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Abstract

The morphodynamics of alluvial rivers is controlled by the mobilization of bed mate-
rial. However, the details of mobilization of mixed-texture bed materials at low flows,
increasingly common due to climate change, are still unclear. The 161-km-long Hun-
garian alluvial reach of the Drava River, downstream of sections where flow charac-
teristics have been heavily modified by human interference, was investigated in
2019. A monitoring campaign at cross-sections, on average 5.55 km apart, was
launched to study channel morphology, bedload entrainment dynamics with regard
to texture. For the survey, a sonar, an ADCP and a Helley-Smith bedload sampler
mounted on a double-hull vessel was used. Our research pointed out an abrupt fining
between river kms (hereafter: rkm) 175 and 170 (distance from the mouth), probably
due to reduced armouring. The dg fraction was found to be finer than in 2003 and
2012 for the upstream stations of Botovo and Bélavar, and showed a good corre-
spondence with the records of the Barcs and Dravaszabolcs stations. Temporal fining
and higher entrainment rate are due to (a) changing climate of the catchment, that is,
diminishing flow between the monitoring dates (2003, 2012 and 2019); (b) reduced
armouring, (c) variability of cross-sectional position of sampling points and (d) the dif-
ferent mesh size of the bedload samplers employed. Calculations of shear velocity,
Reynolds and Shields numbers indicate more dynamic sediment motion than
observed by previous studies. Our reach-scale results may be relevant for the alluvial
sections of other alpine and subalpine, partially channelized rivers of similar size, flow

dynamics and mixed bedload.
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1 | INTRODUCTION

Bedload transport, in general, is one of the fundamental factors in flu-
vial hydrology, river ecology and a major concern for river engineering
(Rhoads, 2020). The history of approaches to bedload transport calcu-
lations has been overviewed recently by Ancey (2020), where the
mean transport rate is usually related to hydraulic conditions (water
discharge, bottom shear stress or stream power). According to
Sharma, Herrera-Granados, and Kumar (2019), bedload transport is
additionally influenced by flow velocity and flow depth. As bed mate-
rial often displays a polydisperse texture, the prediction of bedload
texture and transport rate in a particular river is often challenging
(Ashworth & Ferguson, 1989).

Climate change affects sediment transport (the spatial distribution
of bedload fractions) indirectly through water flow, modifying physi-
cal, chemical and biological properties of the riverbed. In the future
reduced runoff generation in the summer could lead to lower bedload
yields in alpine rivers, but local factors can significantly modify this
trend (Raymond Pralong, Turowski, Rickenmann, & Zappa, 2015). The
hydrological impacts of global climate change have been described
from the Drava drainage basin too. Although annual precipitation
totals increased in some alpine catchments of the river, no major flood
was recorded on the Drava between 1998 and 2013 (Ldczy, Dezs6, &
Gyenizse, 2017; Petri¢, Tamas, & Loczy, 2019). As far as the seasonal
regime is concerned, the early summer flood stages of the Drava and
its tributaries tend to fall, while in autumn water levels are becoming
somewhat higher (Prettenthaler & Dalla-Via, 2007).

Entrainment thresholds of individual grains have been studied by
numerous researchers after Einstein (1950). Bed material mobilization
is largely controlled by the rate at which particles of different grain
sizes are entrained from the riverbed and incorporated into the
bedload (Vazquez-Tarrio, Fernandez-Iglesias, Fernandez Garcia, &
Marquinez, 2019). Charru, Mouilleron, and Eiff (2004) claim that the
rate of entrainment depends on the Shields number. Analyses of
mixed bedload movement are challenging because of the complexity
of influencing factors (Ashworth & Ferguson, 1989): river competence
(maximum and mean bedload diameter) and the cross-sectional distri-
bution of size-selective transport rates. Ancey, Davison, Béhm,
Jodeau, and Frey (2008) introduced two entrainment parameters into
their equation, which considers the erosive action of the stream. Fur-
bish, Ball, and Schmeeckle (2012) suggest a probabilistic description
of bedload transport.

Riverbed armouring is considered to be an important control of
sediment transport (Pitlick, Mueller, Segura, Cress, & Torizzo, 2008).
Even a persistent armor layer, however, does not prevent the mobili-
zation of particles from the riverbed (Wilcock & DeTemple, 2005).
There is an active exchange of grains between the armored riverbed
and the bedload, although not all grains may be in motion. Through
the shielding effect of coarse grains on the fines, armouring ensures
equal particle mobility (Hicks & Gomez, 2016). Consequently, wher-
ever the armor is disrupted, more fines are entrained from the bed.
The interactions between riverbed sediment mobilization, bedload

transport and armouring are quantified by the Bathurst (2007) and

Recking, Liébault, Peteuil, and Jolimet (2012) formulae, which are particu-
larly applicable to predict the disruption threshold of the armor under
low flow conditions. However, measured thresholds are usually higher
than those predicted by the formulae (Lopez, Vericat, & Batalla, 2015). In
some cases, riverbed armouring is attributed to granular segregation from
below (Ferdowsi, Ortiz, Houssais, & Jerolmack, 2017). Streambed fining
in response to large sediment influx may indicate an inverse relationship
between armouring and the rate of sediment transport (Wilcock &
DeTemple, 2005). As opposed to observations at low water stages, there
is no conclusive evidence on riverbed grain size changes during floods.
Flume experiments confirm armor development but do not resolve the
question of armor persistence in the field (Wilcock & DeTemple, 2005).

As opposed to the Austrian, Slovenian and Croatian sections of
the Drava River, hydroengineering works were limited to indispens-
able flood-prevention interventions on the lowermost (Croatian-
Hungarian) section (Petri¢ et al., 2019), which is in a close-to-natural
state. The LIFE Project “Wise water management for the conservation
of riverine and floodplain habitats along the Drava River” (https://
wwf.hu/wisedrava/) is aimed at the rehabilitation of the channel and
floodplain environment. The spatial resolution of previous surveys did
not allow a detailed reconstruction of longitudinal textural variability
of bedload adjusted to flow conditions and the realistic assessment of
the human impact on bedload transport along the upstream section.
The ongoing LIFE Project calls for the exploration of interactions
between flow velocity and bedload characteristics at a higher longitu-
dinal resolution in the Drava channel. The specific aims of the
research were:

1. the establishment of relationships between reach-scale channel
morphology and bedload texture;

2. the study of spatial distribution of armouring at low-flow condi-
tions, which will be increasingly common in the future in the wake
of aridification, a major manifestation of climate change in the
Lower Drava Basin;

3. the quantitative analysis of entrainment dynamics relying on calcu-
lation of reach-scale shear velocities at low flow;

4. the tracking of bedload motion and the identification of threshold
shear velocities in function of flow measured by Acoustic Doppler
Current Profiler (ADCP).

2 | MATERIALS AND METHODS

21 | Studyarea
The Drava River is a major right-bank tributary of the Danube. It has a
total length of 725 km from its source in Northeastern Italy in the
Dolomites along the southwestern border of Hungary to its conflu-
ence at Aljmas in Croatia. It has the fourth largest mean discharge
(550 m®/s) among the rivers of Hungary (Lovasz, 1974).

The largest tributary of the Drava, the Mur/Mura (catchment
area: 13,800 km?, length: 464 km, mean discharge: 166 m®/s) is the
only source of gravel-size bedload downstream of the hydropower
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dams, that is, for the Hungarian reach. Average bedload input from
the Mura to the Drava at Botovo (rkm 227) was 24,452 t/y over the
period of 2004-2010 (Bonacci & Oskorus, 2010).

The lower joint Hungarian-Croatian Drava section of 161 km has
a significant ecological and touristic potential. The river channel and
the riparian zone are supervised by the Danube-Drava National Park.
Several endangered plant and animal species are found here
(Purger, 2008), including the only existing population of a caddisfly
species (Platyphylax frauenfeldi) (Uherkovich & Nogradi, 1997). In addi-
tion to caddisflies, a number of other macroinvertebrates (other insect
larvae, unionid mussels, aquatic snails, crayfish and others) find their
habitat and resources in coarse bed materials of mixed grain size.

In spite of the intriguing environment, few scientific studies have been
conducted along the Lower Drava. The Drava River is extremely dynamic
in respect to flow and sediment transport. Related to the WWF LIFE pro-
ject, there are some negative tendencies as far as ecological impacts are
concerned. Discharge and stage levels have been decreasing along the
studied incising reach of the Drava River over the past 120 years
(Bonacci & Oskorus, 2010), with impacts on the moisture dynamics of the
riparian zone. Considering the expected effects of climate change and
human interventions, decreasing flow trends are expected to continue in
the near future (Kiss & Andrasi, 2019). Decreasing flow rates and velocities
affect local ecosystems through changes in the rates of sediment transport
and the size distribution of transported material. The understanding of
expected changes is crucial for maintaining natural conditions and ecosys-
tem services. The quality and dynamics of transported material determines
the composition and vitality of the aquatic ecosystems. Hence, any
changes in the budget of the transported material, usually as a conse-
quence of anthropogenic influences, may irreversibly affect aquatic and
riparian ecosystems (Evans & Wilcox, 2014; Owens et al., 2005). The
intense deposition of fine particles may completely destroy the habitat of
numerous aquatic species (Murphy et al., 2017).

Similar to most rivers in Western and Central Europe, the Drava
River has been regulated over the centuries by constructing a number of
flood control and bedload retention structures (Petts & Wood, 1988),
which affect the bedload regime. Hydroengineering interventions, such
as construction of hydropower structures in Croatia induced significant
morphological changes in the channel downstream (Bonacci &
Oskorus, 2010; Stowik, Dezs6, Marciniak, Téth, & Kovéacs, 2018). By the
late 1990s the negative effects of the systematic regulation were recog-
nized. The purely technical flood protection led to riverbed degradation
and to ecological deficits. To overcome these drawbacks integrative plan-
ning tools were introduced along the upper reaches and riverbed widen-
ing proved to be effective in mitigating bed incision while restoring
morphodynamic processes (Habersack, Jager, & Hauer, 2013). Sediment
budget is closely related to river regulation operations of any kind,
including the installation of flow-regulating structures and hydro-
morphological restoration activities. These interventions enhance the
resilience and adaptability of fluvial-riparian-floodplain  systems
(Schwarz, 2008). Understanding the correlation between river hydraulics
and sediment parameters at various flow conditions is essential (Tamas &
Ficsor, 2018). Similarly, data on alluvial deposits is also indispensable for

channel and riverine infrastructural management (Holmes, 2010).

Due to the temporal and spatial variability of flow characteristics,
particle trajectories, sediment dispersion and channel morphology have
been profoundly changed (Bialik, Nikora, Karpinski, & Rowinski, 2015;
Nikora, Habersack, Huber, & McEwan, 2002). Long-term datasets for the
Drava River in Carinthia (Austria) showed a spatially variable bed instabil-
ity, with reaches undergoing aggradation and others degradation.
Habersack, Nachtnebel, and Laronne (2001) demonstrated that continu-
ous bedload data are useful with respect to identifying the initiation of
motion. In such a supply-limited channel, where bedload often moves
over an armored layer, it is apparent that local hydraulic conditions
explain only a fraction (about one third) of the variation in the weak
bedload flux. The temporal variability of bedload transport is also attrib-
uted to sediment supply (Hicks & Gomez, 2016).

Previous research included an analysis of the impact of dams and
reservoirs on the hydrological characteristics of the Lower Drava
River (Bonacci, Tadi¢, & Trnini¢, 1992) and two monitoring campaigns
in 2003 and 2012 concerning river flow and grain-size distribution of
sediment load at four gauged cross-sections along the Hungarian-
Croatian reach of the river (Szlavik, Sziebert, & Tamas, 2012;
Tamas, 2019). A bathymetric survey using sonar technology was com-
pleted in May 2019 (Halmai et al., 2020), which enabled detailed
hydrodynamic and sediment transport modeling. In order to gain
information on bedload transport during low discharges, flow velocity
measurements and bedload material samplings were specifically con-
ducted under low flow conditions. This type of data enables us to gain
information and experience on the hydrological consequences of
ongoing climate change. Our measurements between August 21 and
September 6, 2019, covered a significant portion of the Hungarian
reach of the Drava from rkm 236 to rkm 75 (from Ortilos to
Dréavaszabolcs—Figure 1).

2.2 | Carrier platform

Our carrier platform was a double-hulled, geometry-stabilized, wide-
beam, low draft, pure aluminum alloy catamaran boat with the follow-
ing dimensions: 6.0x1.2x23 m (LxHxW). At the bow, the
entrance edges of the hulls were rounded backwards, toward the water
line. A protruding crossbeam framework connected the two hulls of the
boat. This structure allowed the installation of the sonar system on a
relatively stable, meanwhile low draft carrier. With this design, our pri-
mary goal was to minimize the roll of the vessel. Due to the low draft
and the backwards rounded hull, we were able to approach the river-
banks securely. The propulsion of the boat was provided by a 50 HP
Yamaha outboard engine (Yamaha Corporation, Hamamatsu, Shizuoka,

Japan), mounted on the center of the transom beam.

2.3 | Flow measurements

Flow, depth and sediment discharge measurements were taken using
a Rio Grande 1,200 kHz Broadband ADCP (Teledynemarine, RD
Instruments). The ADCP device was mounted on the portside of the
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FIGURE 1 Bedload sampling locations [Color figure can be viewed at wileyonlinelibrary.com]

vessel and was connected to a GeoMax Zenith 35 Pro high-precision
RTK GPS. Coordinates were obtained in a relative coordinate system in
the channel compared to the riverbed and the banks and also in global
projections systems. Water and sediment discharge measurements were
implemented according to the Hungarian Standard ME-10-231-16: for
every 5 km of the studied reach, ADCP measurements were made from
the moving research vessel taking four river crossings according to the
Hungarian hydrological standard protocol in every surveyed cross-sec-
tion. Due to the draft of the vessel, the lower limit to ADCP measure-
ments was set at ca. 80 cm water depth. ADCP sampling frequency
ranged from 1 to 2 Hz. Discharge was variable, ranging from 210 to
400 m3/s, but remained below the long-term average of the river over
the survey period. Flow fluctuation was partly caused by the operation
of the hydropower dams upstream. For each cross-section flow fields

were generated in ArcGIS Pro software environment.

24 | Bedload sampling

Steady-boat bedload sampling (referred to a selected point in the channel
bed) was carried out at 1.5 to 11 km cross-section intervals (on the aver-
age 5.55km). Sampling points along the longitudinal profile were
selected with regard to channel morphology. In the vicinity of abrupt
changes in channel and flow properties, the interval of sampling was
shortened to 1.5 km. Within each cross-section, we aimed at sampling at
three sites: along the thalweg and on both sides of it closer to the banks.

Samples were taken with a Helley-Smith sampler. For the modified
sampler the part to which the sampling bag is attached had a cuboid
instead of a funnel shape. Due to surface currents, sampling locations

varied in a circle of a radius of 5 m. Measurement accuracy was highly

dependent on flow velocities. Coordinates, obtained by the aforemen-
tioned RTK GPS at a spatial accuracy of 1-2 cm, were then averaged in
ArcGlIS to establish the exact coordinates of the verticals. Samples were
taken at 3-5 verticals per cross-section, with a sampling period of
5 min. Verticals were selected based on depth profiles obtained by for-
mer sonar measurements and quasi-concurrent ADCP measurements
taken right before the samplings. The bedload sampler was lowered
and raised by a winch-integrated crane (Figure 2).

The modified Helley-Smith bedload sampler was equipped with a
ballast of 30 kg on its top to ensure steady sampling. The sampler was
also equipped with an OTT MF pro water depth and water velocity
sensor 120 cm above the bottom of the sampler. The OTT MF pro was
used for double checking sampling depth and the corresponding veloc-
ity. A GoPro camera was mounted on the top of the ballast on an arm
of 22 cm and was used to validate the texture and movement of
bedload particles. The bedload sampler was specifically adapted to the
flow conditions of the Drava River, but was actually based on the
description provided by Emmett (2010). The sampler had an entrance
nozzle of 12 cm by 20 cm with a 46 cm long sample bag constructed of
0.1 mm mesh polyester. The sample bag had a surface area of about
1,900 cm?. The sampler was also equipped with both a horizontal and a
vertical stabilizer. The efficiency of the sampler had been calibrated

using sediment rating curves (Bunte, Abt, Swingle, & Potyondy, 2010).
2.5 | Laboratory measurements of sediment
texture

Bedload samples were oven-dried at 105°C for 24 hr. Sediments were
dry-sieved with a sieve series 16, 8, 4, 2.8, 2, 1, 0.5 and 0.25 mm
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FIGURE 2 The modified Helley-Smith bedload sampler with the OTT MF Pro water velocity sensor with two suspended material sampler
(shown without the sampling bag) [Color figure can be viewed at wileyonlinelibrary.com]

mesh sizes using an electronic shaker (Fritsch Analysette 3 Pro, Fritsch
GmbH, Idar-Oberstein, Germany) for 2 min. Particle size distribution
of the <0.25 mm fraction was determined with static light scattering
technique using a Malvern 3000 (Malvern Inc., Malvern, England, UK)
particle size analyzer. Sediments were chemically dispersed for
organic matter and CaCOj3 removal, using H,O, and HCI solutions,
respectively.

Texture was classified in the Statistical Package for the Social Sci-
ences (SPSS) software for 7 size classes using the centroid linkage
method where the distance between the two clusters is based on the
Euclidean distance. Seven textural classes, coarse gravel, coarse-
medium gravel, medium-fine gravel, sandy fine gravel, gravelly coarse
sand, coarse sand and medium sand textural classes were identified.
Cross-sections were plotted with the integration of the ADCP data in
the formerly acquired bathymetric data. Functional relationships for
the data couplets of flow velocity and median particle size, obtained

for each monitored verticals, were then analyzed.

26 |
velocity

Calculation of cross-section-averaged shear

The Shields number (or entrainment function) is frequently used for
the characterization of the incipient motion of the bed material.
Shields numbers were established using two methods. The first
method, hereafter called “estimated Shields number,” employed the
ADCP measurements during the monitoring campaign, while the sec-
ond method (“calculated Shields number”) was based on the general
hydraulic parameters (slope and flow depth) of the reaches immedi-

ately upstream and downstream of the transects of interest.

2.6.1 | Shields number estimation

We assumed that bottom flow velocity, which controls sediment
motion, is extrapolated from the measured flow velocities in the
software of the ADCP
(Teledyne, 2018). For the calculation of velocity and flow as a function

vertical above, using the WinRiverll
of depth the software employs the flow resistance-based power for-
mula (Power Curve Fit) presented by Chen (1991). The WinRiverll
software combines this formula with the Manning equation, which is

valid for open channels (Simpson & Oltmann, 1990):

% =95 (zio>b (1)

where u is flow velocity at a height of z above the channel bottom, u*
is shear velocity, z is the height above the channel bottom, zj is height
of channel bottom roughness and b is a constant that has a value
of 1/6.

For the calculation of ug, the corresponding depth of zo was
determined based on the particle size distribution of bedload. Parame-
ter u (flow velocity) can be calculated according to the following
formula:

u=daz’, 2)
where @ = (9.5u*/zo)°.
From the Nikuradse roughness height (k) zo can be calculated for
any arbitrary height k above the channel floor (Nikuradse, 1933):

ks = (%)6 =30zp. 3)
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From the van Rijn assumption (van Rijn, 1984):

ks = 3d90. (4)

Therefore, z; is calculated from the formula:

Mean shear velocities are estimated for the entire cross-section.
Reynolds numbers are calculated using the following formula:
u*d

Re==". 7

2.6.2 | Shields number calculation
Sediment transport is initiated if the Shields number, 6, is greater than
the threshold value:

0=—" (8)

where 7 is shear stress, g is acceleration due to gravity, d is particle
diameter, p; is particle density and p is the density of water.

Although this calculation originally refers to bedload of homoge-
neous grain-size composition, however, we considered the results by
Wan Mohtar, Junaidi, and Mukhlisin (2016), who claimed that for
mixed load median grain diameter is characteristic. Therefore, we cal-
culated with the dso value of samples.

Shear stress was calculated from the following formula:

T=pu'?, 9)
Shear velocity u* was calculated as follows:
u* =+/ghS¢, (10)

where h is flow depth and S is slope.
Therefore, Shield number was identified as follows:

pu? phS;
g=—— = . 11
Gopgd (o) a1

This estimation has been adapted from Sharma et al. (2019). The
algorithm uses Equation (3) to calculate shear velocity u* and

Equation (1) for the calculation of Shields number. Average water
depth and the slope of the water surface were measured during our
field campaign. As the measurement campaign was not carried out on
consecutive days, ¢ values were only available for selected transects.
Hence, the Shields parameter was only calculated for the cross-
sections of rkm 225, 165, 115, 105 and 75.

3 | RESULTS AND DISCUSSION

3.1 | Textural properties of bedload

Our findings revealed that overall bedload fining in the Drava follows
a somewhat similar longitudinal pattern to other, heavily meandering
rivers (e.g., Habersack et al., 2001). Generally, the riverbed indicated a
great variability in bedload texture. In accordance with Tamas (2019),
in terms of bedload texture, the studied reach is subdivided into two
main sections. Upstream of about rkm 175, coarse and medium gravel
dominated the riverbed. At about rkm 170 an abrupt decrease was
found in the bed slope. Downstream of this point first fine gravel,
then coarse sand prevailed (Figure 3).

A sharp contrast between gravel and sand textural classes was
observed along the longitudinal profile of the Drava River
(Figure 4).

At the confluence with the Mura River (at the village of Ortilos),
coarse gravel (d > 16 mm, 69%) dominated the bedload, transported
by the Mura River from the Eastern Alps. The bedload of the Mura
River is predominantly gravel. Due to the dams on its upper reaches,
however, the Drava River is dominated by finer-grained sediments
upstream of the Mura confluence. At the Ortilos cross-section (at rkm
236) particles less than 2 mm in diameter were almost completely
flushed out from the samples. At a distance of 225 km from the
mouth, the fraction d > 16 mm decreased to 39% while particles
larger than 8 mm accounted for more than 70% of the total sediment.
Fine gravel armouring was probably responsible for the abundance of
sand fraction (fine gravel mixed with coarse sand) at rkm 185. (Where
the coarsest fraction did not exceed 1%, no armouring occurred.) The
clear dominance of fine texture was observed downstream of 145 km
from the mouth (Figure 5). The textural variability between rkms
170 and 145 is explained by the influence of river regulation as vari-
able river competence is controlled by the position of reaches where
cutoffs were recently made (Table 1).

Our results refined the picture of textural distribution of bedload
along the Drava channel and hydromorphological explanations could
be found. Our results indicated a similarly abrupt fining between rkms
175 and 170 but several reaches of relative coarsening downstream
were also identified (Figure 4). Medium gravel reappeared at rkm
160 six kilometers upstream from Barcs. Nonetheless, we need to
emphasize that samples were taken 3-5 verticals per transect, hence
our results indicate maximum values for the studied cross-sections. As
congruently pointed out by Tamas (2019), variability of bedload pat-
tern can be attributed to the periodic armouring of the riverbed and

the flow distributions in meanders.
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FIGURE 3 Bedload textures at sharp textural boundaries in the Drava River [Color figure can be viewed at wileyonlinelibrary.com]
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In the near future, lower-than-medium water stages may domi-
nate river flow due to climate change, therefore, we focused our anal-
ysis on such water stages. Under such conditions, even minor
differences in riverbed gradient may be influential on gravel deposi-
tion and riverbed armouring. The reappearance of gravel bedload
(armouring) downstream of rkm 170 is related to increased gradients
along reaches where meander cutoffs were artificially created during
river regulation. The impacts of meander cutoffs in the 20th century
on riverbed gradient and flow velocity are still discernible. (The last
cutoff along this section happened in 1991.) There are altogether
eight channel reaches which are usually still narrower than average
(250 m at medium stage), created by human intervention after 1920
along the rkm 170 to 75 section, four out of which show coarsening
of bed material in high percentage causing armouring (Table 1).

As far as temporal changes are concerned, our results corroborated
the former findings on the spatial distribution of bedload in respect to
textural properties published by Tamas (2019), who found an increase
of dgo diameter between 2003 and 2012 in Bélavar (rkm 198.5) and
Barcs (rkm 154), but revealed a slight drop at Botovo (rkm 227.5), while
no significant changes could be detected at Dravaszabolcs (rkm 78)
between the two dates of sampling (Figure 6a).

In the transect at Botovo, our results indicated dgo diameters
between 5.4 and 11.8 mm with a mean of 8.1 mm, which is signifi-
cantly lower than the corresponding values in 2003 (13 mm) and
2012 (12.5 mm). The mean dgo diameter at Bélavar was 6.74 (min.:

2.2 mm, max.: 11.6 mm) mm, compared to 7.8 and 11.9 mm in 2003 and
2012, respectively. At Barcs (rkm 155) the mean dgo diameter was
2.87 mm, with a minimum and maximum of 0.33 and 3.04 mm, respec-
tively. This is higher than both the 2003 and 2012 values of 1 and 2.5 mm,
respectively, but lower than the values measured at rkm 154 (Figure 6a). A
good correspondence was found in the case of the Dravaszabolcs data
among measurement dates. Our measurements showed a finer mean dgo
mm than former data. Mean values were 0.5 mm in 2003 and 2012, while
our measurement revealed a mean dgg value of 0.39 mm. Downstream of
Barcs, the gravel fraction almost entirely disappeared and coarse sand pre-
vailed in each monitored cross-section.

Due to the transitional character of the channel morphology sand
fraction was present in almost the entire reach of interest. However,
likely, armouring obscured the fraction in the upstream segment of
the reach. Textural heterogeneity especially prevailed in meanders,
where sand regularly appeared in the inner part of the curvatures.
Deposition of suspended load was also typical on the sandbars of the
inflection transects. Coarse gravel prevailed in the channel upstream
of rkm 190, while the mixture of coarse and medium gravel was found
between rkms 190 and 172. Downstream of rkm 170 fine gravel and
sand dominated the channel. The rather abrupt change in the texture
of the bedload is verified by the sudden drop in the channel slope at
175 km from the mouth. This change in riverbed gradient was verified
by former sonar measurements (Halmai et al., 2020) performed in
May 2019.
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3.2 | Distribution of the ADCP-measured mean monotonously in downstream direction. Highest flow velocity
and bottom flow velocities values were observed in the cross-section at rkm 195, with an aver-

age value of 1.01 m/s, while the lowest was measured at rkm
The ADCP-measured flow velocities greatly varied along the longi- 145 at a mean velocity of 0.40 m/s (Figure éc). An abrupt drop in
tudinal profile of the river. Flow velocities did not decrease flow velocity was observed between rkms 175 and 170. The
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TABLE 1 Hydromorphological parameters of Drava channel reaches where cutoffs were made after 1920
Cutoff reach (rkm) Riverbed gradient (m/m) Channel width (m) Static armored layer Maximum particle size class (mm) dso
160-158 0.00024 255 + 8-16 0.423
157-155 0.00113 243 + 8-16 2.793
151-148 0.00053 240 + 2.8-4 1.075
146-144 0.00132 210 - 2-2.8 0.392
139-133 0.00038 212 + 4-8 0.411
109-108 0.00257 155 - 1-2 0.350
86-85 0.00257 213 - 1-2 0.357
77-75 0.00094 284 - 1-2 0.370
9 1 2 345 10" 2 3 45 102 2 3 45 102 2 345 104 FIGURE 7 Calculated Shields
n 2 e numbers as a function of
Sedlment mOthn 210 Reynolds numbers [Color figure
5.0 ,]85 N can be viewed at
236 wileyonlinelibrary.com]
2.0 25 20
95, °
1.0 .' 145 195 1.0
135 *180
0.5 . 0.5
o 200
75 175 190
. °220
0.2 10 *205 0.2
115
0.1 205 0.1
« 160
0.05 " 214 0.05
0.02, "165 . +10.02
170No sediment motion
0.01 2 —0.01
1 2 345 10" 2 345 102 2 345 10° 2 345 10*
Re
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surface slopes along the longitudinal profile, that is, it is located at
around rkms 195 to 180 (Figure 6b). Shear velocities showed a
more heterogeneous picture, however, a local maximum is
observed between rkm 200 and 185, followed by an abrupt
decrease by rkm 180. Two additional shear velocity maxima were
found at rkms 125 and 95, indicating complex flow dynamic on
these reaches (Figure 6d). A power relation and a medium-strong
correlation (r? = 0.6943) was found between dgo and the mean flow
velocities for the studied transects (Figure 6e).

Bottom velocities (up) were typically 20-30% of the mean veloci-
ties and were generally less than 0.5 m/s. Commonly, noise in the
velocity curves was higher for the mean velocity values than for the
bottom velocities, caused by the turbulent character of the flow at

closer to the water surface.

shear velocities

Shield numbers in almost all cross-sections were higher than the
threshold Reynolds numbers indicating incipient sediment motion and
entrainment of bed material (Figure 7). Entrainment rate was also
affected by particle size. Deposition only prevailed between rkm
175 and 170, while hydraulic conditions were around the threshold
values at rkm 214. Entrainment was minimal around rkms 160 and
155, where Shields number just barely exceeded the threshold
(Figure 7). The reach between rkms 170 and 150 is located at the
lower section of the abrupt drop in the longitudinal profile of flow
velocities.

Significant differences were observed between the estimated and

calculated shear velocities and Shields numbers. The estimated values
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TABLE 2 Comparison of calculated
and estimated shear velocities, Reynolds

and Shields numbers Cross-section (rkm)

225
165
115
105
75

were 2.5, in extreme cases 4 to sixfold, higher on average than the
calculated values (Table 2). Shield numbers in almost all the selected
cross-sections were above threshold Reynolds numbers indicating

entrainment of bed material.

4 | CONCLUSIONS

For river management, to maintain navigational routes, the under-
standing of riverbed morphology and dynamics is indispensable. The
present study was aimed at filling the research gap concerning sedi-
ment transport along the Lower Drava providing detailed additional
data on bedload dynamics and textural distribution.

We validated the general downstream fining of bedload in the
Drava River. However, the actual picture is more complex as the
observed sediment pattern is rather heterogeneous and mosaic. We
identified with higher precision than provided by Tamas (2019) the
transitional section where abrupt sediment fining occurs. Our textural
dataset for an average cross-section interval of 5.55 km presented a
significant improvement and upgrade compared to the former point
source data of five cross-sections over the entire studied reach.

Our findings revealed a fining of the bedload material over time in
the Botovo (rkm 227) and Bélavar (rkm 198.5) transects compared to
the 2003 and 2012 textural data. This fining can be explained by mul-
tiple factors.

1. The impact of climate change and decreasing flow rates by today,
formerly pointed out by Bonacci and Oskorus (2010), has signifi-
cantly reduced river competence. The geomorphological interpre-
tation of bedload transport and riverbed armouring underlines the
long-term impact of river regulation, that is, meander cutoffs.

2. Armouring has been weakened by enhanced daily fluctuation
induced hydropeaking. Incision of the river probably generated
flow velocities higher than recorded by former measurements.
Hydraulic sorting was observed, that is, increased differences
among the transport of the individual fractions (in the sense of
Paola & Seal, 1995). In contrast to the findings of Tamas (2019),
demonstrated by the above threshold Reynolds and Shields num-
bers, the predominance of the entrainment of fine fractions was
observed at many cross-sections of the studied reach (see
Figure 7).

3. The measured textural composition of bedload has also been

influenced by the variability of sampling points at cross-sections.

Calculated Estimated

u* Re 0 u* Re (/]
0.0519 186.15 0.0461 0.1211 434.27 0.2507
0.0104 3.76 0.0184 0.0686 24.76 0.7969
0.0178 6.35 0.0548 0.0810 28.81 1.1289
0.0204 7.06 0.0733 0.0529 18.33 0.4943
0.0259 9.52 0.1115 0.0714 26.28 0.8488

Bedload texture was averaged for cross-sections. Due to difficul-

ties in keeping the vessel steady, sampling could not reflect cross-

sectional changes in the transport field as sampling points could

not be positioned at the same distance from the thalweg. This was

the reason for some variations in the recorded textural
composition.

4. The technical implementation of sampling slightly differed among
the sampling dates and this fact makes comparisons more difficult.
Specifically, the finer mesh size of the previously used bedload

sampler may also contribute to the bias toward fine particles.

The hydraulic complexity of the river is underpinned by former
hydromorphological analyses inasmuch as the rkm 235-185 reach of
the Lower Drava has a pattern typical of the rivers of the Eastern
Alpine Foreland: “transitional anabranching from the highly dynamic
partially braided upstream reach to the meandering downstream part”
(Schwarz, 2019).

Further field measurements will also enable the development of
a functional relationship between hydromorphological parameters
and bedload texture, which supports the understanding of future
hydromorphological dynamics, and indirectly their ecological
impacts. Although modern data acquisition methods based on Digital
Elevation Model enable low-budget but high-resolution monitoring
campaigns in multiple fields (geodesy, hydraulics, etc.), their applica-
tion may substitute the costly, and often hazardous direct monitor-
ing procedures but still presents challenges. Our findings may be
relevant for the alluvial sections of other alpine and subalpine, par-
tially channelized rivers of similar size, morphodynamics and mixed

bedload too.
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