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a b s t r a c t

Dunes are ubiquitous bed forms in river channels which deeply interact with the mean and turbulent
flow dynamic. These interactions involve the intricate mechanisms governing the entrainment, trans-
port, and deposition of bed sediment which are being studied since long time ago. However, the links
between dunes and stream ecology, such as the benthic fauna distribution, was not yet investigated to
the authors’ knowledge. This study aims to optimize the benthic sampling techniques on bed forms, and
links the different hydraulic characteristics prevailing on crests and troughs of dunes and the inverte-
brate distribution on the Middle Paraná River (Argentina). It was also possible to have an insight of the
invertebrate distribution living in these bed areas (i.e. crests and troughs) as well as the influence of
dunes location on the channel bed. A significant distinction of benthic distribution (densities) on dunes,
as a consequence of their location on the bed and hydraulic conditions, was found. The overall results
showed a clear preference by invertebrates for the dune with lower bed shear stresses. The study
concluded that dunes could be considered as biotopes hydraulically differentiated and, consequently,
with a stratified benthic distribution. Consequently, to discriminate bottom areas, by an appropriate
selection of the hydraulic variables over the associated geometry of dunes, is an effective way to reduce
the variance and to increase the accuracy of benthic samplings in large rivers.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Dunes in alluvial rivers are an essential component of the
current and sediment flow dynamics as they significantly influence
both the nature of the flow mean and turbulent structure. Their
crucial role on the entrainment, transport and deposition of bed
particles is widely recognized. These reasons explain why dune
dynamics has been a topic of intensive investigations in river
engineering (Kennedy, 1977; Engel, 1981; Nelson et al., 1993; Best
and Kostaschuk, 2002; Kostaschuk et al., 2004; Best, 2005), sedi-
mentology (Kostaschuk and Villard, 1996; Williams et al., 2003;
Carling et al., 2000a; Kostaschuck, 2000; Leclair and Bridge,
2001), morphology (Carling et al., 2000b; Parsons et al., 2005), as
well as interdisciplinary disciplines (Coleman and Nikora, 2011).

The main characteristics of flow along a dune were derived
essentially from laboratory experiments performedwith increasing
detailed since the pioneer study of Raudkivi (1963). They are: 1)
accelerating flow over the dune stoss-side, 2) flow separation or
deceleration after the dune crest on the lee side, 3) flow

reattachment at 4e6 dune heights downstream, 4) a shear layer
between the separated flow zone and streamwise flow above,
which expands as it extends downstream, and 5) an internal
boundary layer which grows from the reattachment beneath the
wake zone along the stoss slope of the next dune downstream
(Engel, 1981; Nelson et al., 1993; McLean et al., 1994; Best and
Kostaschuk, 2002; see Fig. A1 in Appendix). Some of these
features may not be present in natural rivers, e.g. the separation
zone and the reattachment point (Ogink, 1989; Amsler and
Schreider, 1992; Amsler and Gaudin, 1994). Moreover, superimpo-
sition of small dunes on the large bed forms is frequently recorded
in large rivers like the Paraná (Amsler and Prendes, 2000).

The eventual relation of dune dynamics with the topics of river
ecology is including into the ‘eco-hydraulics’ discipline. It involves
research topics in the overlap between the hydro- morphological
and ecological sciences (Hannah et al., 2004). Despite the
increasing attention given to this new discipline it is still poorly
explored (Zalewski and Robarts, 2003) perhaps due to the lack of
proper accounting by ecologists of the role that hydraulics and
morphology plays in ecological interactions (Kemp et al., 2000).
Hydraulic engineers, in turn, began rather recently to investigate in
detail certain topics closely related to biology of environments, e.g.
the function of submerged vegetation in the flow resistance and
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sedimentation (Stephan and Gutknecht, 2002). Regarding the
specific incidence of alluvial dunes on the benthic distribution it is
a subject insufficiently studied. One of the first contributions is due
to Amsler et al. (2009) in the Middle Paraná River. Those authors
concluded that dunes could be viewed as hydraulic biotopes
(Wadeson, 1994) considering the benthic community distribution.
However, the incidence of bottom hydraulics on the benthic
distribution in large rivers claiming for more and deep investiga-
tions. In spite of this state of knowledge there exists a detailed
description of the invertebrate community which inhabits the
Paraná River (Marchese and Ezcurra de Drago, 1992; Ezcurra de
Drago et al., 2004; Takeda and Fujita, 2004; between others).

Nevertheless the importance of the benthic sampling tech-
niques, it is a topic poorly tested in large rivers with bed forms.
Actually, discriminating bottom areas along dunes, which could
influence the benthic distribution, would be an effective way to
optimize sampling by reducing variance and increasing the accu-
racy of population estimates. To know the minimum number of
samples needed in the different sectors of the dunes would be the
desirable final purpose. The topic related with the frequency and
methodology of sampling necessary for reliable assessments has
been a matter of discussion in many papers (Somers et al., 1998;
Doberstein et al., 2000; King and Richardson, 2002). By using
a standard sampler the variation between samples will account for
the invertebrate spatial distribution on the stream bed (Elliot,1977).
As the dispersion of many invertebrate species is frequently
contagious, to take few samples will be statistically inaccurate. The
simplest solution to this problem is to increase the samples number,
something usually too costly in routine studies (Elliot, 1977). Actu-
ally, it is desirable to reduce the sampling efforts asmuch as possible
without increasing the results uncertainty. The large spatial scales
together with the presence of dunes of diverse hierarchy involve
unavailable difficulties in the sampling techniques. For example, in
deep areas the camber angle of the sampler (due to the flow drag)
and the local bottom slope, may to reduce the collected sediment
volume as much as to supply unreliable results. A morphological
approach can help to decrease the inaccuracy generated by applying
sampling without consider a morphodynamics point of view
(Stevaux and Takeda, 2002). However, at a bed form scale the
presence of dunes of diverse hierarchy involves unavailable diffi-
culties in the sampling techniques. Therefore, a necessity exists for
establishing the minimum number of samples that should be taken
to achieve accurate results considering the natural community
distribution and spatial scales involved when dunes are present.

Considering the above statements the objectives of this study
were: 1) to estimate the minimum number of benthic samples
(N minimum) in the different dune sectors of the main channel of
the Middle Paraná River, 2) to look for a possible relationship
between the benthic density and the sand amount of each sample
caught at a given site, and 3) to relate bed hydraulic parameters
estimated within (i.e. crest and trough) and among (i.e. thalweg
and outside the thalweg) two dunes with the spatial distribution of
the macroinvertebrates. This last purpose relies on the results of
Amsler et al. (2009) which report that dunes influence the inver-
tebrates’ distribution primarily by differences in the bed hydraulic
conditions. The authors have also discussed the possibility of
considering the dunes as true hydraulic biotopes, following the
definition introduced by Wadeson (1994).

2. Methods

2.1. Study area

The field measurements were performed at a cross section of
the Middle Paraná River located upstream of Paraná city, Argentina

(Fig. 1). The Paraná River is ranked ninth among the largest rivers of
the world according to its mean annual discharge to the ocean
(18,000 m3 s�1; Latrubesse, 2008). It has a sandy bed where fine
and medium grain sizes prevail transported principally by saltation
and suspension (Drago and Amsler, 1998; Alarcón et al., 2003). Two
large dunes in the main channel were surveyed (see Fig. 1). One of
them, dune 1 (31ó�41059.300 S; 60�30034.300 W), was 2.3 m height
and 122 m length and had a slope angle on the lee side of 16�

(Fig. 2A). The other one, dune 2 (31�42014.300 S; 60�30039.100 W), was
1.3 m height and 120 m length and had a slope angle on the lee side
of 3�. Dune 2 was located just on the thalweg track (Fig. 2B). Both
dunes had superimposed smaller dunes. These small dunes were
present along the entire profile of dune 2, but they only appeared
along its stoss-side up to the crest on dune 1.

2.2. Sampling

The survey was performed in October 2005 during a low water
stage. The benthic samples were obtained at the crest and trough of
each dune. Ten replicates were sampled at each sampling station
with a clamshell bucket (trade mark: Tamura), i.e. a total of 40
samples were obtained. The bucket has a sampling area of 319 cm2.
Samples were fixed in 5% formaldehyde in the field and filtered
with a 200 mm sieve. The invertebrates were hand-picked in the
laboratory under a 10� stereoscopic microscope and stored in
a 70% ethanol solution. All benthic organisms were counted and
identified. For Turbellaria from Noreña (1995), Noreña et al., 2005;
for Oligochaeta from Brinkhurst and Marchese (1992); and for
Diptera Chironomidae from Trivinho-Strixino and Strixino (1995).
For other taxa the determinations were made to genus and
morphospecies.

Additional sediment samples for granulometric analysis (by dry
sieving; Wenthword scale) and sediment organic matter content
(ash-free dry matter method) were taken at each sampling station.

A key point to be considered in the sampling was the boat
positioning. It was in order to assure the 10 samples be taken at
each sampling station (i.e. at each crest and trough of the selected
dune). A GPS equipment (Garmin GPS Personal Navigator) was used
for this purpose (accuracy: �10 m), complemented with checks of
the corresponding depths with a Raytheon echo sounder at the
moment of each sample attainment. Previously, the sampling
procedure involved the record of the bed topography along longi-
tudinal tracks aligned with the current direction defined by floats.
The longitudinal bed profiles were used to select in situ the dunes
to be studied. The position of each dune, as given by the GPS, was
fixed. Finally the boat was positioned 50e100 m upstream the
selected dune and left to drift with two buckets (one at each boat’s
sides) suspended and mounted at 1e2 m above the river bed. Thus,
the samplers drag did not occur. When the boat was drifting above
the selected dune crest (and trough), the buckets were let fall freely
to the bottom, taking the respective samples. The corresponding
positions were also recorded with the GPS. This last step was
repeated ten times at each crest (trough) of the two selected dunes.
Simultaneously with the benthic samples, the depth (m) and
surface current velocity (m s�1) were also recorded. Note in the
inset of Fig. 1 that the width which encompasses the total sampling
point’s distribution on the crests (and the troughs) is a small frac-
tion (2.5e3%) of the total cross section width (2000 m). In conse-
quence, the possibility of pronounced transverse gradients of flow
parameters and bed sediment texture in such a short distance is not
relevant in large rivers like the Paraná (van den Berg and de Vries,
1979). The corollary is that the measured hydraulic and sediment
parameters truly represent the local flow and substratum envi-
ronments of each sampled dune where the benthic community
lives. Note also that the transversal separation between dunes 1
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and 2 is z21.5% of the total width, much larger than the referred
2.5e3%. In this case true possibilities exist of significant transverse
hydraulic changes, as it is discussed below.

The following parameters were also measured: conductivity
(mS cm�1), pH and temperature (�C) with a HACH water checker;
dissolved oxygen (mg l�1) with a hand-heldWTW series 300 probe
and transparency as given by the Secchi disk (m).

2.3. Selection and treatment of the hydraulic variables

The classic hydraulic parameters cited above were used to
calculate other flow variables based on well established hydrody-
namics laws. Similar approaches were successfully applied in other
previous studies (Growns and Davis, 1994;Wadeson and Rowntree,
1998; Brooks et al., 2005), i.e. the characterization of the hydraulics

bottom habitats at each sampling point was estimated through
direct measurements of the surface current velocity (Umax), the
local depth (h), and an indirect estimate of the bottom roughness
height (ks). The Umax was measured by using an electrical propeller
current meter. Those basic parameters provided the necessary
inputs to calculate more complex hydraulic parameters such as the
bed shear stress (s0), or its equivalent the shear velocity (U*), and
themobility number (s*) (Table 1). The computation of the local bed
shear stress (or U*) at a given point in large rivers implies a difficult
problem, since the local friction slope has to be estimated. It is well
known that it varies at each point due to the three-dimensional
character of natural rivers. The problem was solved by means of
the equations and criteria detailed in the Appendix.

When examining the hydraulic parameters used in this study in
the light of some basic principles of open channel hydraulics (see

Fig. 1. Location and details of the sampling stations at the selected reach, in a plant view. See the position of each benthic sample in under inset.
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some of the well known text books on this topic, e.g. Chow, 1959;
Henderson, 1966), it is possible to show that the effects of depth
and local friction slope are considered into the bed shear stress (and
U*). Respecting the mobility number, it is a hydraulic dimensionless
variable involving the relationship between the flow tractive forces

trying tomove the bed particles and the particleweightwhich resist
that movement, i.e. the passive force. Thus this number gives
a measure of the transport intensity of the bottom sediment grains
(Yalin, 1977). Taking into account that the median of the bed sedi-
ment size distribution (d50) and s0 are included into s* (Table 1), this
variable should be an important parameter to know the incidence of
the bed sediment transport on the benthic community as was
shown by Amsler et al. (2009), provided that its value be repre-
sentative of the flow conditions surrounding the sampling point.

See List of Symbols at the end of de manuscript for the meaning
of the symbols.

Although some authors (Statzner and Higler, 1986; Statzner
et al., 1988; and Carling, 1992) also suggest to estimate other
hydraulic variables such as the Froude (Fr) and Reynolds numbers
(Re) and the hydraulic radius (R) in benthic studies, these param-
eters were not considered in this study. That is because they
describe the gross of the flow characteristics at a given cross section
or vertical and, consequently, they say little about the local flow
conditions close to the bed at a given point (see Amsler et al., 2009).

2.4. Statistical analysis

The organisms were identified and counted in order to calculate
the diversity Shannon index (H).

Fig. 2. Echo sounder charts showing the surveyed large dunes and the position of each sampling stations. A; dune 1. B; dune 2. The insets display details and overall mean
dimensions of the superimposed small dunes. D1c ¼ dune 1 crest; D1t ¼ dune 1 trough; D2c ¼ dune 2 crest; D2t ¼ dune 2 trough.

Fig. 3. ANOVA results (C ¼ mean values; vertical bar ¼ 95% confidence).

M.C.M. Blettler et al. / Journal of South American Earth Sciences 35 (2012) 27e3730
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The non-normal distribution of the benthic density data were
logarithmically transformed [log10 (xþ 1)] and tested for normality
(Shapiro and Wilk, 1965) and homogeneity of variance (Fmax; Sokal
and Rohlf, 1981). The minimum number of samples was computed
according to Wetzel and Likens (1991):

Nmin ¼ S2

xð0:1Þ
where: S2: variance of the samples; x: arithmetic mean of the
samples; 0.1: selected average error of 10%.

The quantitative relationship between the sand weight of
samples and the species density was analyzed through Pearson
correlations. AnANOVAone-way (significant differences¼ p< 0.05)
was used to determine significant differences between arithmetic
means of benthic density at each sampling station. Post-hoc Fisher’s
LSD tests were used to explore differences among treatments in the
ANOVA. Principal Components Analysis (PCA) of the physical vari-
ables was applied to summarize the total variation of data and
identifymajor environmental gradients. Physical variableswerealso
logarithmically transformed [log10 (x þ 1)]. Community structure
was analyzed using Canonical Correspondence Analysis (CCA). A
program Multi-Variate Statistical Package (MVSP) version 3.1
(Kovach, 2002), was used.

3. Results

A total of 16 benthic species andmorphospecies were identified.
The taxonomic groups were Turbellaria, Nematoda, Oligochaeta,
Collembola, Diptera Chironomidae and Ceratopogonidae, Mollusca
Bivalvia. The total densities of benthic invertebrates considering
individual collected sampler varied between 0 and 11,656 ind
m�2.The mean density for sampling stations ranged from 3884
ind m�2 (trough of the dune 1) to 226 ind m�2 (trough of dune 2;
Table 2). The dune 1 (outside the thalweg) showed the highest
mean density value (3092 ind m�2) against 231 ind m�2 in the
dune 2 (on the thalweg track). The variance of the density and,
consequently, the N minimum were higher in dune 2 (Table 2).
Only one (0.6e0.9) replicate should be sufficient in the dune 1
whereas a minimum of four (3.3e3.7) replicates are necessary in
dune 2 for a reliable sampling of benthic community (average
error ¼ 10%).

The diversity Shannon index (H) ranged from 0.18 to 0.44 in the
crest of the dune 1 and trough of the dune 2, respectively (Table 3).
In dune 1 the species richness was generally higher and lower the
evenness and diversity.

Respecting the sand amount caught by the clamshell bucket, the
results are disparate. The trough of the dune 1 reveal the only
significant relationship between invertebrate density and sand
weight (r ¼ 0.81, p ¼ 0.01; Table 4).

The hydraulic and substratum variables measured along dune
profiles are showed in Table 5. The strongest bed flow conditions as
quantified by the mobility number, clearly occurred on dune 2.
Table 5 shows that the difference in the transport intensity between
each dune trough is larger than those between crest and trough of
a given dune. It is particularly evidenced in dune 2 which is closely
related with an apparent absence of separation due to very low
angle of its lee side (Fig. 2B). Note that, despite of the highest flow
conditions, the grain sand diameters are not so different in dune 2
(in the thalweg track), respecting those in dune 1.

According to the ANOVA results, a significant distinction
between the mean densities of the sampled dunes was revealed,
whereas the variations between the corresponding crest and
troughs were no significant (F(3.36) ¼ 16.7, p ¼ 0.1). The LSD Fisher
post-hoc test verified this statement.

The first axis of the Principal Component Analysis (PCA)
explained 61.6% of the physical variations, the second axis explained
28.6% and both axes together explained 90.2% of them. The dunes
remained separated ratifying that the total physical variation was
higher among the dunes than within them (i.e. between crests and
troughs; Table 6, see case scores). Dune 2 was characterized by
higher values of bed hydraulic variables, current velocity and depth
(axis 1). On the contrary, dune 1 showed the lowest values of
hydraulic variables (Table 6, see eigenvectors; and Fig. 4).

Canonical correspondence analysis (CCA) clearly showed
a preference by benthic invertebrates for the dune with the least
strong hydraulic conditions (Umax, s0 and s*; Fig. 5). The first two
axes of CCA explained 75.3% of the total variance and scores of axis
1 explained 44.8% of the variance (eigenvalue ¼ 0.005). Thus, CCA
axis 1 separated the sampling sites according to a gradient. One end
of this gradient is represented by sites with strong hydraulic
conditions and the other end by sites with the opposite conditions
(higher silt and organic matter content).

Table 2
Descriptive statitistics of macroinvertebrate density and computation results of minimum number of samples.

Sampling station N Density (ind m�2) Variance [log10 (x þ 1)] N minimum [log10 (x þ 1)]

Mean Minimum Maximum

Dune 1 Crest 10 2300.2 372 7812 0.200282 0.6
Dune 1 Trough 10 3884.3 217 11656 0.299314 0.9
Dune 1 20 3092.2 217 11656 0.246867 0.7
Dune 2 Crest 10 235.6 0 744 0.705810 3.7
Dune 2 Trough 10 226.3 0 713 0.669130 3.3
Dune 2 20 231 0 744 0.651362 3.2
Dune 1 þ Dune 2 40 1661.6 0 11656 0.842677 3.2

Table 1
Summary of the hydraulic variables measured or computed in the study.

Name Symbol Units Formula Description

Surface current velocity Umax m s�1 Direct measurement Velocity measured at water surface.

Shear velocity U* m s�1 U* ¼ Umax

5:6log10
h
ks

þ 8:15
An estimate of turbulence intensity close to the bottom.

Shear stress s0 Kg m�2 s0 ¼ U2
*
r Bed shear stress derived from the shear velocity.

Mobility number s* None s* ¼ s0
ðgs � gwÞd50

Dimensionless relationship between tractive and
passive forces acting on the bed particles.

Bottom roughness height ks m Indirect measurement Total roughness height at the sampling point.

M.C.M. Blettler et al. / Journal of South American Earth Sciences 35 (2012) 27e37 31
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4. Discussion

The benthic assemblage of the active bed of the main channel of
the Paraná River was dominated by the species Narapa bonettoi
(Oligochaeta), Myoretronectes paranaensis and Itaspiella parana
(Turbellaria), and Tobrilus sp (Nematoda). This was similar to the
finding of other studies conducted in the Paraná River (Ezcurra de
Drago, 1980; Ezcurra de Drago et al., 2004; Marchese and Ezcurra
de Drago, 1992; Marchese et al., 2002, 2005; Montanholi-Martins
and Takeda, 1999; Takeda and Fujita, 2004).

Estimation of benthic invertebrate population at large spatial
scales is a difficult task due to the high variability in density and
the costs involved in the samples processing and taxonomic
analysis (e.g. Downing, 1979). To discriminate bottom areas, with
their related alluvial bed forms and associated hydraulic variables,
seems to be an effective way to reduce the density variance. Thus,
it would be possible to get reliable benthic population estimates
minimizing the number of replicates needed to achieve the
specified objectives. The results of the N minimum analysis clearly
showed how variable this number can be according to the
different bottom places (dunes) and the varied bed hydraulic
conditions. With an average error of 10%, in the dune 2 (on the
thalweg and with small superimposed dunes) it is necessary to
obtain a minimum of four samples (replicates) per sampling
station, whereas in the dune 1 (outside the thalweg) only one
sample should be sufficient (Table 2). It is remarkable that an error
of 10% is a fairly good accuracy considering that Elliot (1977)
suggests an average error of 20% as optimal in benthic studies.
The results presented herein show the importance to know, as
thorough as possible, the location of the sampling station, since
the replicates number and the average error could be reduced
significantly. In this sense, Stevaux and Takeda (2002) opened this
interesting perspective in terms of benthic sampling following
a morphological criterion, something that was not considered

before in large rivers. Thus, these authors discerned between
stable and unstable bed areas, laterally shifting at the channel
(channel scale dynamics). In a few words, a refinement in the
discrimination of the sampled places on or between dunes
(channel and bed form scale, respectively) would lead to a reduc-
tion of the sampling efforts (and the corresponding cost) in
benthic studies, particularly at large spatial scales. Sampling
programs of benthic bioassessment, in example, would benefit
from these preliminary results. It is important to stand out that the
ʻhistoricalʼ number of samples taken in previous benthic studies
performed in the Paraná River, without a proper consideration of
bed forms, were always three (e.g. Ezcurra de Drago, 1980;
Marchese and Ezcurra de Drago, 1992; between others), which is
a close approach to the most general results obtained herein (see
Table 2: dune 1 þ dune 2).

The question about the existence of an eventual relationship
between the sand amount of each sample and the benthic density
had not a conclusive answer. As the bucket is not completely
watertight, a certain quantity of the sampled sand could be
washed out when the sampler is lifted up to the surface. Moreover,
the bed irregularities (size and shape of the small superimposed
dunes) could influence the sand amount caught by the bucket.
Thus, a positive correlation between the sand weight of each
sample and the corresponding benthic densities would be an
evidence of an eventual incidence of the above factors. By applying
the log Pearson analysis, a significant but poor correlation
between sand and benthic density was obtained only on the
trough of the dune 1 (r ¼ 0.81; p ¼ 0.01; Table 4). Although this
result is inconclusive, it suggest that further studies of this kind
would be advisable to decide if the sand amount of each sample
should be consider as an additional parameter in invertebrate

Table 3
Shannon index (H), evenness and species richness in each sampling station.

Shannon’s index Diversity Evenness Species richness

Dune 1 crest 0.18 0.211 7
Dune 1 trough 0.20 0.199 10
Dune 2 crest 0.33 0.552 4
Dune 2 trough 0.44 0.487 8

Table 4
Pearson correlations between sand weight (gr) caught in each sample and macro-
invertebrate density (ind m�2).

Sampling station Mean sand weight (gr) r p

Dune 1 487 0.51 0.04
Dune 2 315 0.07 0.8
Dune 1 crest 444 �0.03 0.93
Dune 1 trough 530 0.81 0.01
Dune 2 crest 260 0.46 0.3
Dune 2 trough 364 �0.27 0.5

Table 5
Hydraulic and substratum variables measured and computed in the study.

Max. velocity (m s�2) Depth (m) Bed roughness (m) Shear velocity (m s�1) Shear stress (kg m�2) d50 (m) Mobility number

D 1 crest 1.29 7.3 0.125 0.070 0.499 0.00037 0.807
D 1 trough 1.29 9.6 0.025 0.047 0.23 0.00035 0.399
D 2 crest 1.44 12.1 0.18 0.076 0.589 0.0003 1.190
D 2 trough 1.44 13.4 0.14 0.064 0.42 0.00027 0.943

Water temperature: 22.3 �C.

Table 6
PCA results from scores and correlations of environmental variables for the first two
principal axes.

PCA case scores

Cases Axis 1 Axis 2

Dune 1 crest �0.07 �0.04
Dune 1 trough �0.05 �0.05
Dune 2 crest 0.05 0.04
Dune 2 trough 0.07 �0.03

PCA eigenvectors
Variables Axis 1 Axis 2
Maximum current velocity 0.13 0.03
Depth 0.80 L0.29
Bed shear stress 0.14 0.50
Particle median diameter 0 0
Mobility number 0.43 0.70
Organic matter 0.13 0.01
Sand �0.01 0.01
Silt 0.01 L0.05
Clay 0.34 L0.41
Conductivity 0.00 0.00
pH 0.00 0.00
Dissolved oxygen 0.00 0.00
Transparency 0.00 0.00
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sampling methodologies. Viewing the results, it was estimated
a minimum sand amount of 250 g for each sample in order to
minimize the associated errors until definite conclusions be
available.

Regarding the invertebrate distribution, to the author’s
knowledge the study of Amsler et al. (2009) is the first dealing
with the relationships between bed hydraulic variables measured
on dunes in large rivers and the benthic fauna distribution. These
authors described successfully this relationship on three areas
(stoss-side, crest and trough) of dunes in the Middle Paraná River.
This study data show that there are distinctive hydraulic biotopes
(according to Wadeson’s 1994 definition) with differentiable
morphologic and hydraulic conditions (Figs. 3 and 4), given rise to
a clearly stratified benthic distribution in the central strip (active
bed of the channel) of the Middle Paraná River channel (Figs. 3
and 5). The CCA outputs show a clear invertebrate preference for
places with less strong hydraulic conditions, such as those pre-
vailing on dune 1. Note in Tables 2 and 5 that the highest densities
occurred on dune 1, i.e. the hydraulic biotope with the smallest

values of s0 (U*) and s*. In brief, dune 2 located in the thalweg
region is subjected to larger bed shear stresses than dune 1
outside that region. As a consequence, considerably lower densi-
ties of benthic invertebrates were recorded in the thalweg dune
irrespective location along it. Another sampling during a different
month of the year (spring) with nearly the same river stages
showed similar results but with different density magnitudes
which can be attributed to the reproductive cycle of the dominant
benthic species (Amsler et al., 2009). Takeda et al. (2001) and
Stevaux and Takeda (2002) suggest that morphological stability of
the river bed should be used to explain distribution of a very
similar benthic assemblage in the active channel of the Upper
Paraná River. The thalweg track is a morphologically less stable
area due to the stronger hydraulic stresses. Consequently, the
results of this study agree and complement those of the Upper
Paraná, i.e. the natural dynamic of the thalweg shifting in the cross
section (because of changes in hydrologic and hydraulic condi-
tions) would control the invertebrate distribution in both Upper
and Middle Paraná River.

At a minor scale, the highest densities of the benthic fauna were
recorded in the trough region of dune 1 (Fig. 3, Table 2) compared
with those in the crest, though the difference was not statistically
significant. The lower values of the bed shear stresses in the trough
respecting those in the crest, would account for the species pref-
erence of places where hydraulic conditions are not so hard.

Regarding, the largest evenness values and the lowest richness
recorded on dune 2 (Table 3), they would be related with the
stronger bed flow conditions occurring there (Table 5). This
stressful hydraulic environment could reduce the number of
species living at that place and also restrict the density of the
dominant species (N. bonettoi). It infers that N. bonettoi would not
support high turbulence levels.

The destruction of benthic organism due to increasing colli-
sions between near bed sand particles it is a possibility closely
related with the high values of s*, the variable which drives the
amount of sand transported near the bottom. Blettler et al. (2008)
advanced the following alternative hypothesis to this idea: i)
benthic fauna begins to move down into the interstitial
substratum spaces; ii) sweep of the benthic organisms, putting
them into suspension due to the strong bed flow conditions (drift);
and iii) all the previous hypothetical facts acting simultaneously.
Nevertheless, little is known so far about the benthic macro-
invertebrates behavior in the central strip of large rivers and the
intimate processes driving their strategies to resist the hydraulic
variables variation.

A morphologic analysis of each dune revealed that the number
and height of the small superimposed dunes are larger in dune 2
than in dune 1 (Fig. 2). This remarkable feature could be linked
with the benthic density variability, which is smaller in dune 1
(Table 2). Note that the stronger hydraulic variables in dune 2
imply that turbulent fluctuations near the bottom are more violent
than in dune 1, something intricately related with the bed
roughness, i.e. the small superimposed dunes in this case (Amsler
and Schreider, 1992; Nezu and Nakagawa, 1993). However, the real
significance of this last type of micro-dunes on the benthic fauna
is unknown for the moment. It is still not possible to measure
precisely the shear stresses variation along these small dunes in
a large river (10 m depht or more) and to take the corresponding
benthic replicates. Thus, it is a topic for future studies, as was
suggested by Best (2005).

5. Conclusions

i .To know the proper number of benthic replicates samples
(N minimum), a crucial issue if consistent and reliable results

Fig. 5. Plot of physical (hydraulics and substratum) variables and sites along the first
two axes of a canonical correspondence analysis (CCA) of aquatic invertebrate data
collected on the Paraná river at the studied dunes (considering together crest and
trough of each dune). To ¼ Tobrilus sp I; Po ¼ Potamocaris sp I; Ip ¼ Itaspiella parana;
Ac ¼ Hydracarina sp. I; Nb ¼ Narapa bonettoi; Rh ¼ Rhyacodrilus sp I;
Ce ¼ Ceratopogonidae sp. I; Mp ¼ Myoretronectes paranaensis; H ¼ diversity index and
SR ¼ richness (see Fig. 4 for the other symbols).

Fig. 4. Plot of scores distribution along principal component analysis (PCA) axis
according to the physical (hydraulics and substratum) variables recorded in the studies
dunes (considering crest and trough of each dune). D1 Cr ¼ crest of dune 1; D1
Tr ¼ trough of dune 1; D2 Cr ¼ crest of dune 2; D2 Tr ¼ trough of dune 2; Dep ¼ depth;
K ¼ conductivity; OM ¼ organic matter; Ox ¼ dissolved oxygen; Tran ¼ transparency
(see List of symbols for the meaning of the other symbols).
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(i.e. with an acceptable error) are intended to be obtained, it
is necessary: a) to know in detail the bed morphologic
features; and b) to achieve an appropriate representation of
the bottom flow conditions around the sampling point (a
very difficult task in large rivers). In this study this
requirement was met by designing a proper field method-
ology. This implied the identification of the bed morphologic
structures combining echo sounding and satellite technology
(GPS).

ii. Depending of the location, only a few samples are neces-
sary to obtain a reliable representation of the benthic
fauna (see Discussion), closely associated with the local
flow features near the bed. Though it involved some
assumptions concerning to the type of flow surrounding
the sampling point, they normally may be approached at
large spatial scales as was the case of this study (see
Appendix).

iii. Two different hydraulic biotopes (dunes 1 and 2) with
distinctive invertebrate characteristics could be identified in
the central strip of the Paraná River, where benthic densities
vary principally according to the dune location in the main
channel. It was found that differences in their hydraulic
conditions have an important role on the spatial distribution
of the invertebrates.

iv. The results of this study should be added to those previously
reported by the authors from measurements in the same
cross section, hydrological conditions but different season.
Together, they would be fairly representative of the influence
of dunes on the benthic fauna of the Paraná River active
channel. However, the authors acknowledge that several
avenues of future research are necessary to further the
understanding about the precise role of bed dunes on inver-
tebrates and its ecological implications.
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Appendix

Schematic model of a fluvial sandy dune.
A general fluvial dune could be represented as in Fig. A1.

Estimation of the bed shear stress from the Clauser’s equation
and the surface current velocity.

Clauser (1956) showed that the vertical velocity distribution in
a turbulent boundary layer without wake component could be
described by the following general equation:

U
U*

¼ 5:6log
U*y
n

þ A� DU
U*

(a1)

where, y, distance from the bottom corresponding to the velocity U;
n, kinematic viscosity of the fluid; A, a constant equal to 4.9
according to Clauser; U*, shear velocity (see Table 1); and DU=U*,
the reduction velocity function due to the bed roughness. Clauser
also showed that this function is given by the general expression:

DU
U*

¼ 5:6log
U*k
n

þ D (a2)

for rough beds and constant pressure gradients. Hence, k is
a roughness representative height and D is a constant varying
according to the types and configuration of bed roughness.

If Eqs. (a1) and (a2) are combined with A¼ 4.9 and D ¼�3.25, it
is possible to obtain:

U
U*

¼ 5:6log
y
ks

þ 8:15 (a3)

where ksyk, the classical sand roughness height. Theoretically,
measuring Umax, the depth h and approaching ks at a given vertical,
a reliable value of the shear velocity, U*, could be estimated by:

U* ¼ Umax

5:6log10
h
ks

þ 8:15
(a4)

provided that the velocity profile at the verticals is fully loga-
rithmic, i.e. without a wake component. As is well known this type
of profiles occur along the stoss-sides and crests of dunes where
pressure gradients are normally gradual and low, especially when
dunes are large and have small steepnesses (Smith and McLean,
1977; Trento et al., 1990; Nelson et al., 1993). In brief, the Eqs.
(a3) and (a4) in a natural river should give comparables results if
the previous conditions are fulfilled.

Based on this theoretical background, Trento et al. (1990)
showed that Eq. (a1) describes fairly well detailed velocity
profiles carefully measured over large dunes in the Paraná River,
under a diversity of flow conditions. Moreover, Amsler and
Schreider (1992) analyzed the same profiles and showed that
the constant D in Eq. (a2) differs only 15% in average from the
theoretical value (�3.25) corresponding to the sand grain rough-
ness straight line, given by Clauser. In the analysis the authors
used the average height of the small superimposed dunes

Fig. A1. Schematic flow over a dune showing the developing internal boundary layer and the developing wake zone (modified from Holmes and Garcia, 2008).
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surrounding each measured velocity profile to approximate the k
value in Eq. (a2). But Eq. (a3) is possible to apply when a sufficient
number of point velocities, U, are known at distances, y, from the
bottom. Then, the U* values obtained from the slope of the
regression line fitted to the pair U � log y data should not differ
greatly with those estimated from Eq. (a4). The best procedure
based on Eq. (a3) is the classical recommended in literature (see
Schlichting, 1979) and as such is used when detailed observed
point velocity vertical profiles are available (e.g. Kostaschuk et al.,
2004).

In order to verify the above statement in a sand bed river like
the Paraná, 19 of the velocity profiles used by Trento et al. (1990)
measured on dune crests were used herein. These data were
obtained 20 km upstream of the sampling area on dunes with
similar characteristics like dunes 1 and 2 analyzed in this paper
(located also in the thalweg track and outside of it). Two exam-
ples of these profiles are shown in Fig. A2 (and Table A1), rep-
resented in semi-logarithmic coordinates and dimensionless
ordinates.

Using these velocities profiles U* was estimated in two ways,
through Eqs. (a3) and (a4). The results are presented in Table A2.

Fig. A2. Examples of the 19 velocity profiles presented in Table A2 measured on the
stoss-side of large dunes in the Paraná River (Trento et al., 1990; Amsler and Schreider,
1992). A, B: profiles with the highest and lowest determination coefficients (r2),
respectively.

Table A1
Point data of profiles A and B of Fig. A2. Note: distances y are referred to the “virtual
origin” (or “hydraulic bottom”) fixed using the method suggested by Perry and
Joubert (1963) (see Amsler et al., 2009).

Profile A (thalweg) Profile B (outside the thalweg)

y � 0.75*Hsd U/Umax y � 0.75*Hsd U/Umax

0.37 0.35 0.07 0.39
0.46 0.44 0.08 0.41
0.55 0.48 0.09 0.56
0.63 0.47 0.19 0.63
0.72 0.43 0.29 0.64
0.81 0.53 0.39 0.63
0.9 0.5 0.41 0.59
1.13 0.54 0.59 0.65
1.37 0.59 0.69 0.69
1.62 0.63 0.79 0.66
1.87 0.64 0.89 0.76
2.13 0.69 0.99 0.72
2.4 0.64 1.09 0.7
2.67 0.71 1.19 0.76
3.26 0.75 1.29 0.7
3.88 0.78 1.39 0.8
4.56 0.79 1.49 0.82
6.09 0.85 1.59 0.85
7.98 0.89 1.69 0.75
10.4 0.92 1.79 0.86
11.41 0.94 1.89 0.88
13.37 0.97 2.09 0.81
15.38 1 2.29 0.8

2.49 0.87
2.69 0.84
2.89 0.86
3.39 0.93
3.89 0.87
4.39 0.96
4.89 0.96
5.39 0.97
5.89 0.95
6.89 0.98
7.89 0.93
8.39 1

Umax ¼ 1.85 m s�1 Umax ¼ 1.26 m s�1

r2 ¼ 0.9863 r2 ¼ 0.9188
Height superimposed

small dunes ¼ 0.17 m
Height superimposed
small dunes ¼ 0.145 m

Table A2
Comparison of the s0 values obtained with Eqs. (a3) and (a1) from 19 velocity
profiles measured on the stoss-side of large dunes in the Paraná River.

Profile s0 ¼ [kg/m2]
s0eq:a4
s0eq:a3

h[m] Umax[m/s] r2

Eq. (a3, fit) Eq. (a4)

Profiles on the thalweg (A)
A1 1.65 0.96 0.58 15.38 1.85 0.98
A2 1.17 0.8 0.68 14.13 1.64 0.98
A3 0.7 0.64 0.92 12.2 1.46 0.97
A4 1.02 0.74 0.72 12.14 1.56 0.98
A5 0.94 0.7 0.74 12.21 1.44 0.99
A6 0.47 0.7 1.48 13.27 1.46 0.98
A7 0.81 0.75 0.93 14.73 1.51 0.97
A8 0.31 0.44 1.42 13.11 1.2 0.97
A9 0.42 0.41 0.97 13.2 1.16 0.96
A10 0.64 0.64 1 12.1 1.45 0.95
Profiles outside the thalweg (B)
B1 0.56 0.64 1.14 8.17 1.31 0.93
B2 0.72 0.89 1.24 8.17 1.5 0.94
B3 0.65 0.64 0.98 8.12 1.37 0.98
B4 0.44 0.62 1.4 9.07 1.43 0.97
B5 0.43 0.55 1.27 6.9 1.28 0.94
B6 0.37 0.5 1.37 8.4 1.26 0.92

(continued on next page)
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Fig. A3 was built with Table A2 and the data shows that the 63%
of the s0 ratios (i.e. 12 points) are between 1.3e0.7 and the total
points are between 1.4 and 0.5. Therefore, to estimate the bed shear
stress acting on the stoss-side of dunes from Eq. (a4) is a reasonable
approximation to the values obtained using the complete velocity
profile (Eq. a3). However, the implicit assumption in this approach
about the existence of fully logarithmic velocity profiles upstream
of dune crests does not comply on the trough areas. Along these
zones of dunes the flow is perturbed due to strong and positive
pressure gradients (with or without flow separation). Conse-
quently, the conditions under which Eqs. (a1)e(a3) were derived
do not comply. It is well known (see van Rijn, 1993; Nelson et al.,
1993) that the velocities reduce sharply near the bottom on these
dune places since the depth increases abruptly as a consequence of
larger lee face angles (the reduction includes the possibility of
reverse flow in the case of flow separation).

It is required considerably more complex models than the
simple one represented by Eq. (a1) (or (a3)) to describe the flow
features in these zones (Garcia, 2008; Lyn, 2008). Anyway, the
resulting bed shear stresses may be considerably lower in the
trough regions than on the dune crests. Direct measurements of
these stresses are extremely scarce in literature and generally come
from laboratory experiments. Amsler et al. (2009) used the shear
stresses calculated from laboratory experiments to gain approxi-
mate quantitative information along the lee side of natural dunes
when flow separation was present. Without separation, these
authors designed a procedure based in the movement of the small
superimposed dunes to estimate the bed shear stresses along the
dune troughs. The same criteria were applied herein.
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Nomenclature

d50: Particle median diameter
Fr: Froude number
g: Gravity acceleration
h: Depth
ks: Substrate total roughness height
R: Hydraulic radius
Re: Reynolds number
S: Friction slope
U: Flow velocity at a distance, y, from the bed
Umax: Maximum velocity at a given vertical
U*: Shear velocity
r: Water density
gs: Specific weight of sediment
gw: Specific weight of water
s0: Bed shear stress
s*: Mobility number
y: Fluid kinematic viscosity
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