031922 -0.01078 -0.00873
10 wake
3
13.3 -5.57493 0.534937 -0.40245
0.01465 0.002654
0.00029 0.000238 0.000153 0.001663
10 front
1
1.38 -0.01406 0.000392 0.009191 0.016802
---~-----· -1.65666 3.47472
4.00626 0.157433 -0.32194 -0.09804 0.019988
10 front
2
2.55 -1.33835 0.956472 -0.19618
18.6643 34.6252 2.60765
10 27.9566
8.30513
3.28846 0.855102 0.381036 0.140655 -0.01787
10 front
3
----

-

---

-

--

~-

-

-

-
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corr. u u
(cm2/s2)
32.9387
44.3168
26.12
0.121341
2.3492
0.805557
1.34867
1.48075
0.818385
0.175863
0.164321
1.74537
0.04107
1.43321
5.58022
2.39541
2.23536
2.67199
1.85776
0.790161
1.51148
1.97952
3.06604
4.36583
0.103946
0.104076
0.152141
0.008818
3.92294
2.30599

corr. v v
(cm2/s2)
17.852
25.4689
11.0566
0.019169
1.87957
1.10357
0.653516
0.978214
1.29502
0.245651
0.242918
2.11415
0.228892
2.54221
5.59861
1.93225
1.09131
2.07628
2.24889
0.899561
0.781009
1.06479
0.546457
5.34079
0.073405
0.075943
0.137054
0.002663
3.494
3.0333

corr.ww
(cm2/s2)
2.61958
5.54016
16.4879
0.001934
0.419516
0.475594
0.524217
0.501618
0.718665
0.07723
0.180424
0.613962
0.001058
0.526921
2.00758
0.395
0.795122
0.843769
0.072748
0.238135
0.520258
0.47494
1.51448
1.66408
0.031781
0.076318
0.093623
0.006113
0.221473
1.41192

corr.u v
(cm2/s2)
2.17268
0.943875
-3.59694
0.007559
0.350498
0.164065
-----0.18678
-0.1438
-0.0121
-0.04191
-0.02499
-0.5463
-0.05358
0.236454
2.53086
1.33347
0.773226
0.412652
-0.21416
-0.02325
-0.1037
-0.06962
-0.67251
1.59879
0.005332
0.002451
-0.0331
-0.00026
0.391677
0.637738

--

--·---- ~ - ~ -

corr. v w corr. uw integral
correlation Rock
Rock
Rock
(cm2/s2) (cm2/s2) scale
time (s)
length
height
width
protruding
1.26749 6.73458 6.20146
0.28
51
49
9
32
-0.78292 13.0381
2.7275
0.12
-4.60664 19.6057 3.47145
0.14
-0.00363 0.002677 22.8264
3.6
0.011909 -0.43576
4.4273
0.22
0.055506 ----~-----0.07824 ~3.71878
0.38
-0.35276 -0.00358 12.0466
0.96
38
35
7
32
-0.10861 -0.21501
9.64305
0.52
-0.1546 -0.21246 6.14976
0.28
0.004206 0.022176 15.4342
0.68
0.031172 0.026973
11.445
0.58
0.275643 -0.28466 5.91336
0.3
*7
-0.00163
8.6E-05 2.35965
0.16
65
60
43
-0.1949 0.066331
9.10441
0.44
-0.29758 -0.88148 10.5356
0.64
0.180225 0.528444 21.5281
1.2
-·-··----------0.193818 0.547938 16.5088
1.08
-0.25609 -0.51114 11.1905
0.34
-0.05525 0.107633 1.44526
0.1
70
46
35
8
0.081053 -0.06286 9.52136
0.8
---0.04285 -0.02897 8.10229
0.5
---- ,----~----- - - - - - - ---·-·· --0.04337 -0.19958 10.8452
0.5
--- - - - - - - - - - - - - - - - -0.39115 1.25319 9.19747
0.46
0.876637 0.274498
5.4545
0.18
-0.00193 0.010097
74.366
2.34
70
65
11
45
-0.01797 0.018851
21.7278
1.06
0.014275 -0.01221
56.4707
1.64
-0.00043 0.007236 1.05123
0.04
0.304861 -0.34399 1.67808
0.1
0.103935 -0.81503 5.43619
0.28

f---------
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Appendix 2:downstream velocity and species abundances of upstream and downstream samples around 10 boulders, "Rapids Crossing", Serpentine River, W

Thienem Cricotopu Cricotopu
Cheumat
s albitarsi s albitarsi Tanytarsu opsyche
Simulidae Thienema anniella
Ecnomus Oligochae
velocity
Simulidae pupae
niel/a sp. pupae
modica
sp.
ta
Ostracoda
Rock no. front/wake (cm/s)
s
s pupae s sp.
17.12
41
0
9
2
1 front
46
10
0
5
0
2
0
----- -9
1
2 front
2.08
0
68
6
4
0
0
7
18
0
-23.37
17
1
16
1
5
1
0
6
2
18
0
3 front
0.52
60
3
13
6
2
1
0
0
4 front
0
8
6
-3.27
140
7
4
0
5 front
85
23
0
0
53
8
33
92
-0.26
0
23
1
21
3
0
6
0
7
0
6 front
1
-3.87
4
0
20
8
2
1
1
1
53
0
7 front
1
0
-15.91
99
0
46
14
30
2
0
29
0
8 front
0
-6.3
26
0
44
11 -25
0
0
40
0
0
9 front
106
17
22
0
52
0
-0.01
4
101
41
4
0
10 front
1
1
0
17
0
1 wake
-2.35
3
0
25
3
1
0
0
1
1
0
30
-4.65
2
0
58
8
5
0
2 wake
7
26
2
1
31
17
116
0
3wake
0.29
0
99
17
-0.004
103
13
45
6
0
7
4
185
0
4 wake
9
75
15
0
0.71
36
5
137
20
35
1
0
6
7
5 wake
-22.28
152
21
23
81
4
30
0
6 wake
0
166
17
1.34
19
137
20
1
0
2
2
148
8
7 wake
0
35
0
-0.22
125
0
100
13
54
6
0
22
0
6
8 wake
121 ~----- 8
18
23
0
9 wake
-37.09 --- 38 -100
1
0
25
6
----~ - - - - - - - - ~
--4
0
500
0
6.68
19
2
56
10
23
3
2
10 wake
-

- ------~-

-----

-----
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-
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Nematoda Other
2
0
0
0
2
0
3
0
1
3
0
0
2
2
0
1
1
0
0
2
1
0
1
0
2
8
0
9
0
6
0
4
3 4(1 oribatid
0
0
O 6(1mollusc
0
9

total
abundanc species
richness
e
7.00
116.00
6.00
113.00
68.00
7.00
6.00
100.00
8.00
355.00
153.00
5.00
8.00
93.00
221.00
5.00
148.00
6.00
347.00
5.00
53.00
8.00
7.00
106.00
328.00
14.00
452.00
11.00
10.00
267.00
426.00
10.00
12.00
377.00
5.00
326.00
345.00
11.00
622.00
9.00
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