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ABSTRACT

Channel curvature and riffle-pool bathymetry in meandering streams control complex hydrodynamic and morphodynamic processes. This study
investigates how spatial and temporal heterogeneities in flow hydraulics influence benthic fauna in a meander bend of a lowland sand-bed river.
Spatial heterogeneity of riverbed morphology and secondary flow, induced by channel curvature, make pools hydraulically more diverse compared
with riffles. Numerical simulations demonstrate that velocity reversal between riffles and pools in this meander bend produces spatially variable flow
with complex temporal variations. Patterns of macro-invertebrates indicate an increase in population density from riffle to pool, reflecting an increase
in diversity of abiotic factors. For most invertebrate species the observed patterns persisted during temporal variations of the flow. Considerable

changes were observed only in some groups with specific preferences.
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1 Introduction

The planform of natural streams commonly features a winding
pattern composed of meander bends — meso-forms of allu-
vial channels regarded as elementary geomorphological units
(Leopold, 1996). Longitudinal profiles of the riverbed thalweg
in meanders composed of topographic highs (riffles) and lows
(pools) the position of which corresponds to bend inflections and
apices, respectively (Leopold, 1996; Rozovskii, 1957). Fluvial
hydraulics research has traditionally focused on the effects of

planform curvature on the flow structure and on the interaction
between morphodynamics processes (Abad & Garcia, 2009;
Blanckaert & de Vriend, 2003; Engel & Rhoads, 2012; Ippen,
Drinker, Jobin, & Shemdin, 1962; Rhoads & Massey, 2012;
Rozovskii, 1957; Stelum, 1998). Recently, river meanders have
been viewed as an intrinsic part of fluvial ecosystems (Blet-
tler, Amsler, Ezcurra de Drago, & Marchese, 2008; Doledec,
Lamouroux, Fuchs, & Merigoux, 2007; Kawamura, Hasegawa,
& Yuping, 2003; Rempel, Richard, & Healey, 2000). Recon-
struction of channel sinuosity is a common practice in modern
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river management and ecosystem restoration. Despite this past
work, it is widely acknowledged that complex relations between
the flow dynamics, morphodynamics and aquatic organisms in
meandering rivers are insufficiently understood.

Flow through a meander bend is influenced by centrifugal
force induced by channel curvature that produces a cross-stream
pressure gradient that drives secondary flow (Abad & Garcia,
2009; Rhoads, & Massey, 2012; Rozovskii, 1957). A small
counter-rotating helical cell often forms near the surface at the
outer bank and the three-dimensional topography of the free
surface can generate flow stagnation along the outer bank at
the entrance to the bend (Blanckaert & de Vriend, 2003; Ippen
et al., 1962). Bars on the inside of the bends induce topograph-
ical steering (Dietrich & Smith, 1983) and recent field studies
indicate that riffle-pool sequences in the meander bends can
strongly modify the vertical profiles of mean velocity and turbu-
lent shear stress distributions (Schnauder & Sukhodolov, 2012;
Sukhodolov, 2012). Moreover, migrating bedforms can mod-
ulate the flow structure in meandering channels (Abad, Frias,
Garcia, & Buscaglia, 2013).

High and low flow events further complicate spatially vari-
able flow in meander bends by imposing temporal variations.
Since the seminal observations by Seddon on the Mississippi
River in 1900, it has been hypothesized that a reversal of
hydraulic conditions may occur in riffle-pool sequences (Keller
& Florsheim, 1993). This hypothesis, known as velocity rever-
sal, proposes that flow velocities are maximal in riffles and
minimal in pools during low flow events, but that the situa-
tion reverses during high flow events with maximal velocities
in pools and minimal velocities in riffles (Keller, 1971; Keller &
Florsheim, 1993; MacWilliams, Wheaton, Pasternack, Street, &
Kitanidis, 2006). Keller (1971) used this hypothesis to explain
the maintenance mechanisms in riffle-pool sequences.

Benthic macro-invertebrates are aquatic organisms that
directly and indirectly experience interactions with flow, sed-
iment transport and morphodynamic processes. Communities
of benthic invertebrates can be considered as indicators of flu-
vial ecosystem state because of their sensitivity to water quality
and sudden changes in the environment. For invertebrate com-
munities, river meanders represent meso-scale habitats that are
highly heterogeneous and comprised of micro-scale units called
biotopes. Biotopes are spatially quasi-homogeneous areas with
respect to abiotic factors such as riverbed morphology, compo-
sition of riverbed material, and flow characteristics. The concept
of physical biotopes associates geomorphological features (rif-
fles and pools) and flow patterns to abundance and composition
of benthic communities, thereby providing opportunities for
assessing habitat patchiness, diversity, and dynamics (Padmore,
1998; Newson & Newson, 2000).

Physical biotopes are characterized by specific hydrody-
namic patterns and values of flow characteristics (Jowett, 1993;
Padmore, 1997; Wadeson, 1994). Turbulent river flow affects
benthic invertebrates either directly through dislodgement and
abrasion or indirectly by influencing availability of food and
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oxygen concentrations, or by affecting predation, dispersal and
reproduction (Carling, 1995; McNair, Newbold, & Hart, 1997,
Powers & Kittinger, 2002; Quinn & Hickey, 1994). Benthic
micro-habitats with strong flow or high levels of turbulence
provide refuge for some invertebrate species. In such habi-
tats predators experience larger hydrodynamic forces than prey
because predators are bigger in size and project further above
the riverbed than prey (Hart & Merz, 1998). Because of such
factors, the success of hunting can be significantly reduced
(Malmgqvist & Sackmann, 1996). Gibbins, Verticat, & Batulla
(2007) report that the total number of individuals lost from
the riverbed and the taxonomic composition of the drift are
strongly influenced by shear stress and mobility of the riverbed.
Experiments examining drift of caddisfly larvae have indi-
cated that drift distance is inversely related to the roughness of
the riverbed (Holomuzki & van Loan, 2002). Drift propensity
was significantly related to Reynolds and Shields numbers and
hydraulically rough riverbeds are more favourable to benthic
invertebrates (Wilcox, Peckarsky, Taylor, & Encalada, 2008).
However, habitat preferences in invertebrates vary during the
ontogenesis (Sagnes, Merigoux, & Peru, 2008). Within the same
invertebrate species larval and adult organisms demonstrate dif-
ferent preferences for flow velocity (Degani et al., 1993; Lloyd
& Sites, 2000).

The dynamics of benthic invertebrate communities in mean-
dering rivers under variable hydraulic conditions remain poorly
understood. Furthermore, knowledge of turbulent flow in mean-
der bends of natural rivers is still incomplete. Interactions
among effects induced by centrifugal acceleration, flow stag-
nation, and topographical steering complicate quantitative pre-
dictions of flow patterns (Abad & Garcia, 2009; Stelum, 1998;
Zeng, Constantinescu, Blanckaert, & Weber, 2008). Knowl-
edge of these patterns is mainly acquired by experimental
research involving physical models and theoretical approaches
(Blanckaert & de Vriend, 2003; Engelund, 1974; Rozovskii,
1957). However, laboratory models typically lack the longitudi-
nal variability in flow depth characteristic of natural riffle-pool
sequences (Sukhodolov, 2012). The problem of scale further
complicates the situation. Most field studies have been car-
ried out in relatively small rivers (Anwar, 1986; Bathurst,
Thorne, & Hey, 1979; Dietrich & Smith, 1983; Engel &
Rhoads, 2012; Frothingham & Rhoads, 2003; Nanson, 2010;
Thorne et al., 1985) and a handful of investigators have
examined flow in large meandering rivers (Jackson, 1975;
Rozovskii, 1957; Schnauder & Sukhodolov, 2012; Sukhodolov,
2012). Moreover, the velocity reversal phenomenon may
not be a characteristic feature for all riffle-pool sequences
(Bathurst, 1982; Rodriguez, Garcia & Garcia, 2013; Sear, 1996;
Teleki, 1972).

This study examines how changes in spatial and temporal
attributes of flow hydraulics in meander bends on a relatively
large river influence the density of benthic macro-invertebrate
communities. In particular, it explores how flow varies spa-
tially between pools and riffles, how the relation between flow
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in pools and riffles changes with flow stage, and the relation
of these changes in flow conditions to the macro-invertebrates
communities. To address these issues, ideally sampling of flow,
morphodynamics, and benthic organisms would occur together
for a wide range of flows. However, flow conditions in particular
are difficult to measure in detail at high flow. Numerical mod-
elling calibrated against field measurements provides the basis
for extending the analysis to a range of flow conditions beyond
those measured directly in the field.

2 Methodology and theoretical background

In this section we first introduce the analytical framework for
representation of field data and then present details of the
numerical method employed in this study.

2.1 Analytical framework

Momentum equations for turbulent flow in a wide river meander
bend are conventionally presented in a curvilinear system with »
(radial), 6 (tangential), and z (vertical) coordinates (Rozovskii,
1957):

du, n Up U, n ou, é S 4 101, )
U— + — w -2 =—gS5+ -

or " Roo "oz R E oz

8149 Up 3149 8u9 UyUg 1 81’92
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where g is specific gravity, u,, uy and w are radial, tangential,
and vertical time-mean velocities at a point, R is radius of curva-
ture, S, Sp are radial and tangential slopes of the water surface,
Ty, = —puyw and 7, = — pW are turbulent shear stress com-
ponents where the overbar denotes the time averaging operator
over time, uy, u, and w’ are velocity fluctuations in the stream-
wise, transverse and vertical directions, respectively, and p is
density of water. Equations (1) and (2) together with the conti-
nuity equation after integration yield a modified relation for the
bed shear stress (Sukhodolov, 2012):

T =pu; = pgdy(Se — S, (3)

where u, is shear velocity, 5o = (h == Ah) /9 is a modified char-
acteristic length scale, /# is flow depth, A/ is an additional
hydrodynamic pressure head due to secondary currents and
topographical steering, and ¢ is a dimensionless coefficient. For
a uniform flow with §y &~ &, and S, =0, Eq. (3) equals the well-
known relation 7y = p u?> = p ghS,. Vertical distribution of the
total shear stress 7y, + T, in meander bend with a pronounced
riffle-pool sequence of riverbed is shown to obey (Sukhodolov,
2012):

9. + Toz u,w 2w 2
’ 29 = 4 Frl-n+ exp(—&> 4)
pu? u u

Journal of Hydraulic Research Vol. 53, No. 4 (2015)

where F is normalized vertical flux, Ty is advective momentum
flux, w is mean vertical velocity, n = z/h and ny = (z — 8¢) /h
are normalized distances from the riverbed, and k =0.41 is the
von Karman constant. For a uniform flow, the term with the
exponent in Eq. (4) becomes negligibly small and the resulting
distribution of turbulent shear stress is linear.

For a uniform flow relating turbulent shear stress _PW =
1 — 1 to mean flow velocity by parabolic distribution of eddy
viscosity, v; = k u,z+/1 — z/h yields a logarithmic law:

1
¥ _ <i> (5)
Uy K A

where z; is a hydrodynamic roughness parameter. Because
secondary currents transport tangential mean momentum down-
ward, the profile of a mean tangential velocity exhibits a
submergence of the velocity maxima, which can be approx-
imated by a modified logarithmic law (Termini & Greco,

2006):
“—ﬁ_lﬁ (é)z 8,8
u, Kk Vh h "
<l—sign(z—8) 3
z 2
+1“<5) §<1+sign(z—8)> ©)
h 2

where u is depth-averaged velocity at a vertical, and § is a
length scale characterizing submergence of the velocity maxi-
mum. Equation (6) reduces to the conventional logarithmic law,
Eq. (5), when § = A.

2.2 Numerical model

In this study, we applied a three-dimensional numerical model
of turbulent flow using an in-house code based on the finite vol-
ume method (FVM), which uses the semi-implicit schemes of
discretization (Zhang, Liu, & Xue, 2006). An advantage of this
model is that it allows the treatment of flow in both hydrostatic
and hydrodynamic approximations. Furthermore, it was antic-
ipated that the model might perform better for the description
of flow with non-linear distribution of turbulent shear stress,
which can be viewed as a consequence of the non-hydrostatic
behaviour.
The governing equations of the model are given below:
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where ¢y =hu, g, =hv, g, =ho are unit discharges,
u, v, andw are mean velocities in streamwise x, transverse
v, and vertical z directions, @ is transformed vertical velocity
(Wg=0 = ©Wy——1 = 0), ¢ is water level, vy and v,y are horizon-
tal and vertical eddy viscosity coefficients, and o is transformed
vertical coordinate.

The model (7)<10) requires a turbulence closure scheme,
which is provided by relations for the eddy viscosity coef-
ficients. The horizontal eddy viscosity is determined by a
Smagorinsky-type formulation, which accounts for the horizon-
tal resolution of the computational grid and velocity gradients:

2 2 1/2
ou Jv  Jdu
U = Cp AxAy 5 +05 a"‘@ (11)

where ¢, is an arbitrary Smagorinsky parameter varying from
0.01 to 0.5 (Blumberg & Mellor, 1983; Davies, Jones & Xing,
1997; Zhang & Chan, 2003). The vertical eddy viscosity is
defined as:

(12)

W
~
I
e | <
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and it is determined by solving the one-equation Spalart-
Allmaras model (Spalart, 2000) for 0

DU ~ U 1
=2 = e8P — enfum + —{V [+ D) VD] + (VD) }
D¢ z 0

(13)
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S+ afian Sy =3 (3 + 52)s i =1 = gy with the

model constants ¢, = 0.1355, 6 =2/3, cp = 0.622, ¢, =
cp1 /K> 4+ (1 +¢) /0, cya = 0.3, and ¢,; = 7.1. The numerical
method is based on the semi-implicit scheme (Casulli & Cattani,
1994; Chen, 2003; Zhang, Liu & Xue, 2006). The computa-
tional domain is represented by an unstructured grid and the
C-C (Cell-Centred) scheme is used to array the variables into
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the computational cells. The cell face variable (¢)” is calculated
by means of the second order TVD scheme:

1
(d))ﬂ =¢c+ El/f(rn)(d)D_d)C) (14)

where 1 is the cell face, ¢p and ¢ are the cell-centred vari-
ants in the downwind and upwind nodes around the face, and
¥ (ry) is a flux limiter function. Assuming that v (7,) is a linear
function of r,, a higher order scheme can be obtained. Pressure-
velocity coupling on the collocated grid is achieved with an
interpolation scheme suggested by Rhie & Chow (1983).

3 Field studies

3.1 Riverreach

Field studies were carried out in the Spree River in Germany
near the village of Neubriick in Brandenburg. The river reach
is a typical meander bend, which was developing under pris-
tine conditions during the pre-industrial period and later it
was conserved because of alterations in the hydrologic regime
of the river (Nikolaevich, Sukhodolov & Engelhardt, 2004;
Sukhodolov, 2012). The meander bend is mildly curved, slightly
asymmetrical in the planform with pronounced riffle and pool
sections (Fig. 1b). The stability of the bend’s large-scale mor-
phology is an important feature for the design of this study
in which numerical modelling is applied to the same riverbed
topography at various water stages. The river bend at the study
site has an arc angle of « = 150°, path length of S,, = 760 m,
bend wavelength of 2 = 485 m, and sinuosity of S,,/A = 1.57
(Fig. 1). At the bank-full stage the river is roughly 30—50 m wide
and 3—7 m deep. The riverbed of the reach is composed of sands
with a mean diameter around 1.2 mm in the central part. Near
the inner bank the riverbed material is a bimodal mixture of sand
with a mean diameter 1.2 and silted fine sand with a mean diam-
eter of 0.2 mm. Although the riverbed material near the outer
bank is also bimodal, its composition is different from both the
central and the inner parts of the channel. The dominant fraction
is gravel with a diameter of 8§ mm and the interstitial spaces are
filled by finer sand of 0.4 mm in diameter(Sukhodolov, 2012).

3.2 Field measurements

Field studies consisted of the three measuring campaigns
(Table 1). A detailed bathymetric survey was completed before
the measurement campaign 1. Geodetic measurements were
obtained with a laser total-station and yielded a local coordi-
nate system. Bathymetry along a set of 25 uniformly spaced
cross-sections in the meander path was surveyed with a portable
echosounder and referenced to the coordinate system. The sur-
vey data yielded a topographic map of the river reach that
was used to determine cross-section locations for velocity mea-
surements (Fig. la). The plan-form of the bend was slightly
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Figure 1 (a) Bathymetry map of the study reach in the Spree River
(symbols indicate locations of benthic samples); (b) longitudinal profile
of the riverbed and water surface elevations

asymmetric; hence, it was approximated with two segments
of the same radius Ry = R, = 165 m, but with different loca-
tions of their centres Cy, C,. Six cross-sections were uniformly
distributed along the bend path: three sections at each of the
segments and one additional cross-section at the bend entrance.
Each cross-section was oriented normal to the arc of curva-
ture, thus ensuring the proper orientation of cross-sections in
the system of curvilinear coordinates (1) and (2). The end
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positions of cross-sections were fixed in the field with iron pipe
bench-marks. At each measuring cross-section three samples of
riverbed material were taken near banks and in the central part
of the channel.

The campaign 1 included detailed measurements of instanta-
neous three-dimensional flow velocities at each of seven cross-
sections (Fig. la). An array of three ADV units, each with its
own mounting mast, was used simultaneously. Correct align-
ment of each ADV mount and sensor head was achieved by
aligning the orientation of the mount with the plane of the
section by using a theodolite stationed at one of the bench-
marks and siting on the other bench-mark (Sukhodolov, 2012).
At each cross-section, velocities were measured at 11 locations
distributed uniformly over depth at 9 to 15 verticals. The sam-
pling period for each location was 240 s at the sampling rate
of 25 Hz. Water levels were monitored at three locations: the
entrance to the bend, near the apex, and at the outlet of the bend.
Local depth of flow at each vertical profile was measured with a
sounding rod.

The results of the first measuring campaign are presented
in detail by Sukhodolov (2012). In the riffle section of the
bend the structure of mean flow and turbulence is similar to
that of a fully developed quasi-uniform open-channel flow in
straight river reaches (Nezu & Nakagawa, 1993; Sukhodolov,
2012; Sukhodolov & Uijttewaal, 2010, see also Fig. 2a,c).
The ensemble-averaged profiles of mean tangential veloc-
ity in Fig. 2a are presented in dimensionless coordinates
& =exp[(u — u)x/u, — 1] for the riffle section, and in &* =
exp[(u — u)x /u, — f (8,h)] for the pool section (Sukhodolov,
2012). In the riffle section patterns of velocity vectors indicate
an absence of helical motions characteristic of secondary cur-
rents. At the pool section, the action of centrifugal forces due
to curvature results in a well-developed secondary flow with
the velocity magnitude near the riverbed as large as 10—15%
of the local depth-averaged velocity (Fig. 2b). Flow patterns
in cross-sections downstream from the bend apex include a
counter-rotating cell near the outer bank. This cell is produced
by flow stagnation in cross-section 5—5 and it grows in size in

Table 1 Hydraulic characteristics during measurements
Riffle Pool
Campaign Oom’s) S x100 U@ms') w.(ems?’) hs@m U@ms') u(ems?') h(m)
1 detailed hydrodynamic 7.5 2.5 0.20 1.7 1.56 0.14 1.0 3.18
measurements (7 cross-
sections) April-May 2004
2 reduced hydrodynamic 11.3 4.0 0.25 24 1.70 0.27* 2.3% 3.30
measurements (cross-section
2) June 2009
3 hydrometric measurements 30.0 13.0 0.47%* S5.1%* 2.36% 0.52% 6.9% 4.00
(discharge and slope) August
2010

* indicates computed values. Shear velocity of 2.5 (cm s ) is a threshold for re-suspension of fine riverbed material according to the field tests

with re-suspension chamber (Kleeberg et al., 2010)
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Figure 2 (a) Normalized mean tangential velocities (dashed line is logarithmic law and solid line is modified logarithmic law), (b) normalized radial
velocities (dashed line is Rozovskii, 1957, profile for rough riverbed and solid line is profile for smooth riverbed), (c) shear stress profiles in riffle
section (solid line is linear profile of shear stress), and (d) in pool sections (solid line is Eq. (4))

the downstream direction (cross-sections 66 and 7—7). The cell
occupies the upper 1/3 of the water column and the strongest
interactions between this cell and the main cell of the secondary
flow occur near the riverbed at the outer bank (Sukhodolov,
2012). In the riffle the ensemble-averaged profiles of shear
stress exhibit the structure characteristics of a fully developed
uniform open-channel flow with a rough bed and the profile
of turbulent shear stress —W/uﬁ exhibits a linear pattern
(Fig. 2c). In the pool, the ensemble-average profiles — W/ui
scale appropriately with Eq. (4), see Fig. 2d. Shear velocity val-
ues were determined by fitting Eq. (4) to the measured profiles

of turbulent shear stress and the vertical profiles of mean and tur-
bulent flow were ensemble-averaged for riffle and pool sections.
The procedure of ensemble-averaging is described in detail by
Sukhodolov (2012). The values of shear velocity are summa-
rized in Table 2. Normalized profiles of radial velocity are in
agreement with the theoretical solutions by Rozovskii (1957)
(Sukhodolov, 2012).

Control surveys of riverbed morphology completed in June
2009, prior to the measurement campaign 2, indicated that due
to regulation of water and sediment discharges in the river at
the upstream reservoir, the riverbed in the study reach had not

Table 2 Shear velocity values
uy (cm s 1) in cross-sections
0, (m?s™) Method 1 2 3 4 5 6 7
1 7.5 Measured 0.8 1.5 1.8 1.1 1.1 0.8 1.3
V&80(Sp — Sp) 0.8 1.8 2.0 1.1 0.9 0.9 1.2
2 11.3 Measured — 2.4 — — — - —
V&80(Sp — Sp) 1.9 2.6 2.8 24 2.3 2.2 2.4
3 30.0 V&80(Sp — Sp) 5.5 5.1 54 5.8 6.7 6.9 6.5
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changed significantly. Detailed hydrodynamic measurements
were completed in the riffle section between cross-sections 2
and 3 (Fig. 1). Three vertical profiles were measured with ADVs
along a centreline of the flow (Blettler, Sukhodolov & Tockner,
2010). These measurements were supplemented with the control
measurements of riverbed bathymetry in the riffle (cross-section
2) and pool (cross-section 6), and monitoring the slopes of
free-surface.

Campaign 3 was completed during a period of high flow in
summer 2010. Although water levels in the river were below
bank-full stage, the flow velocities and depths were too large for
measurements with ADVs. The measurements in this campaign
therefore included only control surveys of riverbed bathymetry
in cross-sections 2 and 6, and reach-averaged velocity measure-
ments with a tracer technique. The solution of uranin fluorescent
dye was instantaneously injected in cross-section 1 and the
travel time of the tracer cloud (as a centre of mass) was recorded
with a back-scat fluorometer in cross-section 7. The slopes of the
free surface were also monitored during this campaign.

3.3 Benthic sampling

Sampling of benthic invertebrates was performed in the second
and third campaigns at 11.3 m*® s' and 30 m® s discharges
(Table 1). Four replicates were taken at each sampling loca-
tion, which were positioned by marked tag-lines fixed on the
benchmarks of cross-sections (Fig. 1a). The invertebrate sam-
ples were collected manually by a diver who descended to the
riverbed along a metal rod deployed from a boat. This method
provided stabilization of the diver’s position in the current and
ensured the accuracy of sampling at the specific locations on the
riverbed. The samples were collected manually by the diver with
a Surber sampler 200 pum, and the samples were delivered to the
boat where they were filtered and fixed in 90% alcohol. In total,
five sampling locations were assessed at 11.3 m® s water dis-
charge, and six at 30 m?® s™'. Invertebrates were hand-picked in
the laboratory under a 10 x stereoscopic microscope, identified,
and stored in the solution of alcohol.

4 Results and analysis

4.1 Validation of the numerical model

Equations (7)13) are solved with three boundary conditions —
inlet boundary, free surface and the boundary condition at the
riverbed. The results of bathymetric surveys were used to gen-
erate a computational digital grid. An unstructured grid was
composed of 24 layers in the vertical direction and every layer
consists of 29,497 cells. On the inlet boundary the eleva-
tion of the free surface and the water discharge are specified.
The boundary condition on the riverbed is provided by a wall
function to define bed shear stress values.

Validation was completed for the hydraulic conditions of
campaign 1 with O =7.5 m® s7'. The results of validation
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for both primary and secondary flows are presented in Fig. 3.
The results of modelling reproduce the results of measurements
within an accuracy =+ 15-20%. The deviations are of a system-
atic character revealing a trend for under-prediction of velocities
near the river bed and over-prediction in the upper water column
near the free surface. However, due to a systematic character
of deviations and the difference in their sign near the riverbed
and near the free surface, cross-section averaged velocities are
predicted fairly well with accuracy within + 10%.

4.2 Modelling flow at different water stages

Numerical modelling was performed for five water stages: 3.5,
7.5, 11.3, 30, and 50 m® s7!, ranging from low flow to a flow
slightly larger than the bank-full flow. The smallest discharge
of 3.5 m® s! is supplied by the flow control system on this
river reach and corresponds to the minimal flow required to sup-
port the aquatic ecosystem in the river. The bank-full flow of
30 m® s7! is a rare event with a recurrence period of a decade.
In contrast to rivers with a natural hydrologic regime with large
discharges and relatively short durations of high-water events,
floods in this river reach can last from three- to six-month peri-
ods because of continuous water releases from the upstream
reservoirs.

Examples of modelled distributions of flow velocities are
shown in Figs 3—6. The results of modelling demonstrate that
at water discharges that do not cause inundation of the flood-
plain, the patterns of primary flow structure remain fairly sim-
ilar and generally differ only in the magnitude of the flow
(Figs 4, 5). However, in riffles the areas occupied by rela-
tively high flow velocities increase in size with the increase
of discharge. In pools, high flow velocities are localized along
the outer bank of the bend (Fig. 5). The results of modelling
also illustrate the influence of water stage on the secondary
flow in the pool (Fig. 6). With the increasing discharge, both
the magnitude of lateral and vertical velocity components and
the size of secondary circulation cells increase. Although, the
model does not correctly predict the near-bed velocities in the
counter-rotating cell near the outer bank, it is fairly accurate
in predicting velocities in the upper part of the water column.
The lateral extent of the counter-rotating secondary cell is pre-
dicted fairly well and is shown to increase with the increase of
discharge.

The results of numerical modelling relevant to the veloc-
ity reversal hypothesis are summarized in Fig. 7. In general,
these results support the hypothesis and indicate a difference
of roughly 1.2 to 1.5 fold between the magnitudes of cross-
section averaged flow velocities at small and large discharges.
At small discharges (Q < 5 m® s7), the velocities in the pool
section are around 1.2 to 1.5 times smaller than in the riffle,
while at larger discharges (Q > 25 m’® s™') the velocities in
the pool are around 1.3 to 1.5 times larger than in the rif-
fle section. Shear velocities were computed according to Eq.
(3) using the results of numerical modelling to determine the
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Figure 3 Comparison of measured (symbols) and modelled (solid lines) flow velocities; (a, c, e, g) are tangential velocities, and (b, d, f, h) are radial

velocities

characteristic depth scale §), combined with free surface slopes
derived from the field measurements (Table 2). The spatial-
temporal patterns of shear velocity predict that shear velocity
values also reverse between pools and riffles with increasing

stage. Figure 7 indicates that the first benthic sampling cam-
paign was performed at water discharge close to the reversal
point when hydraulics conditions in pools and riffles are sim-
ilar. The second benthic sampling campaign was performed at
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Figure 5 Modelled patterns of tangential velocity in cross-section 6-6
for (a) Q= 11.3 and (b) 0 =30 m3 s~! (velocity scales are in cm s)

Figure 6 Modelled patterns of secondary flow in cross-section 6-6 for
(@0=113m>s ' and (b) 0=30m> 5!

the stage of a bank-full flow when velocities in the pool section
were around 30% higher than velocities in the riffle.

4.3 Invertebrate community

To verify the normality of the benthic data, the variables were
logarithmically transformed [log;o (x+ 1)] and checked for a
normality within a strata (Shapiro & Wilk, 1965) as well as for
a homogeneity in the variance between strata F,,,, (Sokal &
Rohlf, 1981). After the normality was verified by log transfor-
mation, the parametric statistics were applied to further examine
the benthic data. An ANOVA one-way test (significant differ-
ences = p <0.05) was used to determine the significance of
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Figure 7 Variation of cross-section averaged velocity with water
discharge in riffle and pool sections

differences between arithmetic means of benthic densities at
each sampling location. Post-hoc, Fisher’s LSD test was then
used to explore differences among treatments in the ANOVA.

The main determined benthic groups were Amphipoda
(Dikerogammarus haemobaphes (Pontogammaridae) and Che-
licorophium curvispinum (Corophiidae)), Chironomidae (Chi-
ronomini), Naididae (Oligochaeta) and Bivalvia, the latter of
which were less abundant compared with the other groups. Total
population densities varied between 3. 07 x 103 (cross-section
2-2, sampling 1) and 20.0 x 103 ind. m™ (cross-section 5-5,
sampling 2), Table 3.

The density of invertebrates was high in Sampling 2 (Q =
30 m® s7') compared with Sampling 1 (Q = 11.3 m® s),
see Fig. 8a. The results of the ANOVA analysis confirm
that this difference is statistically significant (current effect:
Fa30=76.195, p =0.000). However, according to ANOVA
results, there is no statistical difference between the population
densities of Amphipoda in Sampling 1 and 2 (current effect:
F(130)=0.09914, p =0.755).

Chelicorophium  curvispinum  and  Dikerogammarus
haemobaphes (order Amphipoda) deserve to be analysed sep-
arately because of ecological differences between these species.
C. curvispinum is an active filter feeder, one of most impor-
tant primary consumers (Van der Velde et al., 1998; Van Riel
et al., 2006), and prey for several species of fish (Grabowska
& Grabowski, 2005) and gammarids (Van Riel et al., 2006). In
contrast, D. haemobaphes is a predator species with a very wide
ecological tolerance (Grabowski, Jazdzewski & Konopacka,
2007). Filter-feeders species, like C. curvispinum, prefer to
occupy the microhabitats with large velocities, which sup-
port effective filter-feeding (Fuller & Mackay, 1981; Wetmore,
Mackay & Newbury, 1990). This preference can explain the
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Table 3
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Invertebrate densities and principal benthic groups

Invertebrate population densities (ind m~2)

Sampling 1
Sampling stations 2-2 2-2 (2 2-2 (3 4 4 66
Density (ind. m2) 3071 4643 3364 9102 7879
Total density (ind. m2) 5611
Sampling 2
Sampling stations 2-2 3-3 5-5 (middle) 5-5 (lett) 7T (middle) T-T (lett)
Density (ind. m2) 3904 12032 12550 20000 1264 15547
Total density (ind. m2) 10883
(a) . (b) .
Sampling 1 ! Sampling 2 Sampling 1 ! Sampling 2
4.4 i 441 i B
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Figure 9 Patterns of Amphipoda population density in riffle, interme-
diate and pool sections

tendency in density of Amphipoda to increase from riffle to pool
at large discharges and to decrease slightly from riffle to pool
at small discharges (Fig. 9). It is noteworthy that sampling sta-
tions at cross-section 55 (left) and cross-section 7—7 (left) were
located near the outer bank of the meander with rip-rap protec-
tion (Fig. 1). The rip-rap is a stony substrate, which supports
largest densities of Amphipoda (Fig. 9).

Quantitatively, the relation between invertebrate densities B
and flow characteristics can be found assuming that the bed
shear stress 79 = p u? and stability of riverbed material, rep-
resented by critical bed shear stress ¢ = puZ, are the only
physical variables that directly and indirectly control the local

Sampling sections

Patterns of total population density of micro-invertebrate in riffle, intermediate and pool sections (a), and at each sampling station (b)

invertebrate densities:

B = F(1y, T¢), or in dimensionless form

B=f (), § =1/t (15)
where F' and f are some functions. Furthermore, assuming
that physical interactions between invertebrates and flow at the
reach-scale mainly result in migration within the river reach, the
dynamics of invertebrate density can be related to migration rate
as:

dB
—=m 16
Bde (16)
where m is dimensionless net migration rate. For simplicity
other factors of bio-chemical character (reproduction and mor-
tality) are considered to be constant along the entire river reach
within meander wavelength. Integration of Eq. (16) with an
assumption of constant net migration rate yields:
B = By exp(mé) 17
where By is a constant of integration representing the back-
ground invertebrate density. Critical shear velocity can be esti-
mated with the use of Shields diagrams (Vanoni, 1975) as
uxc = /tc/p (Table 4). Using the definition of critical shear
velocity, the dimensionless shear stress can be approximated as

Uy [ U
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Table 4 Grain size distribution, critical and actual shear velocities, and group speed of bedform propagation

Cross-section

1 2 3 4 5 6 7

dso (mm) 2.1 1.0 1.5 12 2.0 2.3 1.1
Benthic sampling 1

usc (cms) 3.7 24 3.0 2.6 3.4 3.6 2.5

uy (cms) 12 22 2.7 1.7 1.7 12 2.3
Benthic sampling 2

usc (cms ) 3.9 25 3.3 3.0 4.0 43 3.0

uy (cmsh) 5.5 5.1 5.4 5.8 6.7 6.9 6.5

Riffle Pool
Ci (emhr!) 0.5 0.25
Cp (cm hr 1) 4.2 7.3

low transport  optimum high stress

—
()Y

—
co b
T I

Invertebrate density x10° (ind m?)
B
T

H*/ M*C

Figure 10 Relations between invertebrate densities and actual and
critical shear stress values

The relationship between invertebrate density and u, /u.c is
shown in Fig. 10. Invertebrate density increases exponentially
with the increasing u, /u,c in the range 1 <u,/u.,c < 1.9 and
exponentially decreases with the further increase in u,/u.c.
This suggests that an assumption on constant migration rate
is only valid for a limited range of u,/u,c. Variable migra-
tion rate m = W (u,/u.c) allows for more complex relations,
which will include a combination of hyperbolic tangent and
sine functions that would fit better the measured data with an
asymmetric bell-shaped function. However, accurate fitting of
measured data with an empirical relation is not the goal of
this paper, which mainly focuses on the understanding of gov-
erning processes. Data in Fig. 10 together with the conceptual
model, Egs (15)~«17), demonstrate that there are three distinct
subranges in u, /u,c: small invertebrate densities at relatively
small ratios of u,/u.c, high invertebrate densities at interme-
diate u,/u.c, and low invertebrate densities at large ratios of
u, /uyc. Patterns, similar to that in Fig. 10, are typically observed
in ecological studies when performance of organisms is exam-
ined in relation to abiotic factors such as temperature. These

patterns are usually associated with existence of some optimal
range and two subranges with limiting conditions (Cushing &
Allan, 2001, 19).

5 Discussion and conclusions

This paper examines spatial and temporal variations in the
dynamics of turbulent flow in a natural meander bend of a low-
land river and explores the implications of these variations in
flow dynamics for the ecology of benthic macro-invertebrates.
Previous hydrodynamic research (Sukhodolov, 2012) on the
meander bend examined in this study provides detailed infor-
mation for evaluating numerical hydraulic simulations, which
were employed in this research as a tool for exploring spatial
and temporal variations in the flow structure.

A quasi three-dimensional Reynolds-Averaged-Navier-Stokes
(RANS) numerical model was developed to: (1) explore flow
patterns over a range of discharge conditions, and (2) evalu-
ate the velocity reversal hypothesis and its implications for the
benthic macro-invertebrates. The results of numerical studies
support the velocity reversal hypothesis (Fig. 7). The reversal
in the highest magnitude of velocity in the pool versus the rif-
fle occurs at a discharge of about 8 m? s™'. At large discharges,
with inundation of the floodplain, cross-section averaged veloc-
ities in the pool can exceed velocity in the riffle by 1.5 times.
This numerical result also supports the conclusion of previous
studies that for the velocity reversal to hold in a cross-section
average sense, flow continuity requires a difference in the cross-
section geometry of riffles and pools at different water levels
(Rodriguez, Garcia & Garcia, 2013). Indeed, the cross-sections
of the riverbed in the pool demonstrate a triangular shape (wet-
ted area increases with the second power of depth), while the
shape of cross-sections in the riffle is close to a rectangular
(wetted area increases linearly with depth). Direct measure-
ments of the free-surface slope indicated that the slope increases
with increasing water discharge, and this increase is particularly
strong in the pool. Together with the increase in character-
istic depth scale §y, the increase of water surface slope is
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responsible for the increase in values of bed shear stress in the
pool (Table 2).

In general, the results of hydrodynamics studies in this river
reach demonstrate that the variability in cross-section averaged
velocity between riffle and pool is about 1.5 fold during high and
low flow events. Taking into account that reach-averaged veloc-
ity is varying from 0.1 to 0.70 m s™' due to temporal changes in
hydraulic regime on the reach, the spatial variability of the flow
can be characterized as relatively weak. However, the difference
between the structures of flow in the riffle and pool is consid-
erably stronger. Flow in the riffle is less diverse than that in the
pool, where, in addition to the patterns of converging/diverging
velocity vector fields, it includes secondary currents induced by
curvature and flow stagnation near the river banks. Although
during events of higher flow the distribution of cross-section
averaged characteristics of flow (velocity and bed shear stress)
is reversed, the flow structure in the pool becomes even more
diverse due to lateral expansion of the counter rotating cells
and flow stagnation. This distinguishes the dynamics of flow
in bends from the dynamics of straight river reaches with cen-
tred riffle-pool sequences, which are characterized by smaller
secondary circulation cells (scaling with flow depth) produced
by lateral divergence/convergence of velocity vector fields and
turbulence anisotropy (Rodriguez, Garcia & Garcia, 2013).

The results of macro-invertebrates surveys indicate a signifi-
cant variability in the spatial distribution of invertebrates at the
meso-scale level. The population density of invertebrates is sig-
nificantly larger in the pool compared with the riffle (Table 3
and Fig. 8). This observation conforms to the results of pre-
vious research in lowland sand-bed streams, which also found
significantly higher density of invertebrates in pools than in rif-
fles (McCulloch, 1986). However, Brooks, Haeusler, Reinfelds
& Williams (2005), Brown & Brussock (1991) and Quinn &
Hickey (1994) reported higher invertebrate density in riffles
compared with pools. Moreover, Brooks et al. (2005), Orth &
Maughan (1983) and Rempel, Richard & Healey (2000 found
that the highest total densities corresponded to locations with
low flow velocities. These similarities and differences with
past studies indicate the absence of universality in responses
of benthic communities to spatial and temporal variability in
flow (Lenat, Penrose & Eagleson, 1981), and also illustrate the
variety of effects imposed by an increase/reduction in water dis-
charge and velocity as a complex trade-off between flow forcing
and food availability. Therefore, in order to interpret the impli-
cations of flow dynamics for benthic macro-invertebrates in this
study we need to understand the effects of flow on riverbed
stability.

Although the locus of maximum velocity in this river reach
apparently shifts from the riffle to the pool with increasing stage,
the patterns of macro-invertebrates do not appear to mirror
this change in flow conditions. In both benthic sampling cam-
paigns the organisms dominated in the pool section. As shown
by detailed analysis of flow structure, the pool is not merely a
morphological structure, but a biotope with a far more diverse
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flow structure than the riffle (Figs 2, 3 and 6). More complex
hydraulic habitats generally are associated with high population
densities (Quinn & Hickey, 1994).

Benthic invertebrates depend strongly on the characteris-
tics of the substrate they colonize. The substrate might be
unstable during flooding or silted with fine particulate matter
during low flow, although the delivery of fine particulate mat-
ter and food resources could be more efficient in that period.
Therefore, the implications of flow hydrodynamics should be
discussed in the context of stability of the substrate and condi-
tions for deposition/resuspension of fine particulate matter. The
stability of riverbed substrate can be examined by comparing
actual and critical values of shear velocity. Additionally, the
rates of riverbed changes can be characterized by a propaga-
tion speed of micro-forms of the riverbed relief with a formula
of Snishchenko & Kopaliani (1978) C = 0.019 U F?? where C
is group speed of bedforms, U is discharge-mean velocity of
flow, and F is Froude number (Table 4). The data in Table 4
show that during the sampling 1, the values of measured shear
velocities were two to three times smaller than the critical val-
ues. The riverbed can be characterized as stable because the
propagation of small bed-forms on the riverbed was around few
mm per hour. During the flooding, the values of shear velocity
exceeded the critical values on average by 1.5 to 2 times and
the propagation of bedforms ranged from 4 to 7 cm per hour
corresponding to an active migration phase (Kleeberg, Kohler,
Sukhodolova & Sukhodolov, 2010). Previous studies on the
Spree River also provide useful information on the character-
istics of flocculated organic matter transported in suspension.
Prochnow et al. (1995) report that particles with settling veloc-
ity less than 3 x 107> cm s™' comprise up to 60% of the total
suspended load. The critical shear velocity for settled floccu-
lated organic matter is about 0.5-1.0 cm s~ (Kleeberg et al.,
2010). The settling velocity for mineral particles in the deposits
near the river banks ranges from 0.02 cm s~ to 15 cm s™'.

At low flow, the benefits of reduced hydraulic stress for some
invertebrates may be counteracted by the negative effects of
fine sediment deposition, which reduces habitat complexity by
eliminating micro-scale substrate variability produced by coarse
sediment. At low flow, fine sediments might accumulate in the
river bed and fill interstices that could otherwise provide suitable
habitat and refuge from predators (Brown & Brussock, 1991).
High inputs of fine sediment to rivers can significantly alter
invertebrate assemblages (Wood & Armitage, 1999) and reduce
the density of benthic macro-invertebrates (Cobb & Flannagan,
1990; Rutherfold & Mackay, 1986).

During low flow conditions, the riverbed was stable through-
out the bend. However, the hydrodynamic conditions in the
pools were characterized by smaller values of the shear velocity
than values in the riffies. In the pools, the values of shear veloc-
ities were roughly equal to the critical values of entrainment of
fine particulate matter from the riverbed. This fact indicates that
the conditions were more favourable for deposition of organic
material/food supply, while slightly coarser substrate ensured
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stability. Furthermore, the values of shear velocity were high
enough to prevent the silting of the substrate. Therefore, it can
be concluded that the variability in hydrodynamics and morpho-
dynamics in the riffle-pool sequence provides the preconditions
for observing larger population densities of macro-invertebrates
in the pool area.

Conventionally, substrate instability is associated with a
reduction in population density of organisms (Cobb, Galloway
& Flannagan, 1992; Death & Winterbourn, 1995). During high
flow, when the water level was still within the river channel
(benthic sampling 2), the hydrodynamic conditions in the rif-
fles and pools were reversed, although the magnitudes of shear
velocity were too small to change significantly the stability of
the substrate. The high shear velocities produced increased rates
of bed-forms propagation but the propagation rates were in the
range of few cm per hour, hence providing macro-invertebrates
with enough time to adjust to changing bed conditions. We sug-
gest that the range of shear velocity from 5.1 to 6.9 cm s
is strong enough to cause a sweep of fine sediments (silt and
clay) from the sediment grain interstices, that invertebrates can
then inhabit. When the bed shear stress is further increased,
macro-invertebrates might be involved in uncontrollable or
catastrophic drift (Giller & Malmqvist, 1998).

There are few studies linking the propagation speed of bed-
forms and invertebrates distribution patterns. A study conducted
in the Parand River (Amsler, Blettler & Ezcurra de Drago,
2009) shows a preference for invertebrates to inhabit places
with a moderate speed of migration of superimposed dunes
(40-80 cm hr'), and a tendency for macro-invertebrate densi-
ties to decrease when propagation speeds exceed these values.
The high speed of propagation is not comparable with the values
found herein (Table 4), but it indicates that the effect of substrate
stability is related to the species adaptations and river scales,
and, like the effect of flow fluctuation on benthic fauna, itisnot a
universal phenomenon. Nevertheless, the difference in the prop-
agation speed of the bed-forms can have significant implications
and can explain the larger population density of Oligochaeta
(Naididae) and Bivalvia in the riffle during the flooding.

For other invertebrate groups, like Amphipoda, the compo-
sition of the substrate plays a key role in selection of habitat
during the high flow events. C. curvispinum is a Ponto-Caspian
invader species and it is associated with the clumps of another
Ponto-Caspian invader, Dreissena polymorpha (Jazdzewski &
Konopacka, 2002). The shells of these invertebrates offer a solid
base for building silt tubes, which are inhabited by this amphi-
pod, and like a refuge protect invertebrates against stronger
currents (Grabowski, Jazdzewski & Konopacka, 2007). It might
also explain why these invertebrates can inhabit the areas with
larger shear velocities, such as for instance, the pool during the
flooding (Fig. 9). In fact, shells were abundant in the compo-
sition of the riverbed material in the pool sections. Besides,
C. curvispinum builds mud tubes on the stony substrates result-
ing in changes in the relief of the riverbed (Haas, Brunke &
Strei, 2002). This, in turn, creates inter-tube spaces particularly
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suitable for the development of communities composed of
gammarids (including D. haemobaphes), oligochaetes, leeches,
bivalves, and chironomids (Lubyanov, Buzakova & Gaydash,
1967). The fact that shells of D. polymorpha were not found in
the riffle during benthic sampling 2 could help explain why no
amphipods were collected there (Fig. 9). However, this observa-
tion consisted only of visual inspection of the riverbed samples
and the quantitative analysis of the content was not performed.
The results of this study are summarized as follows:

e This case study demonstrates how spatial heterogeneity of
riverbed morphology and secondary flow induced by chan-
nel curvature together with flow stagnation along the banks
make pools hydraulically more diverse compared with riffles.
It also explores how complex geometry in this meander bend
produces temporal variations on spatially variable flow due to
velocity reversal between riffles and pools.

e Patterns of macro-invertebrates indicate an increase in pop-
ulation density from riffle to pool, following the increase
in diversity of abiotic factors. For most invertebrate species
the observed patterns persisted during temporal variations in
flow. Theoretical analysis for the relations between flow char-
acteristics and invertebrate densities, introduced in this study,
indicates that an optimal range of hydraulic conditions and
substrate characteristics are the key factors defining observed
responses of invertebrate communities.
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Notation

= gravity acceleration (m s72)

Froude number (—)

cross-section averaged flow depth (m)
local flow depth (m)

water discharge (m? s7!)

= specific discharge (m?s™)
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R = Reynolds number (—)

R = radius of curvature (m)

Sy = longitudinal slope of the free surface (—)
S, = radial slope of the free surface (—)

U = cross-section averaged flow velocity (m s™)
u = local depth-averaged velocity (m s™)

Uy = mean tangential velocity (m s™)

'y = fluctuation of tangential velocity (m s™!)
u, = mean radial velocity (m s™)

', = fluctuation of radial velocity (m s™)

u = mean streamwise velocity (m s™)

v = mean transverse velocity (m s™!)

w = mean vertical velocity (m s™)

w = fluctuation of vertical velocity (m s™)
u, = shear velocity (ms™)

v = lateral distance (m)

z = distance from the riverbed (m)

Zo = hydrodynamic roughness length (m)

¢, ¢* = dimensionless coordinates (—)

n = dimensionless coordinate (—)

K = von Karman constant (—)

v, = turbulent viscosity (m?s7!)

T = shear stress (N m?)

P = water density (kg m™)

o = dimensionless vertical coordinate (—)

D = dimensionless coefficient (—)

8 = vertical length scale (m)

8o = modified characteristic length scale (m)
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