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Abstract

The turbulent properties of flow in rivers are of fundamental importance to aquatic organisms yet are
rarely quantified during routine river habitat assessment surveys or the design of restoration schemes
due to their complex nature. In this paper, we review the two-way interactions between aquatic biota
and hydrodynamics in rivers, and key methodological approaches used in their quantification, to
encourage more explicit consideration of the importance of turbulence in river science and
management. We explore recent advances and issues relating to the study of these interactions in the
field, laboratory and numerical modelling, the use of artificial and live biota, and different flow
measurement technologies. We also review methods for the quantification of ecologically-relevant
turbulent flow properties, identifying key descriptors of the intensity, periodicity, orientation and
scale of turbulent flow structures. Our analysis highlights not only the various ways in which plants
and animals modify the flow field but also how this can deliver beneficial effects relating to solute
exchange, food availability, oxygenation, waste removal, locomotion and predator-prey interactions.
It also demonstrates potential threats to growth and survival relating to turbulence, including injury,
dislodgement, increased energy expenditure, mortality and complex influences on predators and
prey. We conclude by identifying some remaining barriers to the integration of turbulence into the
science and practice of river assessment and restoration but also opportunities in the form of
controlled laboratory experimentation, increasingly sophisticated flow sensors and imaging
technologies, and numerical simulation of turbulence that could advance understanding in this
complex field of research.



Graphical abstract caption: The two-way interactions between aquatic organisms and turbulence
in rivers are complex and important, and should be considered more explicitly in the science and
practice of river assessment and restoration.

Introduction

The mechanics of fluid flow exert a fundamental influence on river plants and animals, and aquatic
organisms themselves modify hydrodynamic properties of flow!. In fluid dynamics, a fundamental
distinction can be drawn between laminar flow regimes comprising parallel layers of fluid that ‘slide’
over one another with no significant mixing between layers, and turbulent flow regimes which involve
significant mixing and the transfer of momentum by swirling flow structures known as eddies or
vortices. Turbulent flow regimes are more mathematically complex, and are ubiquitous within rivers.
The dimensionless Reynolds number (the ratio between inertial forces (mass) and viscous forces) is
used to identify whether flow is laminar or turbulent, and can also be used to describe the interaction
between aquatic organisms and the viscous forces of the fluid, with larger and more hydrodynamically
rough body morphologies associated with higher Reynolds numbers (Figure 1). Turbulent flows,
however, encompass a wide range of environmental conditions and a universally accepted definition
of turbulence remains elusive. Despite this, a suite of common attributes can be identified including:
enhanced mixing, sensitivity to initial conditions and small perturbations (deterministic chaos), a large
range of interacting spatial and temporal structures, motions in directions other than the applied
shear, rotationality, intermittency and irregularity®>.

There has been a proliferation of turbulence studies in laboratory and field settings following the
publication of accessible key texts on turbulence and boundary layer theory during the 1990s%?,
advances in instrumentation such as Acoustic Doppler Velocimetry®2%; and development of analytical

approaches to characterising turbulent properties'**, Methodological advancements in quantifying
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turbulence have developed largely through a combination of laboratory experimentation and

high-resolution field measurements over relatively small reaches (< 5 m) of natural channels®®.
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Figure 1 Definition of Reynolds number, laminar and turbulent flow, with example Reynolds numbers
for different types of organisms interacting with the flow.

Turbulence is known to exert a significant influence on river flora and fauna. For example, the
presence of vegetation profoundly modifies the mean and turbulent properties of flow?, while the
direct consideration of turbulence has been shown to add explanatory power when assessing habitat
preferences of aquatic fish?! and invertebrates??. In spite of this, there remains a disconnect between
standard approaches to habitat assessment (which often rely on visual observation and/or averaged
flow properties e.g. River Habitat Survey, Index for the assessment of fluvial habitat in Mediterranean
rivers?>2?°) and detailed investigation of hydrodynamics. This results in a lack of understanding of the
links between turbulence and aquatic organisms at the ‘mesoscale’ of rivers?® where habitat
assessment and restoration tends to be focused?’.

This paper aims to provide a review of the current state of knowledge of interactions between biota
and hydrodynamics in rivers in order to encourage more explicit consideration of hydrodynamics in
river assessment and restoration design. To achieve this, we provide an overview of the approaches
to research design used in this field in order to provide context for the scientific knowledge base.
Turbulent boundary layer theory and parameters are briefly introduced, and the main ways in which
key groups of river organisms (aquatic vegetation, macroinvertebrates and fish) interact with the
turbulent properties of river flow are then explored. This includes the ways in which animals and plants
modify hydrodynamics in rivers, the benefits they derive from turbulent flows and the threats that
turbulence can pose to growth, survival and fitness.



Approaches to research design

There is considerable diversity in the research approaches applied to the study of interactions
between turbulence and aquatic organisms. This arises from several sources: (i) studies may involve
field measurement, laboratory experimentation or hydraulic modelling; (ii) turbulence may be
simulated in laboratory studies using a number of different mechanisms; (iii) laboratory
experimentation may employ living or artificial organisms; and (iv) eco-physiological impacts and
energetic costs for swimming and turbulence-mediated behaviour may be quantified in a range of
ways. Laboratory studies are by far the most common approach, reflecting opportunities for detailed
observations of organism behaviour and responses to perturbations and perhaps more importantly
the advantages of tight experimental control. The latter is particularly attractive since a multitude of
factors other than turbulence will influence habitat selection and bioenergetics in aquatic organisms
in ‘real’ rivers, including endogenous factors (e.g. life cycle stage/ size, physiological state, parasite
load and disease) and environmental context (e.g. light levels, temperature, availability of oxygen and
nutrients, presence of toxicants, competition)?®3!. Accounting for these influences under field
conditions is inherently challenging.

Even within laboratory flume settings, numerous options are available for simulating and quantifying
turbulence, and drawing comparisons between results arising from different experimental designs can
be problematic. Mechanisms for turbulence generation within laboratory settings include varying the
degree of flume boundary roughness®?, modulation of flow pumps®® and the positioning of cylindrical
or spherical flow obstructions (‘bluff bodies’) within the flow field 343, Turbulent properties may be
then quantified through point measurements of velocity sampled at high frequencies (e.g. 20 Hz) using

36,26,37-40 or visualised and estimated using Particle Image Velocimetry (PIV)

a range of sensor types
which is more straightforward to implement in the laboratory *“*? than in the field ****. Recent
advances in acoustic Doppler current profiling can provide detailed 3-dimensional hydraulics by
capturing high resolution vertical profiles of semi-continuous velocity points 104546 A range of
hydrodynamic characteristics may then be derived (see section below). The same technologies can be
deployed in the field, and both field and laboratory studies must consider a number of potential
sources of error when devising the sampling design: the degree of disturbance introduced into the
flow by the sampling equipment, probe orientation, the sampling volume the measurement frequency
and record length and post-processing accuracy3%%,

Numerical modelling approaches can also be applied and recent reviews have examined the role of
numerical modelling in ecohydraulics*” and the simulation of turbulent flow*®. Numerical modelling of
turbulence involves solving the system of partial differential equations that represent momentum and
the conservation of mass (the Navier-Stokes equations). Direct Numerical Simulation (DNS) solves the
equations at the smallest scales of turbulence but the approach is computationally expensive and
ecohydraulics applications have been relatively limited as a result of the lack of ecological and
geomorphological understanding at this scale’’. Many applications have instead used the less
computationally intensive Reynold’s averaged Navier-Stokes (RANS) equations to represent
temporally averaged turbulence properties. Alternative approaches such as Large Eddy Simulation
(LES) show promise for achieving a balance between accuracy and applicability, and computational
demand®.LES can be used to resolve the Navier-Stokes equations for most scales of interest *° and

has been used to provide useful information on, for example, the turbulence structure of river
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confluences and sediment

56,57

, secondary flow circulation due to the presence of obstacles
dynamics

Laboratory studies have used living organisms or physical models (inanimate surrogates) to explore
interactions between hydrodynamics and aquatic life, while field studies naturally focus on the
former. Physical models of submerged and emergent vegetation include rigid or flexible plastic rods
or blades that achieve a similar geometry and rigidity to species of interest, with or without foliage,
and are usually fixed to a board or the flume bed®¥®%, Physical models of animals have also been used
in laboratory experimentation, with examples including artificial trout used to assess the
hydrodynamics of entraining behaviour®? and late instar Blackfly larva (Simulium vittatum) constructed
from capillary tubing®. Physical surrogates have the advantages of alleviating practical issues around
husbandry and acclimatisation, cost, replication, abundance/density and positioning within the flow
field as well as allowing very detailed measurements in close proximity to the ‘organism’®®. They are,
however, a simplification of the physical structure of live organisms, capable of mimicking
morphological characteristics but necessarily overlooking important biomechanical, physiological, and
behavioural interactions with the flow field and with other organisms (see Johnson et al.®* for a full
discussion of the use of surrogates and live animals in laboratory experimentation). For example, live
animals enable detailed bioenergetics studies, with a number of options available for estimating
turbulence-related energy costs. Visual observation can be used to record the critical flow rate
(velocity at which the fish fatigues)®, while underwater videography captures behaviour and
responses to perturbations continuously®®®’, and respiratory experiments can directly quantify oxygen
consumption and thus energetic losses®:. Limitations of experimental approaches, however, include
set-up costs, fitness-for-purpose of different equipment specifications, differences in the
biogeochemical constituents of water, and difficulties in extrapolating results from short-duration,
small-scale studies to greater temporal and spatial scales®®.

Turbulence theory and parameters

The diversity in definitions of turbulent flows is mirrored in the variety of studies of impacts of such
flows on aquatic organisms. However, quantitative descriptions of turbulence can be usefully
separated into two main approaches?®®: (i) statistical description?; and (ii) the use of spatially and
temporally correlated turbulence properties to describe three dimensional coherent flow structures
(CFS) or ‘eddies’”’®’%, The first approach considers turbulence as a stochastic (random) phenomenon
and identifies aggregated or bulk properties of the flow. When fluid motion is viewed in a Eulerian
frame (i.e. observing a specific location in space through which the fluid passes), the turbulent flow
field may be represented by a velocity vector with three orthogonal components (streamwise, u; cross
stream, v; and vertical, w), each of which can be decomposed into mean (U, V, W) and fluctuating (u’,
V', w’) parts. Coherent flow structures can be identified through time series analysis, flow visualisation

or numerical modelling’*7®

and encompass small scale structures shed from individual roughness
elements such as bed material grains 77477, to large-scale ejections of fluid away from the river bed
and inrushes of fluid towards the bed ¥7. Such turbulent macrostructures may be important in initiating
and modifying river bedforms 77°, Mathematical definition of vortices is challenging, leading to the

development of a range of different algorithms for investigating the presence and nature of vortices
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in the flow. Applications within ecohydraulics have included a combination of Eulerian vortex
detection methods such as the Q criterion (based on the magnitude of vorticity) and Langragian
methods such as the Finite-time Lyapunov exponent (FTLE) method which tracks individual fluid
trajectories through time®.

A recent paper by Lacey et al.8! proposed a framework for exploring ecologically-relevant turbulent
properties in river channels, focusing specifically on fishes. The “IPOS” framework®! presents four
categories of turbulent characteristics: Intensity, Periodicity, Orientation and Scale which can be
computed from high frequency velocity time series (Table 1). The intensity of velocity fluctuations
along the three components (u,v,w) can be explored by computing the root mean square of the
fluctuations (RMS,, RMS,, RMS,,), which may be normalised by the shear of mean velocity to provide
a relative measure of the intensity of turbulent fluctuations. Turbulent Kinetic Energy combines all
three components to provide an overall measure of the kinetic (movement) energy of eddies in the
flow, while the Reynolds shear stresses describe the frictional forces of flow that characterize
sediment mobilization and transport #2582,

Periodicity refers to the predictability of the flow, and the occurrence of dominant frequencies in the
velocity record. A simple indicator of predictability can be gained through inspection of the kurtosis
of the turbulent residuals u’, v/, w’ 8. Second order autoregressive modelling can also be applied to
high frequency velocity time series with the aim of deriving a length scale for the dominant eddy (see
below). This approach requires series to satisfy a condition for pseudo-periodicity’® which may be used
to provide an initial indication of time series predictability. Two further approaches can be used to
identify the dominant periodic structure (eddy size) or range of structures present. Spectral density
analysis decomposes the velocity signal into frequencies using the Fourier Transform and can be used
to provide global information on the dominant period (converted to an eddy size or ‘length scale’ by
multiplying by the mean velocity; see below). In contrast, wavelet analysis uses the Continuous
Wavelet Transform (CWT) to decompose the time series into time and frequency domains
simultaneously, detecting and extracting the periodic signals in the record and how they vary through
time®2. It has been suggested that the latter approach is more appropriate for coherent flow structures
which may be intermittent and evolve through time and space 2.

An initial indicator of flow ‘orientation’ can be derived from the skewness of the u’, v/ and w’
components which indicates the shape of the frequency distribution of the magnitude of turbulent
fluctuations. Positively skewed turbulence residuals indicate the presence of a small number of high
magnitude fluctuations, which may generate favourable conditions for sediment transport®*®, The
Reynolds shear stresses pu'v’, pu’w’ and pW represent the turbulent flux of momentum and
therefore should affect fish swimming performance and ability to hold station in the flow, but are
rarely reported in ecohydraulics experiments®!. More complex analysis can assign instantaneous 2D
velocity (u’ and w’) measurements to one of four turbulent ‘events’ based on Quadrant Analysis based
on the relative sign of paired values of u’ and w’8®. In order to isolate the strongest events from those
with negligible contribution to the Reynolds stress, a threshold or ‘hole’ may be applied, commonly
twice the standard deviation of u’w’ >#-26, The cumulative duration and stress contribution from each
type of turbulent event can then be explored.



Table 1 IPOS categories (intensity, periodicity, orientation, scale) identified by Lacey et al.8! with
example variables and descriptions. * denotes additional variables to those directly identified in Lacey
et al.®'. Where x = u, v, w components, N are the number of observations and p is the water density,
u’, v’ and w’ are the turbulent residuals and U, V, W the mean velocities along the three components.

Parameter Description

Root mean square of the turbulent fluctuations (Reynolds normal
Turbulence intensity | stresses in the u, vand w dimension):
(absolute)

1
RMS, = N(x’i + X2+ + x'}

Turbulence intensity Normagsed (by shear or mean velocity) values for u, v, w:
X

lati TIL, =
(relative) x =7

Turbulent Kinetic Combines RMSu, RMSv, RMSw:
Energy TKE = % p(RMS2 + RMS2 + RMSZ2)

INTENSITY

Represent the turbulent flux of momentum — may affect
organisms but rarely reported:

Tyy = PU'V' Ty, = pu'w’ 17, = pv'w

Reynolds Shear
Stresses

w = 20
Where () represents the angular velocity, or rotational speed of
the fluid.

Vorticity
(tendency to rotate)

Kurtosis* of the turbulent residuals (u’, v/, w’) used as an initial
indicator””:
= 4

X — X
Kzz’f(Na )

Predictability AR(2) models applied and the condition for pseudo-periodicity*

derived®. Average eddy frequency/ period (the integral time
scale) can be derived (where R(t) is the normalized
autocorrelation function and t is the time lag):

ITSypw = f R(D)dt
0]

Fourier transform (spectral density/ wavenumber spectra)
traditionally applied to qualitatively explore the shape of spectra
and derive the kinetic energy maximum. Involves conversion of
the frequency spectra into wavenumber spectra (k) using the
frequency domain (f»):

U
Energy spectra E (k) = o S(f)

PERIODICITY

_ 27mfy

k
U

Wavelet analysis — a more sophisticated method, better for
intermittent/evolving flow structures (dominant frequency)
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An initial, basic indicator of flow ‘orientation’ can be derived
from the skewness of the u’, v’ and w’ components®, describing
the asymmetry of the frequency distribution of the magnitude of
Skewness* turbulent fluctuations on each of the three planes:
la)
2 K = 4\ o
) N
= Duration and/or contribution to stress of each type of ‘event’: Q1
E " (u’>0, w’>0; outward interactions), Q2 (u’<0, w’>0; ejections of
w Event structure . , , . . .
= fluid away from the bed), Q3 (u’<0, w’<0; inward interactions)
o and Q4 (u’>0, w’<0; inrushes of fluid towards the bed).
Direction of Axis of eddy rotation - angle between the direction of dominant
dominant fluctuation | fluctuation and the streamwise direction.
Reynolds Shear Indicating the magnitude of stress on the different planes (u'v’,
Stresses u’'w’, and v'w’) — see above.
Average eddy length or spatial extent of the region of correlation
(“wedges” of fluid). The integral time scale (see above) can be
Eddy length scale converted to an average eddy length (L) using mean velocity (U)
and t (time):
L=Ut
o
P . Derived from the length scale (L,) and fish length (L¢) and
O | Fish momentum: . . . . )
n convection velocity of the wedge (u.) and fish velocity (us):
we.dge momentum Wedge momentum L, *u,
ratio - =
Fish momentum Le *ug
Eddy diameter Spatia.l exte.nt of rotating fluid, often directly measured using PIV
techniques in the laboratory.

Commonly, eddy dimensions (scale) are represented by the length and the diameter that describe the
extension and maximum rotation of the swirl of current movement. The integral eddy length scale is
calculated as the product of mean velocity (U) and the integral time scale (t): the temporal scale of
turbulent eddies or period over which velocity is autocorrelated®. This assumes Taylor’s ‘frozen
turbulence’ hypothesis that a sequence of changes in velocity at a fixed location may be interpreted
to represent the movement of an unchanging pattern of turbulence past that location®. The
autoregressive modelling approaches described above can provide a means of computing the integral
time scale (period) for the dominant eddy structure in the time series?. This can also be compared to

8169 which may be more

the size of aquatic organisms (e.g. fish length) to give a momentum ratio
ecologically meaningful. The eddy diameter refers to the maximum extent of the rotating flow

structure, often measured directly through laboratory visualisation.

Biotic feedbacks on turbulence

Before considering the ways in which aquatic organisms (plants, invertebrates, fish) are influenced by

turbulent flow, it is important to recognise that aquatic biota themselves also modify the flow field

(Figure 2). Perhaps the most significant of these interactions, within the scope of this review, is the
8



influence of the biomechanical properties of aquatic vegetation on turbulence (Figure 2). At the scale
of stems and branches, aquatic plants convert mean kinetic energy into turbulent kinetic energy
through the generation of wakes, with the nature and fractional contribution to turbulence dependent
upon the morphology and flexibility of the stems®. For flexible and long-leaved plants (e.g.
Sparganium emersum), the development of wakes around individual stems may be locally important
in the near-bed region but the dominant mechanism of turbulence generation is related to vortex
shedding in the shear zone at leaf surfaces>!. Macrophytes can ‘rescale’ turbulence by breaking larger
eddies into smaller ones®?, as reflected in the smaller eddy sizes found within plant stands®.
Turbulence intensity may increase within sparse vegetation, but tends to then decrease with
increasing density as the mean flow decreases within vegetation stands®>®. This relationship is also
determined by plant morphology, however, with longer and more flexible leaves capable of generating
higher turbulence intensities®. Stem vibration and fluttering/ flapping can act as an additional source
of turbulence at scales intermediate between the stem and canopy?®.

At the canopy scale, interactions between the plant stand and the flow generates a shear layer and
different regions of turbulence can be identified. Nepf and Vivoni®® distinguished between submerged
and emergent regimes. Submerged regimes comprised a zone of vertical exchange with the overlying
water generated by shear, and a zone of longitudinal exchange dominated by advection, while
emergent regimes were characterised by the longitudinal exchange zone only. Siniscalchi et al.®®
identified three zones associated with artificial plants in flume experiments. Shear-generated zones
of increased turbulent energy may be present upstream and along the canopy surface, associated with

9394 combined with longitudinally homogeneous zones of

high turbulence intensities for some species
negative Reynold’s stresses (on the streamwise/vertical plane), and an exit region at the transition to
open channel conditions. Different plant morphologies can also result in different mechanisms of
turbulence generation. Rigid, emergent vegetation has been shown to deflect flow in the horizontal
plane, leading to the development of periodic patterns of twisting vortices known as a von Karman
vortex street and reduced downstream turbulence intensity, while flexible submerged vegetation
generates vertical and horizontal shear layers downstream as a result of strong vertical circulation®.
As a result, depending on plant morphology, density and environmental context, vegetation-induced
changes to turbulence can alter sediment transport processes and either enhance or reduce fine

sediment deposition®2.

Animals also modify the flow field, although these impacts are generally considered less significant in
relation to other roughness elements®. Flow separation around lotic invertebrates modifies velocity
gradients and drag and lift forces”” and suspension feeding invertebrates may both passively and
actively modify the flow field to generate supplies of particulate food resources. For example,
turbulence surrounding the feeding appendages of larval blackfly alter particle interception rates and
the flow paths taken by individual particles®® and can lead to considerable local modifications to the
flow field®, while mayfly larvae can produce vortices to enhance feeding opportunities (Figure 2; see
section below). Fish generate and use their own eddies in swimming through the interactions of
different fins!® and, through schooling, can produce biotically-generated flows characterised by
vortices shed from the propulsive wakes of individuals?®. The main ways in which animals exploit these
interactions are explored further below.



bow waking =

eﬁtraining Karman gaiting®

Figure 2 Interactions between flow hydrodynamics and aquatic organisms at small scales in rivers.
For a aquatic plants this includes: [1] depth-scaled shear generated turbulence formed above
vegetation, [2] canopy scale shear generated turbulence, [3] turbulence generated at the scale of
individual stems and [4] at the scale of individual leaves, modified from Nikora®. Additional sources
of turbulence associated with plant motion® occurring at scales intermediate between the stem and
canopy are not shown here. Also showing exploitation of turbulent flow structures for feeding by
mayfly larvae (modified from Soluk and Craig!®?) and blackfly larvae (modified from Chance and
Craig®) and by trout (modified from Liao?®) for efficient locomotion in the vicinity of bluff bodies -
*denotes that Kdrman gaiting in trout has been observed in laboratory flumes with D-shaped
cylinders rather than natural river channels. Main diagram not to scale.
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Exploitation of turbulent flow properties

Turbulent flow facilitates access to food, maintenance of adequate oxygen levels, removal of wastes,
locomotion and predator evasion%100102-108 ‘Aq gch, turbulence can represent a benefit rather than
a constraint in many circumstances?, and can be an important consideration in aquaculture in relation

to disease reduction®

. Some studies indicate that even hydrodynamic conditions traditionally
expected to represent a stressor or limitation can benefit some organisms. For example, in marine
environments, whelks have been shown to effectively detect the odour signals of prey in flows with
higher turbulence intensity that are known to confuse larger crustaceans!®. In rivers, higher (average)
velocities can somewhat counterintuitively reduce drift in some invertebrate species, which may
reflect the gains in feeding efficiency and reductions in predation pressure that can be experienced in

110 With respect to aquatic plants, turbulence preferences may differ according

higher velocity areas
to plant morphology*!?, but turbulent flows facilitate exchanges of solutes between plants and
surrounding water to aid growth, and stimulate the epiphytic communities of bacteria, microalgae

and invertebrates on plant surfaces®.

A range of animals either make vortices or use those generated by other roughness elements for
movement and feeding®. Perhaps the largest body of work exploring the importance of turbulence for
aquatic organisms centres on fishes, reflecting a combination of factors including the practicalities of
measuring effects on larger animals as well as wider public and commercial interests. There are two
main mechanisms by which rheophilic fish can exploit turbulent flows®. First, individuals can use
regions of reduced velocity behind cylindrical or spherical ‘bluff bodies’ as flow refugia, and for station
holding or ‘entraining’ (maintaining their position within the flow field; Figure 2). By tilting the body
into the mean flow direction at a certain angle, some species may be able to maintain their position
close to flow obstructions without corrective body or fin motions for short periods of time, thereby
minimising energy costs®2. Similarly, fin motions can generate lateral wakes helping fish to maintain
balance and avoid rolling!®3'4, The second mechanism involves capturing the energy of discrete
vortices, and is dependent upon the interaction between vortex size and fish body length?,
Predictable patterns of vortex shedding (as opposed to chaotic wakes) are considered to be important
here®, such as the repeating pattern of eddies known as a von Kdrmdn vortex street that may be
generated downstream of flow separation around stationary D-shaped cylinders in laboratory flumes
(Figure 2). Under these conditions, eddies are shed at a certain frequency and are constrained to a
relatively small range, allowing fish to recognise and anticipate flow structures!®. Laboratory
experiments have demonstrated that trout will adapt a novel mode of motion (the ‘Karman gait’) in
order to slalom in between predictable patterns of vortices shed from upstream objects34. This type
of movement requires a lower tail beat frequency and allows individuals to use only the anterior axial
muscles, decreasing the energetic costs of locomotion®*. Turbulence generated by the propulsive
movements of other fishes can also be exploited in a similar way?®.

Studying the exploitation of turbulent flow structures by invertebrates is challenging as a result of the

difficulties of flow measurement at the scale of individual organisms**®

and within the near-bed region
inhabited by benthic organisms®. Despite this, several examples of the importance of turbulent flow

properties for invertebrates are available. Passive suspension feeders are an exemplar here since they
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depend upon the hydrodynamic properties of flow for the supply of food particles. Interactions
between feeding appendages and other body parts, flow and transport of particulate matter are,
therefore, highly important6, Blackfly larvae (Simulium vittatum), for example, can twist their bodies
in order to position their specialised feeding fans at different points in the flow field (Figure 2). This
allows them to exploit paired vortices generated by the flow across their bodies, with one fan
capturing vortex-entrained particulate matter from the substrate, and the other filtering water from
the top of the boundary layer®. Mayfly larvae can take advantage of flow perturbations generated by
their bodies to excavate and utilise pits in the river bed for feeding!°’. For example, Pseudiron centralis
can face upstream into the flow and assume an arched position, thus generating energetic horseshoe
vortices which excavate a pit and expose prey such as small burrowing and interstitial invertebrates!
(Figure 2). In contrast, Ametropus neavei have been shown to orientate themselves upstream and
excavate a pit which is then used in combination with their head, antennae and elevated forelegs to
generate a vortex that deflects flow downward?'’. This enhances feeding in at least two ways: by
trapping material within the swirling vortices and hence increasing the probability of capture, and by
re-suspending material from within the pit. It is suggested that these mechanisms may enhance
opportunities for feeding in fine-sediment dominated rivers that lack the hard substrates generally
required for anchoring by filter-feeders!'’. Multiple organisms positioned adjacent or in the
streamwise direction can exploit mutually generated hydrodynamic conditions, for example to
enhance their feeding rate by concentrating flows®, or in the case of fish schooling by exploiting von
Karmdn trails generated by individuals upstream individuals that can reduce the energy costs of

swimming!&121,

Turbulence as a threat to growth and survival

The physiological and energetic costs of turbulence to aquatic organisms are perhaps better
documented than the benefits. In terms of physiological effects, intense turbulence impacting upon
aquatic plants may cause tissue damage, increase respiratory costs as a result of leaf movements®,
and inhibit metabolic activities and growth!??. For animals, turbulence may lead to passive
dislodgement from habitats. It has been shown that benthic invertebrates (e.g. Aeshna cyanea and
Somatochlora flavomaculata) are sensitive to peak values of shear stress related to discrete turbulent
‘events’, specifically ejections of fluid away from the bed (generating upward lift forces) and inrushes
of fluid towards the bed (generating lift and drag), at least where flow structures exceeded
invertebrate body size''®. In extreme cases, high shear stresses can cause disorientation, injury or
mortality in fish21% but more commonly turbulence may cause linear translation of the body (i.e.
displacement or drift downstream), and/ or deformation which alters the kinematics, for example via
increases in tail-beat amplitude?. Turbulence can also alter predator-prey relationships in complex
and contrasting ways. Intense turbulence can diminish the accuracy of strikes (and hence successful
captures) as a result of reduced predictability of the location of both predator and prey, which can be
costly for the predator!?®. Conversely, turbulence may also disrupt the lateral line system used by prey
fishes to detect predators and hence potentially increase the probability of capture!?, although
increased turbidity as a result of turbulence can also indirectly decrease the detectability of prey.
When exposed to higher turbulence intensities and shear stresses, caddisfly larvae may decrease their
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crawling speed and distance™>, and other small prey also become more vulnerable to predation by

fish under turbulent conditions?”-1?°,

The influence of turbulence on fish bioenergetics (consumption, metabolism and growth) and
swimming performance has received considerable attention in the literature, and has generated what
appears, at first glance, to be contradictory conclusions®. For example, high turbulence intensity may
increase susceptibility of perch (Perca fluviatilis) to downstream displacement®, increase swimming
costs of Atlantic salmon Salmo salar®® and negatively impact upon the dynamic stability of brown
trout®”13%, but Nikora et al.3? found no influence of turbulence intensity on Inanga (Galaxias
maculatus). Closer inspection, however, indicates that this likely reflects the variations in various
aspects of the research design as outlined above: the mechanism of turbulence generation, the exact
properties investigated, their relation to the physiological traits (e.g. scale) of the species and the
influence of behavioural responses such as acclimatisation and learning?>3>%98!_Life cycle, sex and
health may also play a role: larger and smaller guppies (Poecilia reticulata) have been shown to prefer
differing levels of average velocity and turbulence, with males selected lower velocity regions possibly
due to fin-induced drag, and parasite infected smaller fish selected the most stable and predictable
areas of low turbulence intensity and Reynolds stresses indicating a need to offset infection-related
energy costs®,

While a number of studies have focused on the influence of turbulence intensity or turbulent kinetic
energy on fishes, there is increasing evidence to suggest that the size of vortices relative to fish size is
one of the key factors influencing energy costs®1%124 (Figure 3). Fish length is generally used to
represent size, reflecting the importance of the ‘lateral line’ system of sense organs that runs
lengthwise from the gills to the tail and is required for orientation, predation and coordinated
swimming (schooling). Webb and Cotel'®” note the inverse relationship between eddy size and
frequency and suggest that the largest and smallest eddies may be less significant for fish, since the
largest flow structures may be perceived as similar to still water and the smallest are unlikely to
generate stability problems. Eddies in the intermediate range may (depending on their size relative to
fish body length), however, require corrections to stabilise position or may even overwhelm the ability
of a fish to stabilise itself'?’. For example, Silva et al.1** emphasised the importance of eddies roughly
equal to the body size of adult Iberian barbel (Luciobarbus bocagei), while vortices approximately 2/3
fish length affect the balance of perch (P. fluviatilis) leading to stabilising fin movements that increase
hydraulic resistance and decrease swimming speeds®. Similarly, Tritico and Cotel®” found that stability
challenges were not identifiable until the largest eddies reached 76% of the fish body length. Under
such conditions fish lost postural control, spinning and translating downstream along the rotational
axis of the largest eddies (‘spilling’). A related quantity, the length of time a fish is exposed to the eddy,
may also be important and can be considered as ‘persistence’ or the number of eddy rotations that
occur during the time it takes a fish to move one body length through the flow®°,

The orientation of flow structures can also exert important influences on fish behaviour and
energetics®!. Streamwise vortices (where the axis of rotation is aligns with the main flow direction)
can be expected to cause rolling (perhaps the most costly), cross stream, horizontal vortices are
associated with pitching and vertical vortices with yawing®. Streamwise vortices have been shown to
destabilise the position of bluegill sunfish (Lepomis macrochirus), causing an increased frequency of
spills and unsteady swimming manoeuvres (e.g. forward acceleration and side-to-side movements)
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and hence increased oxygen consumption, although fish could partially adapt after a period of
acclimatisation®®. The horizontal component of the Reynolds shear stress (pu’v’ ) has been identified
as a key parameter in hydraulic habitat selection for smaller Iberian barbel (L. bocagei), suggesting
that this could be an important consideration in artificial fishway design®3Z.

Spatial scale

No <<1or>>1 Eddy size:

impact fish length ratio
¥
<1 Eddy momentum: =or>1
fish momentum I

Small Temporal scale
impact

? NO High YES | High

time persistence? Energy costs

Positive | g YES Tail beat frequency NO > Negative
impact = Karman gait? impact

Figure 3 Decision tree illustrating how the spatial and temporal scales of eddies, combined with fish
dimensions, influence the nature and magnitude of impacts on fish bioenergetics. Modified from Cotel
and Webb®,

Future directions

This review has demonstrated the wide ranging and important interactions between high frequency
flow properties and aquatic plants and animals in rivers, illustrating the importance of turbulence in
generating suitable hydraulic habitat conditions and how organisms exploit different properties of the
flow to maximise feeding and energy efficiency. The number of studies explicitly considering turbulent
properties within the context of river habitat assessment and improvement, however, are relatively

17,79,83,87,132-137

few . This partly reflects the practical difficulties associated with extensive field

measurement of flow velocity at frequencies and record lengths sufficient to derive turbulent
parameters3®, as well as across different flow stages and at scales relevant to individual organisms®11°,
As a result, approaches to habitat assessment tend to focus on spatially and temporally averaged
conditions at a single point in time (e.g. average velocity, flow depth) instead of the ‘higher order’

properties of the flow®” over varying discharges.

Relationships between average flow velocity and turbulence, however, are complex and unclear,
ranging from positive correlations® % to negative correlations'**'34 and are influenced by additional
factors such as bedform roughness®33. This suggests that standard hydraulic variables such as velocity
and depth cannot be universally applied to provide reliable estimates of more complex turbulent flow
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properties which have greater ecological relevance®l. This may partly explain why aquatic
communities (e.g. macroinvertebrates) appear to ‘map’ onto visually identifiable geomorphic units in
rivers (e.g. riffles, pools, cascades), while the hydraulics of those units have been difficult to define!®.
Direct consideration of turbulence has been shown to add discriminatory power when exploring
habitat preferences and distributions of both fish?® and invertebrates?, illustrating the potential

”26 The parameters

benefits of achieving better integration of “hydrodynamics into ecohydraulics
discussed in this paper in relation to the IPOS framework constitute a wide-ranging portfolio of
turbulence properties. These range from simpler time-averaged measures such as Turbulent Kinetic
Energy and Reynolds Stresses, to analysis in the time and frequency domains, to the extraction of
vortex characteristics within a Langrangian frame of reference. Increasing sophistication of turbulence
descriptors is necessarily associated with increasing analytical demands, and the suite of metrics
appropriate to a particular study will depend on the questions posed. It is hoped that advances in
data acquisition, numerical codes and computer hardware®” will help to facilitate more widespread

application within river assessment and restoration contexts, as well as river science.

High specification laboratory facilities continue to offer important opportunities for tightly controlled
experimental approaches in this field. In addition to more quantitative studies, there is a place for
more qualitative observational work which can yield important insights into organism behaviour and
responses. It is also crucial that field research is developed further, despite the inherent practical
challenges. The availability of robust sensors that have minimal interference with the flow field can
assist in this regard, and ongoing developments for adaptation of PIV methods for widespread field
use represent a potential step-change. Such methods enable direct capture of the spatiotemporally
evolving characteristics of coherent flow structures as opposed to their computation from time series
data at a single location. Underwater videography offers a low-cost option for observational work
under field conditions, which can be enhanced through links with smartphone technology* but
extraction of organism movements and behaviour remains problematic due to the inability of many
automated motion tracking software packages to filter out interference from ambient sources.
Numerical modelling can simulate the detail of turbulent motion or its overall effect on the mean flow.
While DNS provides the most detailed description of turbulence, wider application requires major
developments in computing. In many applications, however, LES or hybrid LES-RANS approaches can
offer a good alternative by achieving the accuracy of LES and the processing speed of RANS®,
Widespread application of more detailed 3D modelling approaches within ecohydraulics also relies on
developing a deep understanding of the links between turbulence and aquatic habitat at small scales
to take advantage of the full dimensionality provided by the data sets*’. We hope this paper can
contribute to these and other developments by providing an overview of the current state of
knowledge on the interactions between hydrodynamics and aquatic biota in rivers.
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Figures and Captions

Figure 1 Definition of Reynolds number and laminar and turbulent flow, with example Reynolds
numbers for different types of organisms interacting with the flow.

Figure 2 Interactions between flow hydrodynamics and aquatic organisms at small scales in rivers.
For aquatic plants this includes: [1] depth-scaled shear generated turbulence formed above
vegetation, [2] canopy scale shear generated turbulence, [3] turbulence generated at the scale of
individual stems and [4] at the scale of individual leaves, modified from Nikora®. Additional sources
of turbulence associated with plant motion® occurring at scales intermediate between the stem and
canopy are not shown here. Also showing exploitation of turbulent flow structures for feeding by
mayfly larvae (modified from Soluk and Craig®®) and blackfly larvae (modified from Chance and
Craig®) and by trout (modified from Liao?®) for efficient locomotion in the vicinity of bluff bodies -
*denotes that Karman gaitin in trout has been observed in laboratory flumes with D-shaped
cylinders rather than natural river channels. Main diagram not to scale.

Figure 3 Decision tree illustrating how the spatial and temporal scales of eddies, combined with fish
dimensions, influence the nature and magnitude of impacts on fish bioenergetics. Modified from
Cotel and Webb®.

Tables

Table 1 IPOS categories (intensity, periodicity, orientation, scale) identified by Lacey et al.”> with
example variables and descriptions. * denotes additional variables to those identified in Lacey et
al.”®. Where x = u, v, w components, N are the number of observations and p is the water density, u’,
v’ and w’ are the turbulent residuals and U, V, W the mean velocities along the three components.
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