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ABSTRACT

This study examines the morphological features, suspended sediment inputs and hydraulic conditions within a large river in
association with ecological patterns before and after a tributary confluence. In order to examine these effects, the
macroinvertebrate distributions from three reaches of the Paraguay and Bermejo Rivers (Paraguay—Argentina) are investigated.
The Bermejo River is a tributary that supplies significant quantities of fine sediment to the Paraguay River, primarily in
suspension. Two reaches were examined on the Paraguay River, upstream and downstream of the Bermejo River junction, with
the third study reach located on the Bermejo River, upstream of the confluence with the Paraguay River. The results provide clear
evidence that a significantly increased loading of fine sediment at a river confluence has effects on the distribution and potential
movement of benthic invertebrates in the lotic environment by representing physical barriers at affected sites. These effects may
be important at both local and regional scales, and such increases in suspended sediment (especially associated with
anthropogenic change) may thus pose a major threat to ecosystem integrity that has been historically underestimated. Copyright ©

2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Sedimentation is widely acknowledged as one of the major
causes of degradation to the ecological integrity of rivers
(e.g. Cordone and Kelley, 1961; Hynes, 1970; Hogg and
Norris, 1991; Wood and Armitage, 1997; Fossati et al.,
2001; Ehrhart et al., 2002; Freeman and Schorr, 2004).
Fine sediments have wide-ranging impacts on aquatic
biota, both when in suspension and when deposited on the
river bed, which have been described comprehensively in a
number of reviews (Newcombe and MacDonald, 1991;
Ryan, 1991; Waters, 1995 and Wood and Armitage, 1997).
Research on the effect of fine sediment accumulation on
macroinvertebrates has primarily been based on correlative
fieldwork (Quinn & Hickey, 1990; Hogg and Norris, 1991;
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Death et al., 2003; Kaller and Hartman, 2004; Chessman
et al., 2006) that has shown that the transport of fine particles
in rivers can smother the benthic zone and community,
clogging the interstitial spaces between substrate particles
utilized by invertebrates as habitat and refuge. This
phenomenon can significantly modify the colonization
patterns of organisms and may lead to physical damage of
the organism due to abrasion (Doeg and Koehn, 1994;
Waters, 1995, Wood and Armitage, 1997).

Factors such as changes in bed sediment size, duration,
intensity and frequency of sediment loading events and
existing substrate composition may all influence the
response of individuals and invertebrate communities to
sedimentation (Crowe and Hay, 2004). Wood and Armitage
(1997) report indirect ways by which fine sediment can also
affect macroinvertebrates, including (i) the increasing spatial
drift of macroinvertebrate populations as a result of sediment
deposition or substrate instability (Culp et al., 1986), (ii)
sediment deposition on respiration structures affecting
oxygen uptake or low oxygen concentrations being
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associated with fine sediment deposits (Waters, 1995) and
(iii) reduction of the density of prey items (Peckarsky, 1984).
Benthic fauna can also be affected indirectly, through
changes in the availability or quality of food resources
within the sediment. Therefore, when the streambed is
degraded by fine sediment, there may be a tipping point
where macroinvertebrate communities change and become
less diverse. However, sedimentation affects particular
species and assemblages differently. Ultimately, sedimen-
tation may result in changes to community composition,
with taxa that are intolerant of fine sediment being replaced
by those better adapted (e.g. burrowing taxa) to the presence
of fine sediment deposits (Waters, 1995).

A localized input of large volume of fine sediment from
a tributary river could be considered comparable with a
physical barrier for benthic fauna. Moreover, it is known
that organisms with high dispersal potentials may be
expected to overcome geographical barriers more readily
than those with poor dispersal ability (Marchant et al.,
2006). In this sense, the confluence of the Bermejo River
(high suspended sediment load) with the larger Paraguay
River (essentially a clearwater river) in northern Argentina
represents an excellent opportunity to examine the effect of
a point source input of fine sediment on benthic
invertebrates.

The effect of the input of significant volumes of fine
sediments on the distribution of benthic invertebrates
downstream of the Bermejo—Paraguay confluence is
quantitatively described in this paper. The study is based
on detailed biological, sedimentological and hydraulic
records obtained before and after the confluence during
2007 and supplemented with historic results from 2001.
The investigation specifically highlights the effects of a fine
sediment barrier on the benthic fauna in a large river.

METHODOLOGY
Sampling site

The sampling sites were located upstream and downstream
of the Bermejo River confluence (hereafter referred to as
‘P.Up-reach’ and ‘P.Dw-reach’, respectively), on two
meander bends located on the Lower Paraguay River, both
approximately 15 km from the Bermejo River junction (26°
47°70°S-58°17°30"W and 26°00°27°’S-58°28’84"°W,
respectively). A third meander bend was examined, located
on the Bermejo River (‘B-reach’) 2-5 km upstream from its
confluence (26°52°69°’S-58°23°83’’W). The three mean-
ders were selected as sample sites because of their complex
morphology and hydraulic diversity, which aid cross-
channel mixing of suspended sediments.

The meandering Lower Paraguay River drains a large
alluvial floodplain, with the river being on average 575 m
wide and 9 m deep (Drago, 1990), with a mean discharge
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of 4000m>s~! (Giacosa et al., 2000), a catchment of
133000km? and a length of 1800km. The suspended
sediment concentration of the Bermejo River is up to
40g1~! during high water phases, showing an annual
average of 6-5g1~"' (Drago and Amsler, 1988, Amsler and
Drago, 2009). The importance of the Bermejo River
extends far beyond its catchment, as most of the suspended
sediment of the Middle Parand River comes from the
Bermejo, after being supplied by the Paraguay River. The
Bermejo River also contributes to the lower section of the
Paraguay and Middle Parand Rivers with approximately
108 million tons of sediment per year (Drago and Amsler,
1988), which thus modifies the physical and chemical
characteristics of both rivers.

In the present study, sampling and detailed measure-
ments were collected in October 2007 during a low and
relatively steady water stage (Q=1719m>s™') at three
cross sections along each meander: one transect at the
entrance to the bend, the second in the zone of maximum
depth near the bend apex and the third at the bend exit
(Figure 1). Sampling and measurements were made at five
stations along each transect, three of them over the mobile
bed (termed herein the ‘central strip’) and one at each river
bank (left and right). Figure 1 also shows the longitudinal
bathymetric profiles along each meander bend.

Sediment dynamics at the Bermejo—Paraguay confluence

The bed morphology of the Bermejo—Paraguay confluence
is dominated by a tributary mouth bar that extends from the
Bermejo River into the confluence, reflecting the dominance
of the Bermejo River sediment load at this site. It is noticeable
that a zone of central confluence scour, often characteristic of
channel junctions with such planform configurations, is
absent at this site. Measurements of flow within the
confluence demonstrate that the water from the Bermejo
River forms an underflow when it meets the Paraguay River
and generates a flow that moves underneath that of the clearer
mainstream water (Figure 2A and B; Parsons et al., 2006;
Best et al., 2007). Although the main Bermejo River flow
moves under that of the Paraguay River, distinct upwellings
of denser fluid are common on the water surface (Figure 2B)
and act against the local density gradient.

Flow measurements, water chemistry, bed sediments and
benthic sampling

The boat position at the selected at-a-point sampling
locations was attained using a Furuno GP-1650WF echo
sounder (Furuno Electric Co. LTD, Nishinomiya city, Japan.)
coupled to a Global Positioning System (GPS). The river bed
topography was surveyed using the software package Fugawi
Marine version 4-5 (Northport Systems Inc., 2007). The
current velocity profiles were obtained using an electric
propeller current metre, operated simultaneously with the
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Figure 1. Plan view of the selected meanders with location and details of sampling stations. (A) Bermejo and Paraguay Rivers confluence and studied
reaches. (B and C) Paraguay River upstream and downstream of the Bermejo River confluence, respectively. (D) Bermejo River. Longitudinal
bathymetric profiles are included in B, C and D showing the position of the studied cross sections.
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Figure 2. (A) Aerial image of the Paraguay—Bermejo River confluence. (B) Upwelling of the sediment-laden Bermejo fluid within the less-dense water of
the Paraguay River.

collection of benthic samples. A total of 8—16 point velocities
(depending on the local depth) were recorded in the water
column at each vertical, with measurements more closely
spaced in the first metre above the bed. Each point velocity
was the average value over a 100-s measuring period.
Three benthic sample replicates were taken at each
sampling station using a Tamura' " clamshell bucket, with

Copyright © 2014 John Wiley & Sons, Ltd.

the samples being filtered through a 200-um sieve and
fixed in 5% formaldehyde in the field. The invertebrates
were later hand-picked in the laboratory under a 10x
stereoscopic microscope and stored in a 70% ethanol
solution. All benthic taxa were identified and counted
under the microscope. The determinations for each taxon
were made at the species and morphospecies levels
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(taxonomic species based wholly on morphological differ-
ences from related species). The literature used for taxonomic
determinations is listed in Blettler er al. (2012a). Additional
sediment samples for granulometric analysis (by dry sieving)
and organic matter estimation (by ignition and subsequent ash-
free dry matter weight; gC%) were collected at the same sites.

The following variables were recorded in order to
characterize the water quality: transparency (Secchi disk;
m), electric conductivity (uS cm*l), pH, bed dissolved
oxygen (mgl™!), total alkalinity (mgl~' CaCOs), bicar-
bonate (CaCO3; mg 171, chloride (mg 171), total hardness
(mgl~! CaCO;), calcium (mgl™!), magnesium (mgl™'),
potassium (mg1~!) and sodium (mg1™1).

Selection and treatment of the hydraulic variables

The characterization of hydraulics near the bed at each
sampling station was attained by direct measurements of
the local velocity profiles, flow depth (&), bed sediment
particle size mean size (dso) and distribution, and an
estimation of the bedform height at a given point. These
parameters are the necessary inputs to compute hydraulic
variables (see definitions in Table I) such as the bed shear
stress (7g), or its equivalent the bed shear velocity (U-), the
sediment mobility number (z-) and the ‘mobility—velocity
number’ (7« y).7+y is a modification suggested by Yalin
(1977) of the conceptually similar mobility number, but
with the practical advantage that its estimation is simpler
because it is based on the local mean velocity (U), instead
of 7y for the estimation of 7 (see Table I for definitions).

The methodological details concerning the calculation of
these variables in a large river are given in Amsler et al.
(2009) and specifically for the Paraguay River in Blettler
et al. (2012a). Appendix A shows an example of a velocity
profile measured during the present study, and then fitted to
a logarithmic distribution considering the virtual origin
following the ad hoc procedure advanced by Perry and
Joubert (1963, Figure Al). The values of 7y, were computed
on the basis of the a slopes of the fitted curves (Kostaschuk
et al., 2004), and all * values ranged between 0-8 and 0-99.
It should be noted that all the hydraulic variables considered

herein have been shown to have ecological relevance for
benthic invertebrates in large rivers by Blettler et al. (2008;
2012a, 2012b) and Amsler et al. (2009).

Statistical analysis

As the data of macroinvertebrate density were not normally
distributed, they were logarithmically transformed [log;,
(x+ 1)] and then checked for normality (Shapiro and Wilk,
1965) and homogeneity of variance (Fpa.. Sokal and
Rohlf, 1981). As normality was verified after log
transformation, a one-way analysis of variance (ANOVA)
test was conducted (significance <0-05) to determine the
differences between the means of total benthic density,
Narapa bonettoi density (the key species of the system; see
succeeding text), between the main physical variables and
between the individual meanders. The post hoc Fisher’s test
(multiple comparison test) was applied in all cases to identify
where significant differences occurred between individual
groups. In order to test spatial differences in benthic
assemblage patterns, multivariate analyses were used.

The Canonical Analysis of Principal coordinates (CAP;
Anderson, 2004) was applied to the dataset and is a
constrained ordination procedure that initially calculates
unconstrained principal coordinate axes, followed by
canonical discriminant analysis on the principal coordinates
to maximize separation between predefined groups
(Anderson and Robinson, 2003, Anderson and Willis,
2003). To achieve this, a Bray—Curtis similarity index (Bray
and Curtis, 1957) and 999 permutations (Manly, 1997) were
used. CAP was undertaken using the CAP software
(Anderson, 2004). The MULTIV computer programme,
version 2-4-2 (Pillar, 2006; available from http://ecoqua.
ecologia.ufrgs.br/ecoqua/MULTIV.html), was then used to
identify significant differences within the CAP results.

Invertebrate densities were modelled using linear models
(McCullagh and Nelder, 1989). The explanatory variables
tested were bed organic matter, percentage of bed sand,
percentage suspended sand, percentage suspended fine
sediments, water velocity, dsy grain size and shear stress.
These variables were combined linearly and modelled

Table I. Summary of the hydraulic variables measured and computed in the study.

Name Symbol Units Equation Description

Current velocity U ms™! Direct measurement Measured point velocity at each vertical profile

Depth h m Direct measurement Local depth

Shear velocity U ms™’ Ux=al5.75 An estimate of velocity gradient close to the riverbed

Shear stress 70 kgm™> 10=Ulp Bed shear stress derived from shear velocity

Mobility number Tx None T, = (yﬁ;“)“) i Dimensionless relationship between active forces
L, acting on the bed and particle mass

Mobility—velocity number Txy None T, = g(s_l/m Version of 7« using U instead of 7,

a, regression slope coefficient of the relationship current velocity versus depth; p, water density; y;, specific weight of sediment; y,,, specific weight of

water; s, ys/yws g, gravity acceleration; dsy, median of the bed sediment size

Copyright © 2014 John Wiley & Sons, Ltd.

distribution.
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expected values of the dependent variable. The models
were fitted to the data from the three study reaches. To
select the best model, Akaike information criterion (AIC;
Burnham and Anderson, 1998) was employed. This
criterion was used to find the most parsimonious model,
following Richards (2005). According to Burnham and
Anderson (1998), when the ratio is 2<40, the AIC needs
adjustment.
Thus, the AICc was calculated as follows:

2%k(k+1)

AICC:AIC—i—n_k_1

where n indicates the number of observations and % is the
number of parameters in the model. As the AIC value is
relative in scale, it was calculated as the difference between
each model’s AIC values and the minimum AIC value
(Burnham and Anderson, 1998):

A; = AIC; — min AIC

where A, is the difference between the model i and the best
value of AIC, AIC; is the AIC for the model i and min AIC
is the minimum value for all models.

RESULTS

A total of 45 species and morphospecies were identified in
the three meander reaches. The taxonomic groups found
were Oligochaeta, Bivalvia, Turbellaria, Copepoda, Diptera
(Chironomidae, Tanypodinae and Ceratopogonidae),
Nematoda, Hydrozoa and Acari. The main species assem-
blage fund at each reach and sampling position are
summarized in Table II.

Total invertebrate densities, considering all sampling
stations (39), ranged from O (in the Bermejo River) to
96786 ind. m~ (southern station located in the thalweg

track at site P.Up-reach). The mean densities on each
transect and for each position in the channel, for both the
active bed (thalweg included) and banks, are presented in
Table III. This table also includes the densities of the
Oligocheta N. bonettoi, because this was the key species
within the active bed assemblage (Blettler et al., 2012a,
2012b) and the most abundant species recorded in the
present study.

Values of sediment organic matter, percentage sand,
flow depth, median particle sizes of sand, hydraulic
variables and suspended sediment concentrations are
shown in Table IV. Slightly higher flow velocities were
recorded in the P.Dw-reach, with maximum values on the
active bed stations. Note that it was not possible to estimate
some hydraulic variables for the bank stations because the
velocity profiles did not follow a logarithmic distribution.

The potential statistical differences in total benthic
densities (and N. bonettoi density) between selected areas
and along both bank stations of the P.Dw-reach were
explored through ANOVA. The results indicate that
there is a significant difference in total invertebrate
and N. bonettoi densities between the reaches (F, 15)=25-5,
p=0-001;and F, 15,=24-1,p=0-001, respectively; Figure 3A).
However, the left bank stations along the P.Dw-reach
(downstream of the sediment input from the Bermejo
that is on the right river bank) did not display a
significant differences compared with right bank stations
(F(1.10=0-01, p=1-00) as predicted.

We also examined data collected in November 2001
from a reach on the Paraguay River (Q=1595m’s™!),
upstream and downstream of the Bermejo confluence
(see Ezcurra de Drago et al., 2004) These data also
indicated significant difference in total invertebrate and
N. bonettoi densities between sampling stations downstream
and upstream of the confluence (F(,, 6)=18-3; p=0-002 and
F2, 6)=12-8; p=0-006, respectively; Figure 3B). Station S7

Table II. Main species (and taxonomic groups) recorded at each river reach and sampling positions.

Reach position Sampling position

Taxonomic group

Main species

P.Up-reach and P.Dw-reach®  ‘Active bed assemblage’ Oligochaeta Narapa bonettoi, Haplotaxis aedeochaeta
Turbellaria Myoretronectes paranaensis
Nematoda Tobrilus sp. 1
Copepoda Potamocaris sp. 1
Chironomidae Corynoneura sp. 1
B-reach” ‘Active bed assemblage’ Chironomidae Aedokriptus sp. 1, Cryptochironomus sp. 1,
Paralauterborniella sp. 1
P.Up-reach and P.Dw-reach ‘Bank assemblage’ Bivalvia Limnoperna fortunnei
Hydrozoa Cordylophora caspia
Oligochaeta Paranadrilus descolei, Pristina americana,
Brinkhurstia americanus, Haplotaxis aedeochaeta
B-reach” ‘Bank assemblage’ Chironomidae Cryptochironomus sp. 1

Note that the active bed assemblage at the B-reach is completely different than that at the P.Up-reach and P.Dw-reach.

#Low in density.
® Extremely low density.

Copyright © 2014 John Wiley & Sons, Ltd.
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Table III. Mean benthic invertebrate densities for each transect and channel position.

Mean benthic density = Mean N. bonettoi density

Reach position  Sampling position (ind. m™?) (ind. m™?)
P.Up-reach North 20883 14929
Centre 5636 4749
South 20279 16828
Active bed 25769 20210
Banks 4633 107
P.Dw-reach North 780 26
Centre 466 8
South 1638 252
Active bed 685 381
Banks 45 24
B-reach North 13 0
Centre 221 0
South 286 0
Active bed 52 0
Banks 468 0

Mean densities of N. bonettoi were included for comparative purposes.

Table IV. Ranges of physical variables.

Range of physical variables

Sampling sOM bSand  Depth
reaches (gC%) (%) (m) U(ms™!
P.Up-reach Active bed 0-1-02 96-98 9-8-12 0-4-0-5
Banks 0-:9-2-1 36-57 14-23 0-2-0-3
P.Dw-reach Active bed 0-2-0-5 97-98 6-1-11 0-6-0-8
Banks 0-7-17  20-81 1-3-2-8 0-1-0-4
B-reach Active bed  0-2-0-7  73-96 3-1-7-6 0-3-0-7
Banks 1-8-2-4  23-58 0-9-2-5 0-1-0-4

To d50 SS
) (kg m_z) (mm) T T gy (mg l_])
0-04-0-06 0-21-0-26 0-1-0-16  45-55 45-60
— — — — 46-65
0-1-0-3 0-1-0-2 0-5-1-2 130-293 90-110
— 0-04-0-1 — — 85-183
0-01-0-18  0-07-0-2  0-05-0-5 47-166  479-506
- 0-04-0-09 — — 445-542

sOM, percentage of organic matter in the bed sediment; bSand, percentage of sand in the bed sediment; dso, median of bed sediment distribution; SS,

suspended sediment distribution.
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Figure 3. Whisker plot showing the logarithmic values of total and N. bonettoi densities at each selected reach, during the sampling campaigns in (A)
2007 and (B) 2001. S7: station upstream of Bermejo River confluence; S8 and S9: stations downstream of the confluence. The distance between each
station downstream of the Bermejo—Paraguay junction is shown at the bottom of Figure 3B.

was located 5km upstream of the Bermejo River
confluence, whereas Stations S8 and S9 were located 8
and 50km downstream, respectively (Figure 3B).

The water level stages at Pilcomayo Port, the nearest
monitoring station to the sampling stations, are shown in
Figure 4. The water levels cover the period up to 1 year

Copyright © 2014 John Wiley & Sons, Ltd.

prior to sampling (2001 and 2007), with both campaigns
being undertaken at low water stage in October and
November for 2001 and 2007, respectively.

The analyses of fauna using CAP (Figure 5) indicate that
the samples could be classified into three groups on the
basis of each of the study reaches (T'=1-577, p=0-001;

Ecohydrol. (2014)
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delta_172=0-896; p=0-001). In addition, the results of
comparisons between each group (MULTIV; Pillar, 2006)
confirm that the invertebrate communities from each reach

are statistically different from each other (1 —1 O,
p=0-001; 10 —1, p=0-002; 0 1 —1, p=0-001).

The variables most significantly correlated with the
invertebrate density were dsy (p=0-016) and percentage
suspended sand (p =0-054). The models that accounted for
most of the variance in the faunal density data were
percentage of suspended sand and dso within each of the
reaches (Table V and Figure 6).

The results for chemical parameters (total alkalinity,
bicarbonate, carbonate, chloride, total hardness, calcium,
magnesium, potassium, silica, sodium, conductivity, pH
and bed dissolved oxygen concentration; Figure 7) indicate
that the B-reach always has the highest concentrations of
the chemical parameters; P.Up-reach and P.Dw-reach share
comparable concentrations for each chemical variable.

On the basis of the physical and ecological character-
istics examined in this study, it is possible to create a
schematic model illustrating the physical and ecological
patterns, focusing on suspended sediment input, discharge
and benthic invertebrate density, around the Bermejo—
Paraguay confluence (Figure 8).

DISCUSSION

The typical assemblage of invertebrates adapted to the sand
bed channels of the Parana—Paraguay hydrosystem, termed
the ‘active bed assemblage’ (Blettler er al., 2012a), was
recorded at the P.Up-reach. This finding corresponds with
the physical and chemical parameters recorded previously
on the river (Ezcurra de Drago et al., 2004; Blettler et al.,
2008, 2012a). This assemblage inhabits the sandy bed
along nearly 3500km in the Paraguay—Parand River
hydrosystem (Marchese and Ezcurra de Drago, 1992;
Takeda et al., 2001; Takeda and Fujita, 2004; Marchese
et al., 2005; Ezcurra de Drago et al., 2007). The
Oligochaete N. bonettoi is clearly the dominant taxon
within this assemblage (Table II) and keystone species of
the system (e.g. Marchese, 1994), followed in abundance
by Myoretronectes paranaensis, Haplotaxis aedeochaeta,
Tobrilus sp. and Potamocaris sp. This assemblage persists
well in association with the high-energy hydraulic bed
conditions. The majority of fauna inhabit the mobile sandy

Table V. Model and number of parameters, value of Akaike information criterion (AIC), AIC adjusted (AICc), and the difference
between the model i and the lowest value of AIC from (AAIC).

Models Number of parameters AIC AICc AAICc
LogDensity ~sOM +bSand + sSand + sfS + U + dso + 7= 8 7626 9696 24.73
LogDensity ~ dsg + dsg:reach 4 67-62 7223 0
LogDensity ~ sSand + sSand:reach 4 79-05 83-67 11-44
LogDensity ~ sSand * dsq:reach 6 65-88 76-06 3.83

sOM, bed organic matter; bSand, percentage sand in bed; sSand percentage of suspended sand; sfS, suspended fine sediments; U, water velocity; 7+,

shear stress.

Copyright © 2014 John Wiley & Sons, Ltd.
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Figure 7. Chemical variables at each studied meander. T_Al, total

alkalinity; BiC, bicarbonate; Chl, chloride; T_Hard, total hardness; Ca,

calcium; Mg, magnesium; K, potassium; Na, sodium; eC, electrical
conductivity; bedO2, dissolved oxygen concentration near the bed.

bed, characterized by very low organic matter content
(Table IV), and all taxa have relatively high reproduction
rates (Marchese et al., 2002).

The active bed assemblage at the P.Dw-reach comprised
similar taxa to the active bed assemblage at P.Up-reach but
was significantly impoverished in terms of both density and
diversity with increasing volumes of suspended sand
(Table III) despite the appropriate percentage of sand-sized
sediment, dso and bed hydraulic stresses recorded in the
benthic zone (Table IV; Blettler et al., 2008). The dominant
species recorded in this reach were N.bonettoi,
Limnoperna fortunei, M. paranaensis, Corynoneura sp.
and Limnodrilus udekemianus (Table II). In marked
contrast, this assemblage was not recorded in the active
bed sites on the Bermejo River at the B-reach, where
Aedokriptus sp. 1, Cryptochironomus sp. 1 and
Paralauterborniella sp. 1 are the dominant taxa (Table II).
In addition to these taxa, during the 2001 campaign,
Ceratopogonidae sp. 1 and Polypedilum sp. 1 were recorded
on the Bermejo River. Although there are other rivers with
higher suspended sediment loads than the Bermejo River
around the world (e.g. see Lopez-Tarazén et al., 2009), the
influence of this river extends far beyond its catchment, as
most of the suspended sediment of the Parand River

Copyright © 2014 John Wiley & Sons, Ltd.
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Figure 8. Schematic model showing the physical and ecological relationships

upstream and downstream of the Bermejo—Paraguay confluence. Note the

large differences in invertebrate densities and suspended sediments between

reaches. The channel widths are proportional to the flow discharge of each

river (Paraguay=1719m’s '; and Bermejo=340m’s ™', approximately).
SS, suspended sediments; f.d., flow direction.

catchment is derived from the Bermejo, after being
delivered by the Paraguay River. The Bermejo River
contributes approximately 108 million tons per year of
sediment to the lower reaches of the Paraguay and Middle
Parana Rivers (Drago and Amsler, 1988). Their unusual
fine sediment characteristics could explain the distinctive
benthic assemblage inhabiting it.
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The CAP results quantitatively confirm the aforemen-
tioned statement from an ecological perspective, demon-
strating that there are clearly three different benthic groups,
one at each of the meander sites (Figure 5). Despite the
input of the Bermejo River, the P.Up-reach and P.Dw-
reach have a relatively similar bed sediment composition
and sand grain size distribution (Tables IV and V; Figure 6).
It is widely acknowledged that the benthic habitat
characteristics considerably affect the composition and
distribution of many benthic taxa (e.g. Gurtz and Wallace,
1984; Rempel et al., 2000; Takeda et al., 2001; Amsler
et al., 2009). The direct association of taxa with the degree
of substratum roughness and hydraulic characteristics has
also been demonstrated in previous research (e.g. Fuller
and Rand, 1990; Holomuzki and Messier, 1993; Quinn and
Hickey, 1994; Hart et al., 1996; Rempel et al., 2000;
Amsler et al., 2009, Blettler et al., 2012a, 2012b). In this
study, dso and percentage of sand in suspension were the
best explanatory variables of benthic faunal distribution
when all three reaches were considered (Figure 6), although
the ds values recorded at the P.Up-reach and P.Dw-reach
were different. Whereas hydraulic stress was slightly higher
at the P.Dw-reach, as witnessed by the higher flow velocities
and bed shear stresses, the benthic sediments were similar in
composition and grain size distribution (Table IV). The
benthic assemblage recorded at the P.Dw-reach was
different from its counterparts upstream (Figures 3A, 5
and 6). The minor hydraulic differences recorded are
unlikely to be the main reason for the modification to the
benthic assemblage downstream of the Bermejo River
confluence. As a result, the massive increase of suspended
sand downstream of the confluence has been interpreted as
the main reason for change observed in the faunal
community (Table IV and Figure 6B).

It has been well documented that sediment inputs, from
different origins, greatly modify the assemblage structure
and composition of benthic communities (e.g. Shaver et al.,
1997; Bond and Downes, 2003; Death et al., 2003;
Harrison et al., 2007). As individuals succumb to the direct
negative effects of increased sediment loads, changes occur
in the abundance of individual species, which in turn
change the community composition (e.g. Fossati et al.,
2001; Ehrhart et al., 2002; Freeman and Schorr, 2004).
However, in the present study, the effect of sediment
delivery from the Bermejo River was not necessarily a
direct consequence of the sedimentation phenomenon
itself. Considering the dramatic increase of suspended
sediment delivered by the Bermejo River, it is speculated
that at least four factors may contribute to explain the
effects of suspended/deposited fine sediment input on the
benthic invertebrates.

First, the large sedimentological changes, which occur
immediately downstream of the junction as the Bermejo
River plume mixes across channel (Best ef al., in review),

Copyright © 2014 John Wiley & Sons, Ltd.

are responsible for the modification and impoverishment of
the benthic assemblage downstream of the confluence at 8
(2001 samples), 15 (2007 samples), and 50km (2001
samples; Figures 3AB and 5). The sedimentary dynamics at
the Bermejo—Paraguay junction probably represent a major
physical barrier (1-2km approximately). This barrier
(comparable to a blockage) is formed by the input of
sediment from the Bermejo River, with the bed below the
fine sediment plume not being viable for invertebrate
colonization or being difficult (depending of the water level
stage), to pass by invertebrates. As a result, the assemblage
downstream of the confluence is poorly represented despite
the presence of appropriate physical and chemical
conditions (e.g. sediment composition; Table IV and
Figure 7). Second, for any invertebrates that were able to
pass through this physical barrier, the colonization of the
reach between the Paraguay—Bermejo and Paraguay-
Parana confluences (80km approximately) would be a
significant challenge. According to previous studies
(Hydraulic Research Stations, 1972) and Figure 6, down-
stream of the Bermejo River junction, there is a fining of
the sand size fraction, which reaches a median of
approximately 0-170 mm. When the input of fine sediment
from the Bermejo River to the Paraguay River increases
(especially during flooding events), the average size of bed
particles is reduced, and the interstices between the larger
particles become filled with finer sediment (Kaufmann et al.,
2009). Both sampling campaigns (November 2001 and
October 2007) were undertaken during low water stage (1-99
and 1-39m at Pilcomayo Port, respectively; Figure 4).
Therefore, ds( values recorded upstream and downstream to
the confluence were not significantly different. Only a slight
trend of fining sand grains was recorded in the P.Dw-reach.
This feature is directly attributable to the reduced input of
fine sediment from the Bermejo River, characteristic during
low water stage (peak discharges and sediment yields from
this river occur between January and March; Best ef al., in
review). Considering all information together, the effect of
the fining and coarsening of grain size (during low and high
water stages, respectively) on organisms should not be
treated like a ‘physical action reaction’ but rather as an
ecological relationship with lag-periods between each
parameter. This lag-period is due to the time required by
organisms to colonize after substratum modification.
Recolonization of available habitats takes longer when
motile species are lacking from the community (Gjerlgv
et al., 2003; Hutchens et al., 2009), and this explain the
reduced diversity in the reach from the Paraguay—Bermejo to
the Paraguay River—Parana River confluence. Therefore, the
persistent fining and coarsening of the grain size, due to the
temporal changes in grain size delivered during the Bermejo
River hydrograph, would result in an extremely dynamic
situation on the river bed, preventing or severely limiting
colonization by invertebrates.
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The third tentative explanation for the dramatic reduc-
tion in invertebrate density and composition at the Bermejo
River confluence pertains to food availability. A reduction
in phytoplankton quality may occur because of the effect of
turbidity on algal growth (Parkhill and Gulliver, 2002).
High levels of suspended sediment reduce light penetration
and result in a reduction of algal growth (Quinn et al.,
1992, 1997). Downstream of the Bermejo River conflu-
ence, the phytoplankton community on the Paraguay is
severely reduced (Zalocar de Domitrovic er al., 2007),
because of the sediment input and, as a consequence, a
reduction in light penetration. This explanation is support-
ed by the results of the Secchi disk measurements recorded
in this study of 45 (P.Up-reach), 29 (P.Dw-reach) and only
10cm (Bermejo). This highlights the clear reduction in
water transparency downstream of the confluence. Addi-
tionally, Ezcurra de Drago et al. (2007) postulated that the
basis of the food web and the main food item of N. bonettoi
was the algae Aulacoseira granulata (Bacillariophyceae).
This alga is an r-strategist species adapted to variations in
turbulence. Although the present study did not survey the
phytoplankton community, the results suggest that the
A. granulata population is markedly diminished down-
stream of the confluence, and this has negative conse-
quences for N. bonettoi and the wider benthic assemblage.

Finally, the most speculative hypothesis is that the
suspended fine sediment is continuously moving and in
contact with the upper layers of the sand bed, constantly
being deposited and eroded by the flow. This would
probably cause the interstitial spaces of the substratum to
clog (Packman et al., 2000). Without interstitial pore spaces
free of fine sediments, there would be limited habitat for the
invertebrates of the active bed (Takeda et al., 2001, Blettler
et al., 2008). In addition, the fine sediment particles may act
as an abrasive if moving at high velocity. Unprotected fleshy
body parts are particularly prone to damage (Newcombe and
MacDonald, 1991). Moreover, physical damage by abrasion
and the transport of fine particles, particularly clays and silts,
can cause a build-up on organs, making respiration and
feeding difficult and less efficient.

When the results recorded from 2007 are compared with
those obtained in 2001, a similar pattern was observed
(Figure 3A and B). The earlier survey confirms the strong
influence of suspended sediment input from the Bermejo
River on the density and diversity of invertebrates. In
addition, the 2001 results indicate that the impact extends at
least 50 km downstream of the confluence (Figures 3B and 8).

The deposition of fine sediment on river beds is usually
associated with profound changes to the chemical envi-
ronment. Reduced interstitial flow through the substrate
resulted in the establishment of steep gradients of oxygen
and other dissolved substances (Pretty et al., 2006).
However, in the present study, the chemical variables were
similar between the P-Up-reach and P-Dw-reach. Although

Copyright © 2014 John Wiley & Sons, Ltd.

the concentrations of all chemical parameters were slightly
higher at the B-reach, they are within the appropriate range
of chemical water quality (Figure 7). In this sense, chemical
characteristics by themselves cannot explain the ecological
patterns and faunal distribution recorded. Optimal water
quality was recorded during the 2007 sampling period, and
water chemistry variables were in the normal range expected
in this fluvial system (Depetris and Pasquini, 2007).
However, the electric conductivity of water deserves special
consideration because of the sensitivity of N.bonettoi
(Marchese, 1994; Takeda et al., 2001; Ezcurra de Drago
et al., 2004). Taking into account the optimal range of
electric conductivity for N. bonettoi established by Blettler
et al. (2008), and indirectly for the whole active bed
assemblage, the conductivity of the Bermejo River is at the
upper boundary of this range (750 uS cm~'). However, the
P-Up-reach and P-Dw-reach show an optimal conductivity
for colonization and survival (157 and 163 puS cm™ !,
respectively) and thus is not a limiting factor.

CONCLUSIONS

This study shows that a significantly increased loading of
fine sediment at a large river confluence, either in
suspension or by deposition, has both direct and indirect
effects on benthic invertebrates. This effect extends at least
50km downstream of the source (Figure 8). Four
hypotheses have been proposed to explain the
impoverished invertebrate assemblage in the Paraguay
River downstream the Bermejo River confluence: (i) the
sediment input from the Bermejo River forms a physical
barrier on the Paraguay River bed immediately downstream
of the confluence, which makes colonization exceedingly
difficult and/or a zone that is difficult to migrate through;
(ii) if invertebrates were able to break through this physical
barrier, the constant erosion and deposition of sediment on
the bed of the Paraguay River (due to the naturally dynamic
sediment input and discharge from the Bermejo River) may
create a harsh environment that prevents colonization by
most common invertebrates on the river; (iii) the reduction
in light penetration, due to the high suspended sediments
concentrations, reduces algal growth, a key food resource
for invertebrates; and finally (iv) the suspended sediments
are in continuous contact with the upper layers of the
substratum, which may cause clogging of the interstitial
spaces where invertebrates inhabit or it may have an
abrasive effect. All of these hypotheses could act
independently or in combination at any point in time.
Although quantifying the impacts of fine suspended
sediment on invertebrates is fraught with difficulty, this
study demonstrates the need to measure the effect of
suspended sediment per se as well as the influence of
sedimentation. The extent nature of the impact of fine
sediment appears dependent upon the hydrological and
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sedimentological context and specific invertebrate assem-
blage present. The present study suggests that consider-
ation of the effects of fine sediment input on benthic
invertebrates and its interaction with flow is important in
the field of ecohydrology. Future research should consider
both anthropogenic and natural sources of fine sediment
input so that management techniques can be developed for
large rivers and integrate into rehabilitation projects.
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Figure Al. Example of a smoothed semi-log velocity profile at the P.Dw-

reach (transect south, thalweg site). The y values were corrected

accounting for the position of the virtual origin (see Perry and Joubert,
1963; Amsler et al., 2009).

APPENDIX

Example of detailed velocity profile measured at the
P.Dw-reach (transect South, thalweg site). Note the good fit of
the data to the log function derived from the ‘law of the wall’
(Schlichting, 1979).

Table Al shows the 7* results of each adjusted velocity
profile measured in this study.
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