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Abstract: The water depth and flow velocity of a river may be temporarily disturbed by the water
level fluctuations connected with the operation of artificial dam reservoirs located downstream (so-
called backwater fluctuations (BF)). In this research, we use the two-dimensional hydrodynamic
model iRIC MFlow_02 to quantify the effects of BF on the lowermost section (ca. 1.5-km length) of
a small (channel width <20 m) mountain stream, the Smolnik Stream, which flows into the Roznow
Dam Reservoir, in Southern Poland. To reproduce the hydrological conditions generally observed
in the stream, six scenarios were simulated, considering three steady flow discharges at the inlet,
with recurrence intervals of 1 year (1.8 m? s™, small flood), 2 years (24.5 m® s™'; medium flood), and
20 years (89.5 m®s7; large flood), and two reservoir levels at the outlet: 265 m a.s.l. (normal reservoir
water level) and 270 m a.s.l. (maximum reservoir water level). In these simulations, sediment
transport and morphodynamics are not considered. The average modelled water depth was in-
creased by backwater fluctuation in the channel, from 28% (from 1.62 m vs. 2.07 m) during a small
flood, up to 59% (from 3.46 m to 5.50 m) during a large flood. Contrastingly, the average modelled
flow velocity was decreased in the channel (from —8% 0.52 m s vs. 0.47 m s7') during a small flood
to —78% (0.49 m s vs. 0.11 m s™) during a large flood. Our results demonstrate that backwater
fluctuations substantially disturb the hydrodynamics of the studied stream, which is interpreted as
a triggering factor of the previously documented alterations in its sedimentology, morphology, and
riparian vegetation pattern.

Keywords: dam reservoir; backwater; iRIC; mountain river; Smolnik Stream

1. Introduction

Dams are one of the most important factors globally altering the hydro-morphologi-
cal regime of rivers and negatively affecting their ecological functioning [1,2]. For exam-
ple, Grill et al. [3] pointed out that only 37% of rivers longer than 1000 kilometres remain
free-flowing over their entire length and that dams and reservoirs are the major drivers
of river connectivity loss. Dam-related alterations of river hydromorphology are substan-
tially better understood in the river sections downstream [4-8] than in the river reaches
upstream of dam reservoirs [9-14], particularly on mountain watercourses [15-17]. How-
ever, upstream from a dam reservoir, river hydrodynamics may be directly changed by
temporary inundation driven by the reservoir, which can trigger morphological adjust-
ments that can additionally modify the initial hydrodynamics, even at the time when
backwater inundation does not occur [17].
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Existing gaps in our knowledge about the upstream effects of dams on river hydro-
dynamics can be explained by their relatively small spatial extent (reaching typically from
a few to tens of kilometres) in comparison to the downstream effects (typically spanning
from tens to thousands of kilometres) ) (cf. [5,17,18]). [cf. 5,17,18]. On a mountain river, a
disturbance in the river hydrodynamics occurring upstream from a dam reservoir has
generally a smaller spatial extent than in the case of lowland watercourses, because of the
higher bottom slope limiting the zone of the river valley that can be inundated due to the
changes of reservoir water level [16]. Despite their relatively small spatial extent and
short-term duration, the river valley inundations connected with the operation of down-
stream reservoirs (the so-called Backwater Fluctuation —BF) may alter the long-term func-
tioning of all the abiotic (e.g., sedimentology, morphology) and biotic (e.g., riparian veg-
etation) components of the reservoir tributary [16]. In the case of mountain rivers, the di-
rection of a disturbance in river hydrodynamics caused by BF (e.g., an increase in flood
water depth and a decrease in its flow velocity) [17] highly contrasts the natural regime of
such rivers, which is characterized by relatively shallow and fast water flow [19]. This
short-term disturbance of the river hydrodynamics caused by BF may trigger numerous
and complex impacts on riverine biota, as well as on the physical parameters of in-channel
and floodplain habitats [1,19-23], which make the quantification of such a disturbance in
river hydrodynamics a prerequisite to assess and evaluate other risks induced by them
[16].

Previous works have suggested that alterations of river hydrodynamics in the dam
reservoir backwater zone are a result of interactions between river discharge and the wa-
ter level fluctuation in the dam reservoir, and that their magnitude is higher when BF has
occurred during small floods than for those occurring during the larger ones [17]. Most of
the existing works on such alterations are based on the observations of medium and large-
sized rivers [10,16], mainly located in lowland areas [20-22], while only very few have
analyzed this problem on small streams [23] in mountain areas [17].

In this work, we aimed to address this gap by investigating the patterns of BF-in-
duced hydrodynamic alterations occurring on a small mountain stream (the Smolnik)
flowing into a large dam reservoir (Roznéw Dam Reservoir, Southern Poland). Our re-
search is motivated by field observations and information from the local citizens, which
both suggest that the hydrodynamics of the studied stream are permanently altered in the
backwater zone of the Roznéw Dam Reservoir, which is functioning since 1941. To sup-
port future assessment of the ecological and flood risk effects of this alteration occurring
on the Smolnik stream, we applied a planar two-dimensional hydrodynamic model to
quantify the magnitude spatial extents of BF-induced changes in water depth and flow
velocity of the river, considering low (1-year return period), medium (2-year return pe-
riod), and high (20-year return period) floods.

2. Materials and Methods
2.1. Study Area

The 15.45-km-long Smolnik Stream drains an area of 64.9 km? [24] covering mainly
the Beskidy middle-mountains, built of sandstone-shale flysch rocks, and partly the inter-
montane basin, having the bottom filled with gravel and sand-silt deposits (Figure 1). The
stream is a left-side tributary of the Dunajec River and the junction of these two water-
courses is located in the backwater zone of the Roznow Dam Reservoir, built in 1942, with
an area of around 16 km? (Figure 1B,C). The average maximum annual discharge of the
stream was 30.9 m? s within the period 1971-1996 (Figure 2A), with the largest floods
occurring between May and August. During a large flood that happened in 1997, the
gauging stations on the stream have been destroyed and since then it is no longer operat-
ing.
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Figure 1. (A) Location of the study site in the Polish Carpathians. (B) Location of the studied section
within the delta-backwater zone of the Roznéw Dam Reservoir. (C) The studied section of the
Smolnik Stream. Black arrow and red line indicate the maximum extent of backwater influences in

the Smolnik Stream channel.
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Figure 2. Maximum annual discharges of the Smolnik Stream (1971-1996) and the Dunajec River
(1921-2014). The magnitudes of floods investigated in the hydrodynamic numerical modelling of
the Smolnik Stream are indicated by dotted lines (for details see Table 1).
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Table 1. Scenarios used for numerical modelling.

1 2 3 4 5 6
Small . .
Scenario Number  Flood Small Medium Medium  Large Large
and Descrition No Flood Flood Flood Flood Flood
P Back Maximal No Maximal No Maximal
acte:va Backwater Backwater Backwater Backwater Backwater
: : J
River dlsz;arge g 1.8 245 245 89.5 89.5
Recurrence interval 100 100 50 50 5 5
of discharge [%,  (1-year  (1-year (2-year (2-year (2-year (2-year
year] flood) flood) flood) flood) flood) flood)
Reservoir water 270 265 270 265 270

level [m asl]

The study was conducted in the 3.5-kilometre-long lowermost section of the stream
(Figure 1C). At a distance of about 0-1.5 km from the downstream end, the stream is af-
fected by the backwater fluctuation of the Roznéw Reservoir, occurring between 265 and
270 m a.s.l. (Figures 2 and 3), and this reach will be called hereafter ‘backwater reach’. In
this reach (0-1.5 km), the Smolnik Stream flows into the wider and gentler slope bottom
of the Dunajec River, underlain by an alluvial fan. Before and slightly after the construc-
tion of the Roznéw Dam Reservoir, this morphological configuration had been favouring
the existence of a multi-thread stream channel pattern here [25]. Despite the influence of
backwater fluctuations, the backwater reach of the Smolnik Stream is also affected by
flood inundations from the Dunajec River. The operation of the Roznow reservoir started
in 1942 intending to control flooding, provide recreational opportunities for tourists, and
produce hydropower [26]. Generally, between May and August, when large floods usu-
ally occur in the Polish Carpathians, the reservoir levels are kept lower than during the
rest of the year (Figures 2 and S1). During the maximum water level in the reservoir, the
water level in the lowermost part of the stream increases by around five meters and its
floodplain is inundated up to a depth of 3 m. In the lower part of the study reach, the
stream channel width varies between 8 and 20 m, and its bottom is mainly composed of
gravel with a maximum bed grain size of 200 mm in the upper part of the section, and fine
gravel mixed with sand and mud in its lower part. The channel slope changes markedly
at the intersection of the normal water level at the Roznéw reservoir (265 m a.s.l.) and the
channel bed profile at a location of around 150 m upstream from the river mouth, from
0.0002 m m™ to 0.004 m m!, and then increases to 0.009 m m-" at a distance of 1.5-3.5 km
from the mouth (Figure 3). At a distance of 500 m upstream of the Smolnik reservoir con-
fluence (measured along a straight line crossing the floodplain), a flood-protection dike
has been functioning since the 1940s (Figure 1C). This dike protects local residential areas
from reservoir backwater and from flooding by the Dunajec River. Since the construction
of the Rozndéw reservoir in 1942, the stream valley area downstream of this dike has be-
come more intensively and frequently inundated and remained less managed by humans,
which favoured the fast development of a dense riparian forest (composed mostly of Salix
spp.) on the abandoned arable lands on the river floodplain and on the bare sediments in
the stream channel [25]. In the upper part of the backwater reach (from 1 to 1.5 km up-
stream of the stream confluence), the channel was straightened in the past and its banks
are now partly reinforced [25]. At the upper end of the backwater reach (at a distance of
1.5 km from the stream confluence), a 1-metre-high weir is functioning, which protects the
neighbouring bridge from stream bed erosion occurring extensively in the upper and mid-
dle course of the stream [27]. The stream is now channelized along the upper part of the
study reach (1.5-3.5 km) and a series of nine weirs have been functioning here since the
1970s. These regulations caused the simplification of the previous multi-thread channel
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pattern and favoured the narrowing and degradation of the river channel. The valley bot-
tom in the upper reach is intensively utilized as building areas, roads and agricultural
fields, therefore, a riparian forest covers only a narrow floodplain area nearby the stream
channel.
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Figure 3. Longitudinal profile of the Smolnik Stream. Blue lines indicate normal and maximal water
levels at the Roznéw Reservoir.

2.2. Methods
2.2.1. Study Design

To quantify the backwater-induced changes of the Smolnik Stream hydrodynamics,
we constructed six scenarios with three steady discharges at the inlet, with recurrence
intervals of 1 year (1.8 m? s7, referred to here as a small flood), 2 years (24.5 m? s'; a me-
dium flood), and 20 years (89.5 m? s7; a large flood), and two reservoir levels: 265 m a.s.1.
(no inundation of the backwater reach by the reservoir water) and 270 m a.s.l. (maximum
backwater effect), as outlet boundary conditions. The flooding scenarios were derived
from statistical analysis of the maximum annual flows measured during the period 1971-
1996. The planar two-dimensional solver Mflow_02 of the freeware suite iRIC version 3.0
(i-ric.org) [28] was used to numerically compute water depth and flow velocity for each
scenario. The modelled outputs were then analyzed with GIS software (Quantum GIS
3.18) using automatic measurements along 237 cross-sections (channel zone), delimited at
15 m intervals to cover the entire study area.

2.2.2. Field Data Collection and Mesh Construction

Bathymetric and geodetic surveys were performed within the stream channel zone
and combined with a digital elevation model (derived from LiDAR data) for the flood-
plain zone, to produce a topographic grid that was further used for numerical modelling
(Section 2.2.3).

The bathymetric survey was conducted in 2019 within the lowermost part of the
study section covering a total length of 150 m, where the water depth was too high to
perform a geodetic survey. The geodetic survey was conducted in the same year using a
TOPCON GTS-226 total station and was focused mostly on the lower part of the study
section, having the most variable bed morphology and dense vegetation cover on the
stream banks, which hinders the mapping and proper detection of the stream bed during
further uncrewed aerial vehicle (UAV) surveys.

2.2.3. Description of the Two-Dimensional Hydrodynamic Model

The numerical solver iRIC Mflow_02 was developed to calculate unsteady two-di-
mensional plane flow and riverbed morphodynamics using unstructured meshes and the
finite element method in an orthogonal Cartesian coordinate system [29,30]. Thanks to
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such unstructured meshes, Mflow_02 can compute unsteady flow in areas including hy-
draulic infrastructures like bridge piers, but can also model flooding events over complex
areas such as floodplains or backwater events. In addition, the solver allows for compu-
ting stream bed variations as well as bedload and suspended load along the reach via
several sediment transport equations [29]. However, since the goal of the present simula-
tions was to evaluate changes in the mean water depth and mean flow velocity for three
stream discharges interacting with different backwater inundation levels, only clear water
conditions (no sediment transport) were assumed here, imposing constant discharge at
the upstream end and a constant water level as a downstream boundary condition.

For the sake of simplicity, only the key parameters of the model are discussed here,
while the entire mathematical background can be found in the MFlow_02 manual [28].
The bottom friction was set up using Manning’s roughness coefficient, following the cri-
teria of Chow [30]. This coefficient was first calibrated and then assigned to five rough-
ness-homogenous unit classes (Table 2), which were delineated in the stream and on the
floodplain similarly to previous works [17]. Each unit was digitized using GIS software
(Quantum GIS) from the orthophoto produced from the aerial photos taken during a UAV
mission in 2020. The buildings present in the stream inundation zone were also included
in the simulation as obstacles.

Table 2. Description of roughness homogeneous units (RHU) and the values of Manning’s n coeffi-
cient (in m'?s™) used in the model calibration and final hydraulic simulations.

Roughness Homogenous Unit Roughness Coefficient
Mini  Maxi-

Name Description m ax1 Final
mum  mum

Gravel riverbed submerged at base

Low-flow channel 0.02 0.08 0.03

flow
Gravel bars Gravel bars without vegetation 0.05 0.09 0.06
Alluvial forest Dense stand of willows and alder 0.10 0.15 0.12

Sparse woody vege- Cleared land with some tree stumps  0.07 0.10 0.09

tation
Agricultural land Grassland and crops 0.01 0.04 0.02
Low-flow channel Gravelly r1verbeg Osvl\llbmerged at base 0.02 0.08 0.03

MFlow_02 solves the hydrodynamics using a k-¢ approach (Equation (1)), where the
turbulent energy k derives from the equation proposed by Nezu & Nakagawa [31], as re-
ported in the model manual [31], to which the readers are addressed for more details on
the numerical background of the solver.

k
V= C/L; (1)

where v represents the kinematic eddy viscosity and Cu is a constant equal to 0.09. The
turbulent energy k is here computed following (2) and the energy dissipation rate ¢ can
be evaluated via (3).

k = 2.07u? 2)

where u* represents the bottom friction velocity, computed accounting for Manning’s n
coefficient.

~| &

®)

e=C,

where C. is a constant (0.17) and [ indicates the representative length of the turbulence.
Based on the previous considerations, the kinematic eddy viscosity v can be calculated
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without solving the transport equation of energy dissipation rate € and turbulent energy
k.

Following a sensitivity analysis, to guarantee code stability the domain was discre-
tized with unstructured cells having a maximum area of 50 m?, and the simulations were
performed with a time step of 0.01 s. To attain the final conditions, each run lasts 50,000 s
(around 14 h). With these parameters, we were able to perform stable simulations, guar-
anteeing a Courant-Friedrichs-Lewy condition CFL <1 [32].

2.2.4. Limitations of the Hydrodynamic Model

Two-dimensional models (like the applied iRIC Mflow_02) were previously evalu-
ated as capable of providing accurate simulations of the river and floodplain hydrody-
namics, but are also computationally expensive. Despite the limitations, using a 2-D
model allows us to consider the transversal variation of hydrodynamic variables, which
are usually neglected in 1-D models, but can have a major impact in shallow areas like
floodplains. Our test runs indicated that modelled water depths in the floodplain zone are
extremely low at the substantial portions of the stream floodplain in the backwater fluc-
tuation zone. Taking into account the fact that such shallow flow areas can be significantly
affected by errors resulting from the hydrodynamic model development, we have decided
to statistically compare only the modelled values obtained for the stream channel zone,
which have substantially higher flow depths during all simulated scenarios.

2.2.5. Data Analysis

To evaluate the direct effects of backwater fluctuation on the water depth and flow
velocity of the Smolnik Stream, the scenarios without backwater inundation and with
maximum backwater inundation were examined using a non-parametric Wilcoxon
signed-rank test. This comparison, conducted in the lowermost part of the study reach
affected by backwater fluctuations, used the mean values of these parameters calculated
for 54 cross-sections intersecting stream channel zone.

The longitudinal extent of direct and indirect effects of the backwater hydrodynamics
fluctuation of the Smolnik Stream was determined using a Pettitt test [33]. For a given
flood magnitude, the values of a particular hydraulic parameter under conditions with
backwater inundation calculated for the above-mentioned cross-sections represented a
data series, which was analyzed to identify the location of a change disrupting its homo-
geneity. This approach previously allowed for the automatic detection of the location of a
change in stream hydrodynamics along the stream longitudinal profile [17].

Statistical analyses were performed using the Statistica software and the iki.dataclim
package of the R software [34,35]. The analyzed differences and breaks in data series ho-
mogeneity were considered statistically significant for a p-value < 0.05.

3. Results
Channel Hydrodynamics

The modelled water depth in the channel zone changed significantly as a result of
dam reservoir backwater fluctuations during floods of all considered magnitudes (Figure
4). During a small flood (1.8 m? s71), the mean modelled water depth in the channel was
1.62 m without backwater inundation, and increased to 2.07 m during maximal backwater
inundation, differing between these two scenarios by 28% (p < 0.001) (Figure 4, Table S1).
During a medium flood (24.5 m3 s), the same parameter was increased by 36%, from 2.71
m without backwater inundation to 3.60 m during maximal backwater inundation (p <
0.001) (Figure 4, Table S1). Backwater-induced increase in water depth was the highest
(59%) during the large flood scenario (89.5 m?3 s), when water depth increased from 3.46
m to 5.50 m (p <0.001) (Figure 4, Table S1).

Backwater inundation decreased the average value of the modelled mean flow veloc-
ity from 0.52 m s to 0.47 m s during the smallest flooding scenario (-8%) (p < 0.001)
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(Figure 5, Table S1). In the medium flood scenario, backwater decreased flow velocity by
52%, from 0.37 m s7' to 0.18 m s (p < 0.001) (Figure 5, Table S1). Backwater-induced de-
crease in flow velocity was the highest (-78%) in the medium flood scenario, when the
flow velocity decreased from 0.49 m s to 0.11 m s (Figure 5, Table S1).

8.0 CHANNEL
large flood
7.01
6.0 . o
T medium flood +59 %
s
S 501 -
© +36 %
8 -
S 404
§ small flood
= 301 +28%
2.0
1.0 1 -
0.0 p <0.001 p <0.001 p <0.001
NO BF BF NO BF BF NO BF BF

Figure 4. Comparison of mean water depth in the Smolnik Stream channel in the backwater reach
between conditions without backwater inundation (NO BF) and with maximum backwater inunda-
tion (BF) during small (1-year), medium (2-year) and large (20-year) floods. Whiskers indicate the
minimum and maximum values of the parameter among the study cross-sections and points show
the means. Percentage differences of the parameter between the two hydraulic situations are indi-
cated and their statistical significance determined with a Wilcoxon test is shown. p-values < 0.05 are
indicated in bold.

The longitudinal extent of backwater-induced increase in mean water depth in the
stream channel was measured from the stream confluence (where the low flow water level
corresponds with the normal reservoir level of 265 m a.s.l.) using the Pettit test. During
the low flood scenario, this extent reached up to 1.515 km, during a medium flood up to
1.380 km and during a large flood up to 1.410 km upstream from the stream confluence
(Figure 6).
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large flood
1.5
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1954 small flood
-8 % medium flood
-- . -52 %
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Figure 5. Comparison of mean flow velocity in the Smolnik Stream channel in the backwater reach
between conditions without backwater inundation (NO BF) and with maximum backwater inunda-
tion (BF) during small (1-year), medium (2-year), and large (20-year) floods. Whiskers indicate the
minimum and maximum values of the parameter among the study cross-sections and points show
the means. Percentage differences of the parameter between the two hydraulic situations are indi-
cated and their statistical significance determined with a Wilcoxon test is shown. p-values < 0.05 are
indicated in bold.

The longitudinal extents of backwater increase in mean flow velocity in the stream
channel reach up to 0.915 km during a small flood, 1.380 km during a medium flood, and
1.410 km upstream of the stream confluence during a large flood, respectively (Figure 7).
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Figure 6. Mean water depth in the channel (237 cross-sections) of the Smolnik Stream upstream from
the Roznéw Reservoir during small, medium, and large floods without backwater inundation. The
p-values of the Pettitt test indicate the significance of homogeneity of the data series. The location
of breaks in data homogeneity and their distance from the reservoir are indicated by arrows. Statis-
tically significant results are indicated in bold.

The extent of increased depth and decreased flow velocity in the stream channel zone
(Figures 6-9) generally corresponds with the point of intersection of the channel bed and
the elevation of the maximum backwater level (270 m asl). Only during the low flow sce-
nario, the extent of the decreased flow velocity in the main channel was smaller (Figures
7 and 9).

2_

DAM RESERVOIR BACKWATER
I I

channel
d=1.410 km —— Iargg flood
——  medium flood
—— small flood

d=1.380 km d=0.915 km

A=-0<Aamuma =»PO0O

3.5

2.5 2.0 1.5 1.0

DISTANCE UPSTREAM FROM RESERVOIR [km]
Figure 7. Mean flow velocity in the channel (237 cross-sections) of the Smolnik Stream upstream
from the Roznéw Reservoir during small, medium, and large floods without backwater inundation.
All statistical descriptions are the same as in Figure 6.
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Figure 8. Spatial pattern of water depth in the study section of the Smolnik Stream during small
(upper map), medium (middle map), and large (lower map) floods without backwater inundation
(left map) and with maximum backwater inundation (right map). Red lines with arrows indicate
the longitudinal extent of disturbance in water depth detected using the Pettitt test (see Figure 6).
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Figure 9. Spatial pattern of water depth in the study section of the Smolnik Stream during small
(upper map), medium (middle map), and large (lower map) floods without backwater inundation
(left map), and with maximum backwater inundation (right map). Red lines with arrows indicate
the longitudinal extent of disturbance in water depth detected using the Pettitt test (see Figure 7).
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4. Discussion

The numerical simulations conducted on the Smolnik Stream upstream from the
Rozndéw Reservoir in the Polish Carpathians detected a significantly increased water
depth and a decreased flow velocity in the stream channel, which can be associated with
the reservoir backwater fluctuations. The decrease in stream hydrodynamics in the back-
water fluctuation zone had been previously documented in both mountain [17] and low-
land streams [1,36-38], corroborating the results presented here.

As this work focuses on investigating the hydrodynamics of the river affected by BF,
it was demonstrated that the applied solver MFlow_02 can effectively simulate the hydro-
dynamics typical of riverine environments, also affected by backwater (see e.g., [11]). As
also shown in Figure 6, indeed, the Smolnik River presents rather smaller water depths if
compared with the average width of the river, allowing us for assuming a planar distri-
bution of the hydrodynamics.

Because of the lack of an operating gauging station (since the flood in 1997) on the
studied stream, we were not able to adequately calibrate and validate our numerical
model. However, based on information from the local citizens and our observations done
in the Smolnik Stream during different water levels at the reservoir as well as sedimento-
logical evidence of a few floods we assumed that our results could illustrate the general
direction and magnitude of changes in small mountain streams hydrodynamics in the BF
area of large dam reservoirs. Taking into account that the MFlow_02 model is more af-
fected by uncertainty in shallow areas, and the fact that we were not able to calibrate and
validate our model in such regions (e.g., floodplain), as discussed in Section 2.2.4, we have
focused our research to statistically evaluate only the hydrodynamic parameters for
stream channel zone.

The relative disturbance in both analyzed parameters increased with the flood mag-
nitude (Figures 3 and 4), which contrasts with the previous observations made on the Du-
najec River in the backwater zone of the Czorsztyn reservoir, where the river has a rela-
tively straight course and an embanked floodplain [17]. Indeed, the Smolnik Stream has a
highly sinuous channel and its valley bottom inundated by backwater has specific, flat
morphology related to the alluvial fan formed within the Dunajec River valley. Our sim-
ulations clearly show that the wide, flat, and gentle slope valley bottom of the Smolnik
Stream in the backwater zone, together with the lack of floodplain embankments, and a
highly sinuous channel, make the flood inundation zone very wide and freely increasing
with the flood magnitude (Figures 7 and 8). In comparison to the mentioned backwater
zone of the Dunajec River upstream from the Czorsztyn Reservoir, the larger flood flows
on the Smolnik Stream backwater are not concentrated in the narrow embanked flood-
plain but can increase the extent of floodplain inundations (Figures 8).

The longitudinal extent of the increased water depth (reaching up to 1.380-1.515 km)
and of the decreased flow velocity (reaching up to 0.915-1.410 km) refer to the location of
the intersection of the river bed profile with the maximum water level at the reservoir
(Figures 3, 6 and 7). The maximal, longitudinal extents of the abovementioned disturb-
ances were not related to the flood magnitude. However, it was clearly seen that the aerial
extent of stream valley inundations substantially increased as the magnitude of flood
flows increased both during the scenarios with and without backwater fluctuations (Fig-
ures 7 and 8).

One of the main limitations of our modelling design was that it focused solely on the
effects of the Roznow reservoir backwater fluctuations on the Smolnik Stream hydrody-
namics, excluding the hydrodynamic influence of the large Dunajec River. Moreover, we
investigated steady-state conditions (three flood scenarios, two reservoir levels, see Table
1), neglecting unsteady smaller fluctuations typical of BF areas. This design was used to
simplify our modelling and to allow for an easier evaluation of the stream-backwater re-
lation itself. However, it should be taken into account that, in real conditions, the Dunajec
River must have a substantial influence on the hydrodynamics of the Smolnik Stream,
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both during backwater fluctuations and without them. Indeed, the entire backwater sec-
tion of the Smolnik Stream is located on the Dunajec River floodplain (Figure 1); thus, the
hydrological regime of the Dunajec River is an important factor modulating the Smolnik
hydrodynamics itself and the stream-backwater interactions here. A similar mainstream-
tributary interaction in the backwater zone had been previously described by Meade et al.
[37] and Xu [38]. The flow regime of the Dunajec River is typified by low winter flows and
floods typically occurring in the late spring or summer [39]. A comparison of existing
flood maps, not including backwater influences [40], shows that during a 10-year flood
occurring on the Dunajec River and the Smolnik Stream, the extents and depth of inunda-
tion of the studied backwater reach are similar to those presented in our scenario simulat-
ing a 2-year flood and maximal backwater effect (Figure 7). Thus, the inundations of the
backwater section of the Smolnik Stream, similar in magnitude to those formed by maxi-
mal backwater fluctuation, may occur on the Smolnik Stream relatively frequently. In
other words, the first source of inundation of the Smolnik valley bottom results from the
backwater effects themselves and occurs during the highest water levels at the Roznow
reservoir, which are kept in the winter season (Figure S1), when generally floods do not
occur in Polish Carpathians. The latter results from river flooding, which occurs typically
between May and August. The first type of inundation ranges from a few weeks to
months, whereas the second one is faster, lasting from hours to days. This relatively long
duration of winter backwater fluctuation occurs every year in the Smolnik Stream (Figure
S1), which could be the main reason for the fast deposition of fine-grained sediments on
the stream floodplain observed here [25]. This may also be a factor both supporting the
presence of water-resistant species in the local riparian forest, which is dominated by the
Salix species, and negatively affecting other species. Moreover, the frequency of inunda-
tions which may occur in the Smolnik Stream both in the winter and summer seasons may
explain why the channel morphology of this stream transitioned so rapidly from a multi-
to single-thread pattern following the dam construction [25].

Previous works highlighted that the decrease in river hydrodynamics observed in
dam reservoir backwater zones triggers numerous adjustments in riverine abiotic and bi-
otic components [9,15,18,41,42]. From the above-described pattern of water inundations
occurring in the backwater section of the Smolnik Stream, it may be hypothesized that
long-term backwater fluctuations occur each year (Figure S1), and may have a larger im-
pact than the occasional flooding from the Dunajec River. Some of these adjustments (e.g.,
changes in river morphology or riparian vegetation) may permanently affect river hydro-
dynamics, even during the periods when backwater fluctuations do not occur [16]. Previ-
ous reconstructions made for the studied stream demonstrated that following the con-
struction of the Roznéw Dam Reservoir in 1994, the stream channel patterns were rapidly
transitioned from the multi- to the single-thread pattern in the backwater zone [25]. A
similar transition has been also observed on the lowland rivers affected by backwater fluc-
tuations , which was interpreted as a result of fine sediment deposition and related vege-
tation expansion, which together interact to develop a narrow and deep channel of high
sinuosity [9]. The causes of the morphological changes observed within the backwater
reach of the Smolnik Stream had been previously interpreted in the same way [25]. Former
investigations from the Dunajec River successfully quantified how the morphological ad-
justments observed in the first 20-year period after the dam construction modulated river
hydrodynamics itself [17]. However, a similar task is difficult to conduct on the studied
Smolnik Stream, because most of the stream course upstream from the studied backwater
is channelized, which hinders the statistical comparison of stream hydrodynamics in the
morphology not affected by backwater influences and similar to those occurring in the
backwater section before the dam construction. The present morphology of the backwater
section of the Smolnik Stream is characterized by low-slope, deep and narrow channels,
naturally developed meanders, and a wide densely vegetated floodplain. In such condi-
tions, channel hydrodynamics completely differ from those occurring in upstream chan-
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nelized sections (Tables S1). Even during the simulations without the backwater fluctua-
tions, the water depths were a few times higher (1.62-3.46 m vs. 0.63-1.92) and stream
velocity lower (0.49-0.52 m s vs. 0.86-1.41 m s) in the backwater zone than in the up-
stream channelized reach (Tables S1), which demonstrates that indirect effects of backwa-
ter influence (e.g., adjustments in river morphology) occurring in the lowermost section
of the Smolnik Stream has permanently abrupt long-term functioning of this stream here
[16,17].

Moving from the investigation proposed here, future works will be focused on cou-
pling water flow with sediment transport and channel morphodynamics, following the
example of Hosseiny & Smith [43]. We also stress a need to better understand what the
effects of backwater hydrodynamic disturbance on river sedimentology, geomorphology,
and vegetation across different climates.

5. Conclusions

In this study, we have numerically modelled how the hydrodynamics of a small
mountain stream (the Smolnik Stream) is affected by the backwater fluctuation of the dam
reservoir (the Roznéw reservoir), using a simplified approach. We have found that both
water inundation extent and the depth of the stream significantly increased, while flow
velocity decreased in the backwater zone, in stark contrast to the high-energy regime of
this mountain stream. The hydrodynamic influence of reservoir backwater has been in-
terpreted as a factor which favours the transition of the stream channel pattern from the
multi- to the single-thread one, and decreases the potential for floodplain utilization, ac-
celerating the riparian forest expansion in the stream valley. This cause-effect chain initi-
ated by the dam construction and the resulting backwater fluctuation led to the develop-
ment of homogenous and simplified morphological and vegetation patterns.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w14193166/s1, Figure S1, Maximum and minimum
monthly water levels at the Roznéw Reservoir (1997-2019); Table S1, Mean and maximum (in
parentheses) values of water depth and flow velocity in the channel zone of the control and back-
water reaches of the Smolnik Stream, during small (1.8 m? s?), medium (24.5 m® s!) and large floods
(89.5 m? s1). For the backwater reach, the values for scenarios with and without backwater inunda-
tion by reservoir water are presented. Mann-Whitney test was used to evaluate difference of depth
and flow velocity parameters between control and backwater reaches. Statistically significant dif-
ferences are indicated (* p value <0.01, ** p value < 0.001, *** p value <0.0001, n.s. not statistically
significant).
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