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Abstract: In Europe, the routes of most watercourses were straightened and shortened, leading
to the destruction and degradation of many natural environments. Currently, in places where it
is possible, as part of the implementation of the Water Framework Directive, efforts are made to
improve environmental sustainability, including improving the ecological condition of rivers. This
paper presents the impact of three in-stream deflectors on changes in the section of a small lowland
river—the Flinta (Poland)—where (from 2018 to 2023) detailed, systematic geodetic, and hydrometric
research and an assessment of the ecological conditions were carried out. The presented results show
the influence of deflectors on the initiation of fluvial processes in the transverse and longitudinal
layouts of the channel. The river channel was narrowed from 6 to 5 m, and the current line shifted
by almost 3 m. Changes were observed in the distribution of velocities and shear stresses, varying
along the surveyed section of the river. In the first year after their application, an increase in velocity
at the deflectors can be observed (from 0.2 m-s~! to 0.6 m-s~! in the deflector cross-section). In
the following years, on the other hand, a clear decrease in velocity was observed in the sections
between the deflectors (to 0.3 m-s~1). The introduction of deflectors resulted in a significant increase
in the values of shear stresses (from an average value of 0.0241 N-m~2 in 2018 to 0.2761 N-m~2 in
2023) and local roughness coefficients (from 0.045 s-m~1/3 before the introduction of the deflectors to
0.070 s\m~1/3 in 2023). Based on analyses of sediment samples, erosion and accumulation of bottom
material were initially observed, followed by a subsequent stabilisation of particle size. Differences
in grain size were observed, especially in the cross-section of the deflectors (increase in granularity
dsp9, downstream of the deflector from 0.31 mm to 3.9 mm already 2 years after the introduction of
deflectors). This study confirmed the positive impact of using deflectors on hydromorphological
processes as deflectors facilitate the achievement of a good ecological status, as required by the WFD.
The innovation of this paper lies in demonstrating the possibility of using small, simple structures to
initiate and intensify fluvial processes, which may contribute to improving the ecological conditions
of watercourses.

Keywords: deflector; ecological restoration; sustainability; lowland river; hydromorphology;
Flinta River

1. Introduction

Sediment transport significantly influences the bed layout in rivers [1]. A fundamental
parameter related to sediment movement description is the stress exerted on the bottom of
the watercourse, which depends, for example, on the vegetation present on the riverbed [2].
An increase in stream energy often results in higher shear stress, leading to bank erosion
and meandering due to internal flow instability [3]. In the context of sediment transport,
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it is crucial to determine the dynamics of bar formation in rivers [4,5] and the influence
of vegetation on flow conditions [6—10]. The sediment size on the bar surface becomes
finer downstream, while coarser gravel appears at the bar head [11]. These conditions
are further influenced by channel structures. The use of seminatural structures such as
deflectors improves the hydromorphological conditions of altered watercourses [12], which
result in increased habitat diversity in the riverbed [13,14], leading to a rise in hydrobiota
biodiversity [15] and an improvement in environmental sustainability [16,17].

The hydromorphological processes depend, among other things, on the magnitude and
dynamics of the flows, the susceptibility of the bottom material to erosion, the longitudinal
gradient, and the amount of sediment delivered to the river channel [18,19]. Variation in
bottom shape, flow velocity, sediment particle size, and water depth leads to an increase
in the number of mesohabitats and thus improved living conditions for ichthyofauna and
macroinvertebrates [20,21]. In order to maintain the biodiversity of freshwater fish, as
outlined in the 2030 EU Biodiversity Strategy [22], detailed information on physical habitats
is extremely necessary. The introduction of deflectors significantly alters sediment transport
processes [12]. On the one hand, in the area of the deflector head and on the concave bank,
one can observe intensive erosion processes and flushing of material up to the armouring
of the bottom [16]. On the other hand, on the convex bank and beyond the deflectors, one
can observe deposition of fluvial alluvium in the form of fine material [17].

Numerical models [17,23,24] and analytical methods [25-28], as well as laboratory
models [29], can be used to predict hydromorphological processes and sediment transport.
A numerical model can consist of four components: (1) a morphodynamic model relating
the flow field to bank migration; (2) a hydrodynamic model relating the channel geometry
to the flow field; (3) an evolution equation relating bank migration to planform geometry;
and (4) a model accounting for cutoff events [30].

This research was carried out on a section of a small lowland river, the Flinta, located
in central Poland. The analyses concerned hydromorphological processes initiated by the
introduction of wicker deflectors. The Flinta River was selected as part of the national pro-
gramme for the renaturalisation of surface waters in Poland [15], and a team of researchers
from the Poznan University of Life Sciences had already conducted renaturalisation-related
research projects on this section of the Flinta [31]. This research indicated that the water-
course possesses high ecological potential, prompting the team to explore opportunities
to improve its ecological status by restoring meanders of the Flinta. The main objective of
the presented study is to determine the dynamics of hydromorphological changes in the
watercourse channel during the river renaturalisation process using deflectors. We formu-
lated research hypotheses to demonstrate that the use of seminatural structures intensifies
hydromorphological processes in lowland rivers and that seminatural structures such as
deflectors improve the hydromorphological conditions of transformed watercourses. The
results can be considered universal for typical, transformed, small lowland watercourses
that have been straightened and regulated in the past. The novelty of this project is the
indication of the impact of deflectors not only on hydromorphological changes in rivers but
also on improving the ecological condition of watercourses. Despite previous experience
with the use of deflectors, their use in river renaturisation procedures is unfortunately still
limited. Demonstrating the possibility of using small, low-cost structures to initiate renatu-
ralisation processes is a fundamental innovation of the presented research, pointing to a
potential direction for further development of these types of measures aimed at improving
the ecological status of watercourses.

2. Study Area

The study area encompassed the estuarine section of the Flinta River. Between
2017 and 2023, research about restoration with deflectors was conducted on a study section
approximately 150 m long, situated near the village of Roznowice in the municipality of Ro-
gozno (Wielkopolskie Voivodeship, Poland) (Figure 1). The surveyed river section features
a longitudinal gradient of 1.3%. and a narrow channel width ranging from approximately
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1.5 to 2.0 m. The total length of the Flinta River is 27 km, and its catchment area spans
345.47 km? [32]. The Flinta River flows through the Note¢ Forest, NATURA 2000 areas, and
other environmentally valuable areas [12,32,33].
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Figure 1. Location of the Flinta River and the study section. The red points indicate the locations of
the deflectors.

According to the Water Framework Directive [34], the Flinta River is classified as a
lowland sandy stream, representing the largest group of watercourses in Poland and in the
Central European lowland belt. Hydrological observations are collected at a water gauge
station located in Ryczywot (km 14 + 355—starting from the mouth). Additionally, there is
a weather station within the catchment area. Both stations are part of the Measurement and
Observation Network of the Institute of Meteorology and Water Management-National
Research Institute (IMGW-PIB). The data presented in Table 1 include the characteristic
discharges determined for the observation period from 1951 to 2014 made available by
IMGW-PIB.

Table 1. Flows characteristic of the Ryczywodt water gauge in the years 1951-2014. Characteristic
discharges: NNQ—lowest of the annual low; SNQ—average of the annual low; WNQ—highest
of the annual low; NSQ—lowest of the mean annual; SSQ—average of the mean annual; WSQ—
highest of the mean annual; NWQ—lowest of the annual high; SWQ—average of the annual high;
WWQ—highest annual high [12].

Characteristic Flows [m3-s—1]

NNOQ

SNQ

WNQ NSQ SSQ WSQ NWQ SWQ WWQ

0.01

0.10 0.41 0.24 0.66 1.72 0.77 3.26 7.28

As part of extensive regulatory works conducted at the turn of the 20th century,
the length of the watercourse was significantly reduced, and the channel layout was
regulated [12]. The regulatory and exploitation works carried out resulted in ecological
degradation and a change in the sinuosity of the river, leading to the straightening of the
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channel course in many sections. Regular maintenance works, including desilting and
deepening of the channel, as well as stabilisation of the banks with measures such as fascine
fences, mowing of embankments, and removal of vegetation, prevented the automatic
restoration of natural conditions or spontaneous renaturalisation of the river. Consequently,
in some sections, the channel’s natural characteristics have completely disappeared, and
there is a lack of heterogeneity in river conditions.

3. Materials and Methods
3.1. Construction of Deflectors

Wicker deflectors were introduced in 2017 in the surveyed section of the Flinta River
in order to study the changes in the hydromorphology of the channel, which were initiated
by the introduction of seminatural structures. This study was conducted on a straight,
highly hydromorphologically transformed section of the river. The 3 deflectors installed
in the river channel had a simple, lightweight design, which was based on wicker fences
(Figure 2a). The width of the structures was 1.20-1.50 m. The angle of deflector position
relative to the bank line was « = 70-80° (Figures 2b and 3b). Such an angle was chosen
in order to properly direct the current to initiate meandering processes. According to the
literature [35], deflectors should be spaced at a distance of approx. 5-7 channel widths.
This improves their performance significantly [35].

Deflector

I

(a) (b)

Figure 2. The deflector layout scheme and placement along the studied section of the Flinta River:
(a) completed deflector in the river; (b) scheme of the layout of deflectors in the river, b—width of the
river, which varied slightly and ranged from 3 to 4 m in the study section. RB—right bank; LB—left
bank; a—70-90°, I, II, Ill—numbers of deflectors [12].

3.2. Geodetic Surveying

The basis for determining the changes, extent, and rate of hydromorphological trans-
formation was, among other things, based on geodetic surveys of the channel layout and
adjacent banks carried out at regular intervals. In order to ensure repeatability of measure-
ments during subsequent measurement campaigns, a system based on levelled pairs of
stakes, between which the measurement cross-sections were located, was developed and
prepared. This allowed for fast, accurate, and repeatable measurements to be taken. The
data obtained made it possible to compare and analyse them more reliably. Prior to the
introduction of the structures into the watercourse, a thorough measurement of the original
channel and bank layout was carried out. In the first year (2018), measurements were
conducted at 15 cross-sections; however, starting from 2019, the number of cross-sections
was increased to 28 (Figure 3a). Measurements were carried out using a Nicon AX-2s
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optical leveller, while a Topcon HiPer VR RTK GPS set was used to locate a fixed reference
point and individual pairs of stakes. Measurements always started from the reference
point, which allowed a measurement accuracy of £0.002 m. All measurements were further
verified with reference to the stake pair elevation corresponding to the given cross-section.
The distance was measured using a tape measure and the accuracy was £0.02 m.

In addition, photographic documentation was carried out during the survey to docu-
ment the changes taking place in the field. The photographic documentation facilitates the
verification of the results obtained and allows us to visually assess the changes taking place.

Legend A
o= Deflectors
. — Cross-section (c-s)

Sediment point
2 0 2 4 6m

Deflectors

Figure 3. Orthophoto of the Flinta research study section with deflectors in 2021: (a) location of
cross-sections; (b) enlargement location of deflectors and cross-sections used; S2, S3, S15—samples of
the river sediment [12].

3.3. Hydrometric Measurements

By carrying out detailed measurements of the channel geometry and measuring veloc-
ity distributions, it was possible to obtain an accurate estimate of the discharge volumes.
The measurements were performed at designated cross-sections. The measurements of
velocity distributions were made in 15 measurement points and at different depths to show
the near-bed velocities and determine the forces acting on the bed channel in 18 periods.
The measurement points were selected near to deflectors in a way that allowed hydraulics
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to be reflected as precisely as possible with regard to the situation of the structures in each
of their characteristic points and also in the area of the impact.

Measurements of the instantaneous velocity were made using the hydrometric current
meter Valeport 801. This appliance can measure velocities of water in the range from
0.001 ms! to up 5 m s~ 1. Measurements were made directly above the riverbed and in
specific measurement verticals. By using this device, a few measurement divisions were
determined in the field, which consisted of the following parameters:

- Asetof several instantaneous velocities measured just above the bottom of the stream—
V[ms1];

- Average velocity—V,, [m-s~!], which was determined depending on the filling of the
stream bed [36,37]:

h<0.20m:
Vv = V044h [m's_l] (1)

020m < h <0.60 m:
~ Voo + 2V an + Vo s

av — 4 [m's_l] (2)
> 0.60 m: V4 2Vo o -+ 3Voan + 3Vo s + V,
L 0.21 0.41 o8t Vp 1) 3)
10
where

h—water depth [m];
V0.2,04,08—Vvelocity on 0.2, 0.4, and 0.8 of depth [m-s~1].

Measurements were taken at hydrometric verticals located every 0.50 m in the cross-
section. The first vertical was located 0.50 m from the bank and the last one was located
0.50 m from the opposite bank, counting from the place where the water surface meets
the bank. From the start of the measurements, velocity distribution was measured at nine
cross-sections (numbers: 6, 8, 10, 13, 15, 17, 20, 22, 24), three of which contained deflectors,
while the others laid 2 m upstream and downstream from the deflectors. Water velocity
measurements were taken at the following depths: 0.01, 0.02, 0.03, 0.05, 0.10, 0.15 m and
further every 0.10 m. From 2019 onwards, following the addition of extra cross-sections,
the number of hydrometric cross-sections was increased to twenty (numbers: 1,2, 3,4, 6, §,
10,11, 12,13, 15,17, 18, 19, 20, 22, 24, 26, 27, 28).

Control profiles were located outside the impact range of the deflectors. This made it
possible to verify changes caused by the deflectors and the changes that occurred naturally.

3.4. Shear Stresses

The values of dynamic velocity and shear stress were calculated based on the knowl-
edge of the velocity profile distribution in the river, which satisfies the equation of von

Karman-Prandtl [38]:
V= <V*> ln(z) [m-s™!] 4)
K 20

The dynamic velocity is obtained by plotting the regression line between the values of
instantaneous velocities and the logarithmic values of the distance between the measure-
ment from the bed. If the line becomes straight, then we can calculate the dynamic velocity
from the coefficient of its inclination to the abscissa axis [39] as follows:

a

_ a1
Vi = g0 [ms7] (5)

where
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a represents the coefficient of inclination of a straight line v = f(h) adopting the form of
equation y = ax + b (where x represents the height above the bottom on which the velocity
was measured; b represents the intercept of the equation).

The calculated value of the dynamic velocity was used to determine the forces acting
on the stream bed, i.e., shear stress, according to the following formula [39]:

T=p-(V.)? [N'm ] (6)

3.5. Changes in Sediment Size

Bottom sediment samples were systematically collected during survey trips. The
sediment was sampled in order to determine the composition and changes that occur
for the designed particle size under the influence of the structures installed. The survey
included 15 fixed measurement points. The sediment sampling points were located in
places characteristic for the surveyed section (in the current line above, below, and at the
height of the deflector, and in the shadow of the deflector—in the place of the emerging bar
and between deflectors) and at the control point, they were located about 15 m beyond the
influence of the last deflector. These locations of the points ensured that all changes occur-
ring in the surveyed section could be captured, including the renaturalisation processes
caused by deflectors. The second part of this study included an assessment of the particle
size distribution in accordance with the standard PN-EN ISO 17892-4:2017-01 [40]. The
collected sediment was prepared for testing (shaking, separation, and drying), and then it
was sifted on a set of standardised sieves at the Water Laboratory, Poznarn University of
Life Sciences. The results obtained were collated and tabulated for further analysis.

In addition, the transport of bed load was measured. For this purpose, the transported
sediment was caught using a special device, which was installed for a period of 6 h in the
channel. The sample collected was subjected to tests, as described above. The van Rijn
equations, adapted to Polish conditions by Przedwojski [41], were used in the analyses of
the bed load discharge:

2.4
u-—-u D 1.4
sp = Uh-Cpp: @ (l?) @
(g 'DsoLipw)
Pw
R
U, = 0.19-Dsy"- log (12. 3 D’“go) (8)

where

Sy—volumetric bed load discharge per unit time and channel width [m3-m~1.s71];
U—mean velocity in the hydrometric vertical [m-s~!];

U,—mean critical velocity in the hydrometric vertical from the Shields criterion [m-s—1];
h—watercourse depth [m];

C,;—bed load discharge coefficient [-];

g—gravitational acceleration [m-s~2];
ps—density of sediments [kg-m~3];
pw—density of water [kg-m~3];
Rj—hydraulic radius [m];
Dsp—sediment size [m];
Dgp—sediment size [m].

The amount of sediment transport was verified using a particle size distribution curve
based on averaged data from samples taken prior to the construction of the deflectors. It
included values averaged from different measurement points of the study section.
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3.6. Hydraulic Simulations in HEC-RAS

The simulation model was prepared based on the DTM linking the standard terrain
data with interpolated bathymetries. HEC-RAS 6.3.x was applied for modelling the flows
and sediment transport (www.hec.usace.army.mil/ (accessed on 2 April 2024)) [42—44].
During the recent few years, HEC-RAS has been developing from the model 1D [42—44]
in the field of 2D modelling and GIS. The 2D hydrodynamic model is based on several
versions of shallow water equations [45]. There are three options available, and two of them
are based on the more or less a more strict implementation of full momentum equations.
The third option, which is also the default choice, is diffusion wave approximation. The
default choice seems to be reasonable in topographically complex cases, like the one studied
here. The main feature of diffusion wave equations is a simplification of momentum by
neglecting inertia. The computed water surface elevations and velocity components do
not differ much from those simulated with the full momentum model. However, the
computations are more stable and resist all disturbances caused by abrupt changes in
the topography.

In HEC-RAS, all 2D computations are made in the unsteady mode. However, the
steady flow may be calculated as a specific stage of the unsteady computations. The starting
point of the simulation was a dry bed. There were two boundary conditions imposed: inlet
and outlet. In the inlet, the constant values of simulated flow were set as hydrographs. In
the outlet, normal depth conditions derived from Manning’s equation were implemented.
The computations were stopped when the steady flow conditions were achieved, and this
final stage was considered as a result. The required time horizon was not longer than
5 days.

4. Results
4.1. Geodetic Surveying

The results of the 2018-2023 geodetic survey made it possible to assess changes in the
longitudinal and transverse layout of the channel (Figure 4). Cross-section 4 (Figure 4a),
lying downstream of the deflectors’ influence, had functioning bank reinforcements in
good condition. This is one of the reasons why it was characterised by a certain stability in
terms of bottom erosion (although there was a tendency to form channel pools). In this case,
intense bank erosion was also not observed. When analysing the data in cross-section 4,
some narrowing of the channel width was also observed (Figure 4a). The reduction in
water surface width by 0.5 m may indicate a reduced capacity for bank erosion at a greater
distance from the deflectors due to bank reinforcements. The slow erosion of the bottom
also caused the channel to narrow at the bottom.

Analysis of the changes occurring in the channel at the deflector cross-section (profile 8)
(Figure 4b), revealing a continuous increase in the width of the channel both at the bottom
and at the water table. The largest shift value was more than 1.00 m (Figure 4b), which
is a spectacular result in view of the low discharges and previously reinforced banks of
the Flinta River. Changes involving the horizontal layout of the bottom of the channel
locally reached up to 0.40 m. A deviation from this rule can be observed for 2020, when
a temporary narrowing of the channel width (especially the bottom) occurred due to
detachment of a washed-out bank. Changes in the bottom elevation in the vicinity of all
deflectors varied between 0.20 and 0.30 m.

In contrast, the greatest changes were observed in cross-sections 7 and 27. At the same
time, the changes that occurred in cross-section 27 (Figure 4c) were natural. The influence
of the bar upstream of deflector III (Figure 2) contributed to the development of vegetation
on the left bank and the deformation of the current line. The gradual narrowing of the
effective cross-section resulted in the formation of a local trough and undercutting of the
right bank, which ultimately contributed to bottom erosion reaching approx. 0.50 m. Over
the course of five years, the horizontal layout has also seen some very significant changes.
The channel was narrowed from 6 to 5 m and narrowed at the bottom from 4 to 3 m, with
the current line being shifted by almost 3 m.
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Figure 4. Changes in cross-sections between 2018 and 2023 for cross-sections (a) no. 4, (b) no. 8, and
(c) no. 27. Red numbers I-VIII—hydrometric verticals [12] (with modifications).

Systematic photographic documentation was kept during the field trips. Figure 5
shows the progression of changes to the channel layout during the survey. The state of
the channel 2 years after the maintenance work on the watercourse is visible in Figure 5a.
Moreover, one year after the installation of the deflectors (August 2018), the first transfor-
mations are already visible—Figure 5b. The following pictures show the changes every two
years. They show the growing meander downstream of deflector I (Figure 5¢,d) and the
emergent and overgrown bars downstream of deflectors I, II, and III (Figure 5d).

Modelling and analysis of the geodetic data allowed models of the channel’s geometry
to be generated. The elevations shown in Figure 6 are unified for all models and have a
range of 55.0-56.5 m a.s.l. The width and number of profiles surveyed were increased in
2019 due to the dynamic nature of the changes taking place, as can be seen in comparison
with Figure 6a. Since the measurements on 30 May 2019 (Figure 6b), large and progressive
changes can be observed downstream of deflector I, in the lower reaches of the watercourse.
Initially, an apparent uplift of the concave bank is visible (Figure 6¢), which would seem to
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be the opposite effect to that expected and related to the processes initiated in the channel.
However, this is due to the earlier washout and subsequent collapse of the bank into
the channel, which caused unexpected changes in the channel’s geometry. During the
subsequent measurements (Figure 6d,e), bank scouring and pool formation were observed
and measured in the area previously occupied by the collapsed bank. The visualisation
of the changes in the channel’s morphology in Figure 6 illustrates the slow formation
of meanders, starting from Figure 6 b, through increasingly pronounced meanders in
Figure 6d, to the easily discernible small meanders in Figure 6e. The aforementioned bank
erosion can be seen on the bank opposite deflector II. In particular, changes are visible just
above it and in the cross-section of the deflector itself. In Figure 6¢, one can also notice the
collapse of a section of the bank into the channel.

b) ) : d)

Figure 5. Changes to the Flinta River channel in the surveyed section between 2013 and 2023 for
(a) March 2013, (b) October 2019, (c) June 2021, and (d) November 2023, red arrow—direction of
water flow.

a) 2018.10.11 \ b) 2019.05.30

c) 2020.06.02 d) 2022.06.01

e) 2023.06.13

Figure 6. Changes in terrain and channel bottom elevations based on survey measurements from
2018 to 2023 (m a.s.l.), red line—deflectors, red arrow—direction of water flow.
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4.2. Velocity Distributions

Analysis of the hydrometric measurements made it possible to generate distributions
of velocities in the channel for different measurement campaigns. Measurements where the
water table level and discharges were similar were selected for a comparison with the data.
A discharge value of approx. 0.200 m3-s~! & 10% was chosen for all five measurements
(Table 2). The adopted discharge value is at the NSQ level (Table 1) and corresponds to the
value of average low discharges occurring in the summer. Importantly, at this discharge
value, the crowns of the deflectors are not submerged, allowing them to operate normally.
The dates of the measurements, together with the exact discharge values, are summarised
in Table 2.

Table 2. Dates of measurements with values of discharge.

Date 11 October 2018 30 May 2019 2 June 2020 1 June 2022 13 June 2023

Discharge [m3-s71]

0.198 0.207 0.180 0.223 0.203

Figure 7 shows the horizontal velocity distributions. As time passed, a change in the
current line layout to a more meandering one was evident. The installed deflectors initially
strongly reduced the effective cross-section of the channel, resulting in a significant increase
in velocity near the cross-sections with deflectors (Figure 7a). One year after the installation
of the deflectors and the changes in the cross-sectional layout of the channel, the velocity
values decreased significantly as a result of the increase in the effective cross-sectional area
(Figure 7b). The accumulation of material on the convex banks and the lateral erosion of the
concave bank on the forming meanders seen in Figure 6c is reflected in the horizontal layout
of the current line seen in Figure 7c—e. The progressive process of channel meandering seen
in Figure 7 is reflected in the velocity distributions.

a)2018.10.11

¢) 2020.06.02

€) 2023.06.13

b) 2019.05.30

d) 2022.06.01

0.70

0.00

Figure 7. Velocity distributions in the channel based on hydrometric measurements from 2018 to 2023
(values in m-s~1), red arrow—direction of water flow.
4.3. Shear Stress

Measurement data were used to calculate shear stresses in the channel (Table 3). As-
signing spatial data to the shear stress values in each vertical allowed us to generate figures
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with stress distributions (Figure 8). Analysis of the data showed a successive increase in
shear stress values over time. The highest stress values occurred in the current line near the
deflectors on concave banks. Downstream of the deflectors in their hydrodynamic shadow,
the shear stresses that occurred were noticeably lower than in the current line.

Table 3. Shear stresses for cross-section 8 (cross-section of deflector I) at a flow rate of 0.200 m3-s~1

=+ 10%. Numbers I-VIII are the hydrometric verticals from Figure 4 (all results are included in the
Supplementary Materials).

Tangential Stresses [N-m—2]

Date I II III v \% VI Vil VIII
2018.10.11 0.0098 0.0011 0.0371 0.0385 0.0385 0.0302 0.0039 -
2019.05.30 0.2094 1.0396 0.0227 0.0013 0.0534 0.0648 0.0350 -
2020.06.02 0.4319 0.0220 0.1461 0.0410 0.0392 0.0000 0.0827 0.0337
2022.06.01 0,0137 0.1921 0.3128 0.0002 0.0753 0.1916 0.0167 -
2023.06.13 0.0629 0.7201 0.0308 0.5025 0.2428 0.3104 1.7772 -

a)2018.10.11

b) 2019.05.30

d) 2022.06.01

1.00

0.00

Figure 8. Changes in shear stress in the channel for flows of 0.200 m3-s~! £10% in 2018-2023 (values
in N-m~2), red arrow—direction of water flow.

Table 3 summarises the shear stress results for cross-section 8. This is the cross-section
in which deflector I is located (Figure 2). The stress values are summarised for all the
measurement verticals in this profile (the verticals’ numbers are as shown in Figure 4b).
The table shows an increasing trend for the shear stress values in the cross-section. By
analysing Figure 8, it can also be seen that this trend is global for the entire section. There
are also zones with lower shear stress values, characterised by lower flow velocities, but
the introduction of deflectors has generally resulted in an increase in shear stress at the
bottom of the watercourse.

4.4. Changes in Sediment Size
4.4.1. Changes Induced by Deflectors

Observations and studies of the particle size of the bottom sediment showed significant
changes over the 2018-2022 period. As a result of the deflectors’ influence, changes have
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occurred in the river channel’s morphology. These changes were accompanied by a change
in the particle size of the bottom sediment. The narrowing of the effective cross-section by
the deflector has deformed the current line, altered the velocity distribution, and affected
the local lateral and downcutting erosion of the channel, as described in Section 4.1. This is
associated with changes in particle size in the profile of the deflector itself, as well as in the
sections upstream and downstream of the deflector, which it affects.

Based on the surveys carried out, changes and a subsequent stabilisation of the particle
size of the channel bottom were observed (Figure 9). Red colour]) is used to indicate the
reference profile, which is located upstream of the deflector influence range. It shows
the least changes over the years. As of October 2019, further changes in the particle
size composition are practically imperceptible. The situation is different for the profile
downstream of the deflector—in the current line (purple colour—a). The process of particle
size changes is the slowest due to the increasing difficulty of transporting sediment with
ever-larger particle diameters. In the case of the Flinta River, based on the observations
and analyses of sediment composition and relatively low flows, it can be assumed that
sediment with a particle diameter of >10 mm is unlikely to be transported further. Further
washing out of the finer fractions is possible, but there is a clear slowdown in this process.
The last set of data marked in green in Figure 9b was characterised by high dynamics
and a successive increase in the proportion of fine particles in the profile downstream
of the deflector and in the shadow of its influence (baffled section of the channel). The
increase in the proportion of fine sediment particles is very important due to the formation
of habitats for new groups of organisms. A reduction in the sandy fraction in favour of
finer fractions (often with a high proportion of organic matter) is beneficial for the existence
of macrozoobenthos and the development of vascular macrophytes.

b) 2019.10.23
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Figure 9. Changes in sediment size: (a) downstream of the deflector cross-section in shadow of
deflector; (b) cross-section downstream of deflector in current line; (c) reference point.

4.4.2. Measurements with the Hydrological Catcher

In addition, based on the measurements on 6 July 2021, the sediment size and com-
position during measurements were determined by using a hydrological catcher over a
6 h period. The sample size after drying was 1.806 kg, and the percentage composition is
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presented in Figure 10. There was a very high proportion of fractions in the 0.15-0.50 mm
range—at 67%—and the total proportion of the sandy fraction was over 80%. Trace amounts
of fractions coarser than sand were observed. The measurement was performed in control
profile no. 28, outside the deflector’s influence range.
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Grain diameter, D [mm]
Figure 10. The granulometric composition of bed load on 6 July 2023.

For the data obtained from the measurements and sample granulometry (Figure 10),
a calculation of the size of bed load was made using the modified van Rijn formula
(Equation (7)). The sediment density was 2600 kg-m 3, the hydraulic diameter dsy was
0.000265 m, and the diameter dgg was 0.0034 m. The results for the different flows are
presented in Table 4. The value of bed load was 2.607-10~* kg-:m~!-s~!, which—when con-
verted to the width of the sediment catcher and the time over which the measurements were
performed (6 h)—resulted in 1.868 kg, and the mass of the caught sediment was 1.805 kg.
The movement rate of the sediment caught in the catcher was 2.883-10~% kg-m~!-s~1. The
amount of bed load was relatively small and characteristic of a lowland river. The results
referred to calculations using the van Rijn method are within the margin of error and
demonstrate that this method can also be used for lowland rivers. During the year at
mean flow, the amount of transported sediment exceeds 44 tonnes, which corresponds to
almost 17 m? of bed load; however, for mean low flow, it is about 2.5 tonnes per year, which
corresponds to approx. 1 m®.

Table 4. Calculation results for bed load. Meanings of symbols: Q—discharge of water, v—average
velocity, h—watercourse depth, R,—hydraulic radius, Cjy,—bed load discharge coefficient, U.—mean
critical velocity in the hydrometric vertical from the Shields criterion, S,—volumetric bed load
discharge per unit time and channel width, qr—discharge of debris, M—annual volume of debris.

No. Q v h Rh Crb Uc Sb qr M
[1  [mds-1] [ms1] [m] [m] [-] [m-s—1] [m3>m-1s1 [kgm 1s1] [Mg Year 1]
1 0.109 0.137 0.245 0.231 0.0050  1.226 x 107>  3.020 x 1078  8.003 x 107° 2.524
2 0.164 0.200 0.328 0.287 0.0050 1273 x107° 9.839 x 1078  2.607 x 10~* 8.222
3 0.203 0.170 0.451 0.354 0.0050 1319 x 107>  5.068 x 1078  1.343 x 10~* 4.235
4 0.309 0.222 0.410 0.342 0.0050 1312 x107° 1294 x 1077  3.430 x 1074 10.817
5 0.625 0.341 0.471 0.419 0.0050  1.356 x 10>  5.300 x 1077  1.404 x 1073 44291

4.5. Results of Hydraulic Simulations in HEC-RAS

The model was first calibrated based on the field measurements described above in
the Materials section (Sections 3.2, 3.3 and 3.5). The research used measured cross-sections
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Elevation [m a.sl.]
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that were implemented into the model. Deflectors were also included as cross-sections.
The computations of flow were performed over two different DTMs: (1) without deflectors
and (2) with deflectors. The six characteristic flows were selected for the analysis. These
were 0.17 m3-s~1, 0.18 m3-s~1, 0.20 m3-s~!, SNQ, SSQ, and SWQ. It was assumed that
the unique roughness coefficient was determined for the entire reach. The trial-and-error
method with manual assignment of parameters was implemented. Although the final value
of this coefficient was relatively high, namely 0.07 s-m~1/3, it seemed to be correct. This
is a well-known issue in the 2D modelling field—that the roughness coefficients in plain
simulations are greater than their equivalents in 1D models. The roughness coefficient
value was influenced by the small flow value, resulting in small depths, which, in relation to
the bottom forms, affect the roughness values obtained. In addition, the impact of channel
overgrowth under flow conditions during the growing season was determined.

By comparing the simulation results to the calculation in the 1D modelling and mea-
surement results described in [46] by Zaborowski et al., the roughness coefficients had
small values. Depending on how the deflectors were represented in the numerical model,
the values of the tared coefficients ranged from 0.060 s-m~1/3 to 0.075 s-m~!/3 in the
vicinity of the deflectors themselves and 0.055 s-m~1/3 to 0.065 s-m /3 in areas beyond
their influence. These values were also calculated for a flow of 0.200 m3-s~!. The increase
in roughness coefficient values relating to the measurement results of 2023.06.13 may be
due to an increase in the sinuosity coefficient of the channel, the occurrence of bottom
formations, and the proportion of vegetation. The roughness coefficient values for the state
before the introduction of the deflectors were characterised by a very wide range, varying
from 0.045 s-m~1/3 to even 0.080 s-m~1/3. Differences in elevations obtained from the
hydrodynamic model compared to the measurements taken beyond the extreme profiles
were also within the range of 0.01-0.04 m.

Figure 11 shows an exemplary comparison of water elevations measured on 13 June
2023 as well as the results from the HEC-RAS 2-D model for a measured flow of 0.200 m>-s 1.
The final errors between the measured and calculated water surfaces varied between
0.02 and 0.04 m, and the mean square error was 0.008, which indicates good model fit.

0.00

20.00 40.00 60.00 80.00 100.00 120.00 140.00 160.00
Distane [m]

Riverbed Deflectors

— WL field - WL model

Figure 11. Comparison of water elevations measured on 13 June 2023, and the results from the
HEC-RAS 2-D model for a measured flow of 0.200 m3-s~1.

5. Discussion
5.1. Influence of Deflectors on the Hydromorphological Changes

In Poland, the use of deflectors has so far been associated with the renaturalisation
and restoration of the biological continuity of rivers, taking into account the needs of
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ichthyofauna [47-50]. Determining the influence of deflectors on the hydromorphological
transformation of the channel is an important issue in assessing the stability and vul-
nerability of river channels to transformations resulting from bank erosion, downcutting
erosion, and sediment accumulation [51]. This study investigated the effects of a set of three
deflectors on hydromorphological processes and sediment transport in the Flinta River.
The literature indicates that deflectors cause local erosion and scour, thus accelerating
hydromorphological processes [52-54]. This was analysed based on field measurements,
simulations, and laboratory experiments [35,55,56], among other methods. However, in
the case studied, local, long-term hydromorphological processes (including erosion) were
observed to affect the Flinta River; moreover, they were also accompanied by the depo-
sition of material within the so-called hydrodynamic shadow, which was caused by the
deflectors. Locally, bottom armouring was also observed. This confirmed the results of
the work of researchers, such as Kujanovd and Matouskova [57] and Biron et al. [51], who
observed similar phenomena in small rivers where renaturalisation processes were initi-
ated by means of small channel structures. Similar local phenomena have already been
observed on the Flinta, where plant baskets were introduced into the channel current as
part of a pilot project [31,58]. In these papers, various advantages of plant basket hydraulic
structures operating as sediment traps in river channels were presented. They were river
restoration measures stimulating changes in riverbed morphology, diversifying water flow,
and causing its divergence around the obstacles created by the PBHS. In this way, PBHS
had a positive impact on the hydromorphology of the river’s reach and may have enhanced
its settlement by enabling a greater variety of animals to live in the river. The adverse con-
sequences of the introduction of PBHS for engineering constructions and river maintenance
are very limited, and due to the low impact of the structures on high-flow levels, they do
not increase the risk of inundation [46].

5.2. The Influence of Deflectors on Stream Parameters

The obtained results regarding the introduction of deflectors into the channel of a
lowland watercourse underscore the need for a comprehensive analysis of the transforma-
tions caused by their introduction. Deflectors affect velocity distributions, bottom shear
stress (and thus flow resistance), and processes related to sediment transport, which in turn
translates into improved ecological conditions of the watercourse. The necessity for such
comprehensive research was also highlighted by Biron et al. [59] and Rana et al. [53]. They
confirmed that renaturalisation projects based on the initiation of natural channel-forming
processes require specific study and pre-project works. For instance, the washing out or
deposition of sediment particles in the channel can cause a deformation of the initially
flat rectilinear channel bottom, leading to further flow alterations. Channel bottom de-
formations force a sinusoidal horizontal layout of the current line [41], resulting in bank
erosion and downstream movement of bank material in the form of bed load, thus initiating
channel meandering [60]. The highest values of shear stress occur near deflectors in the
current line and gradually increase over time, leading to bottom erosion and the washing
out of small-diameter particles. Similar relationships were observed in studies by [59]
Biron et al. and [61] Yarahmadi et al. The bottom armouring process downstream of the
deflector in the current axis, found in our study, is well known and has been analysed by
many authors [6,62]. As the renaturalisation process intensifies, the stress values increase
along the entire length of the section. Zones with significantly lower shear stress values
can also be observed. These are areas with lower velocities, where the accumulation of fine
sediment takes place, and areas shielded by deflectors. Similar observations were made by
Wang et al. [63].

5.3. The Impact of Deflectors on the Ecological Conditions of Renaturalised Watercourses

The results obtained for the lower section of the Flinta River confirmed the theses pre-
sented in the work of [57] Kujanova and Matouskova, proving that the use of structures in
small watercourses has a significant impact on improving hydromorphological conditions.
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The changes observed by the authors demonstrated an improvement in the conditions of
watercourses, with renaturalised river sections obtaining a good ecological status. A similar
improvement was observed in the surveyed section of the Flinta River with deflectors [12].
Between 2012 and 2022, the hydromorphological status improved from poor to very good
(Figure 7 in [12]), and the ecological status assessed on the basis of macrophytes improved
from moderate to good (Figure 9 in [12]). There was a significant increase in the number
of macrophyte species and percentage of coverage, including species with a distinct phy-
tosociological association Ranunculion fluitantis, e.g., submerged forms of Berula erecta and
Veronica anagallis-aquatica. Rapant [64], in his work on deflector design, emphasized the
positive hydromorphological and biological effects caused by the introduction of deflectors.
Likewise, Radspinner et al. [55], appreciating their potential and applicability on a wider
scale, pointed to the pro-ecological effects of deflectors and encouraged the development
of standard recommendations and methodologies for their use in renaturalisation projects.
The role of seminatural deflectors can also be played by large woody debris [65] and tree
stumps with root systems [66]. They have a very high habitat-forming value due to their
large and varied surface and excellent imitation of naturally occurring forms [67].

The variation of particle size in the watercourse is very important from the perspective
of the macrobenthos and ichthyofauna. The observed change in bottom particle size
distribution in the surveyed section of the Flinta River indicates that hydromorphological
processes, as a result of the introduction of deflectors, had an extremely positive effect. At
the same time, it should be noted that the complex structure of the bottom substrate enables
habitats suitable for a broader spectrum of macroinvertebrate species to be formed and thus
favours an increase in biodiversity [13,68,69]. For fish, specific bottom particle sizes are
associated with specific mesohabitats and rheophilic species (e.g., salmonids), which prefer
coarse bottom material [70]. In turn, a greater diversity of mesohabitats promotes, as in the
case of macroinvertebrates, a greater biodiversity of the ichthyofauna [20]. In rheophilic
fish, bottom particle size is also crucial for their reproduction. For example, the content
of sand or a finer fraction of >30% of the volume in the spawning nest of Salmo trutta
results in a drastic decrease in egg survival to <5% [71]. Water flow and the directly related
particle size of the bottom substrate also affect macrophytes [72]. In gravel-bed rivers,
species characteristic of the phytosociological association Ranunculion fluitantis are more
common [73], such as Batrachium aquatilis, B. fluitans, and B. trichophyllus [74,75]. In contrast,
rivers with a significant proportion of stones in the bottom material (¢ > 64 mm) have
an increasing proportion of aquatic bryophytes, such as Brachythecium rivulare, Fontinalis
antipyretica, and Platyhypnidium riparioides [14,76-79].

Based on the results obtained, as well as on the research published in earlier articles [12,46],
this study succeeded in confirming the hypothesis put forward in this paper that the use of
semi-natural structures, such as deflectors, improves the hydromorphological conditions
of anthropogenically transformed watercourses. These structures show great potential to
initiate and accelerate renaturalisation processes in small lowland watercourses. In the
context of the implementation of the Water Framework Directive (WFD) 2000 [34] and the
vast number of watercourses in need of improvement in their ecological status, they seem
ideal for use due to their semi-natural character, low manufacturing costs, and the sourcing
of fully biodegradable and environmentally friendly raw materials.

6. Summary

The described changes induced by deflectors lead to a local increase in shear stress,
initiation of channel meandering, variation in bottom shape, velocity distributions and
bottom sediment particle size, and an increase in channel morphology heterogeneity. The
resulting riffles, pools, bars, bank erosion, and varying heights of the banks increased the
biodiversity of species present both within the channel itself and in its immediate vicinity.

The introduction of deflectlors into the Flinta River channel caused changes in both
the horizontal and vertical layouts of the river. The changes observed in cross-section no.
8 indicated an increase in the cross-section width at the water table by 1.0 m and at the
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bottom by 0.5 m. A systematic shift of the river channel towards the bank opposite to the
installed deflector and an accumulation of material in the cross-sections downstream of
the deflector were observed. The total width of cross-section no. 4 decreased as a result
of the deflector, indicating greater accumulation of sediment on the convex bank than
erosion of the concave bank. Observations indicated that between cross-sections no. 4 and
no. 8, a trough was formed with reduced bottom elevations compared to the original
state. Material from the channel was being washed out and transported further, and the
trough itself slowly shifted towards the mouth, providing a constant effective area of the
cross-section. By analysing the width changes in cross-section no. 27, which was outside
the influence of the deflectors, a slight difference was found between the original state and
the one observed in 2023. The analysis of the vertical layout of the Flinta River channel
indicates an increase in bottom elevations in places typical for sediment accumulation
resulting from the start of the meandering process. The deflectors have also resulted in
erosion of the channel bottom and the creation of a trough, which has formed over the years.

The deflectors also had a signifilcant impact on velocity distributions. Allready in the
first year after their application, an increase in velocity at the deflectors can be observed.
In the following years, on the other hand, a clear decrease in velocity was observed in the
sections between the deflectors. Analysis of the 2022 results shows a clear influence of
the river channel meandering on velocity distributions through the formation of a trough
related to material deposition on convex banks and erosion on concave banks.

Another parameter important in assessing hydromorphological processes is shear
stress. It is evident that at the beginning of this study, the stresses were low for the
artificially formed channel. They increased significantly during the transformation of
the channel layout (increase in sinuosity, transformation of the bottom layout, and thus
velocity distributions). Therefore, the renaturalisation process caused a significant increase
in stress values.

The construction of deflectors significantly influenced the changes in sediment trans-
port. The bottom material of the channel had different particle sizes. Based on the analyses
of sediment samples taken from the channel’s bottom, significant changes were initially
observed due to erosion and accumulation of bottom material, followed by a subsequent
stabilisation of particle size. Since October 2019, changes in granulometric composition
were virtually imperceptible. Downstream of the deflector, the phenomenon of bottom
armouring was observed, which is characteristic of areas with increased velocity where
there is a process of washing out the finest fractions and leaving the unscoured fraction on
the bottom. In the case of the Flinta River, based on observations and analyses of sediment
compositions and relatively low flows, it was shown that sediment with a particle size
larger than 10 mm is unlikely to be transported further.

Calculations of bed load transport were made using a modified van Rijn formula.
During the year with mean flow, the amount of transported sediment exceeds 44 tonnes,
which corresponds to almost 17 m? of bed load. The results of the sediment transport
calculations were compared with the results of the hydrological catcher measurements.
Very high convergence was obtained, which confirms that the modified van Rijn formula
can be used to analyse bed load transport in small lowland watercourses.

The results can be considered universal for typical, transformed, small lowland wa-
tercourses. This study confirmed the positive impact of using semi-natural constructions
in the form of wicker deflectors on hydromorphological processes. The innovation of this
paper lies in demonstrating the possibility of using small, simple structures to initiate and
intensify fluvial processes. It also indicates the potential direction for further development
of this type of measures to improve the ecological status of watercourses, where studies
and pre-project works are particularly important due to the use of non-standard solutions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su16103948/s1.
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